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ABSTRACT 

Treatment of ocular diseases face challenges such as low drug bioavailability from 

topical routes and side effects from intravitreal injection (e.g., retinal detachment and 

infection). The sophisticated ocular anatomy, while protecting the eye, also prevents 

therapeutic compound from readily reaching the target site. This project aims to 

address these challenges through the development of a hydrogel soft contact lens 

(SCL) impregnated with drug:cyclodextrin complex-loaded biodegradable and 

biocompatible polymeric nanoparticles (NPs) designed for controlled release and 

enhanced corneal permeation.  

Daily disposable hydrogel SCLs (nesofilcon A materials) were successfully fabricated 

at an academic research lab utilising a comparable process to an industrial 

commercialized lens manufacturing approach. Naringenin (NAR) was chosen as the 

drug in this study because of its antioxidant and anti-inflammatory activities as an 

ocular therapeutic. NAR-loaded SCLs exhibited comparable critical lens parameters 

with >98% optical transparency, >75% water content, a lens diameter of 14.10-14.20 

mm and a Young’s modulus of 0.51-0.55 MPa. A controlled daily drug delivery was 

achieved within the estimated therapeutic range of 17.88 – 54.42 µg NAR/day. 

In order to improve ocular bioavailability and permeation of NAR, a NAR:SBE-ß-CD 

(sulfobutyl ether-β-cyclodextrin) inclusion complex was formed using a freeze-drying 

monophasic system approach. A notable increase (6480-fold) in NAR aqueous 

solubility was obtained arising from complexation. In addition, this complex was used 

in the synthesis of a NAR-loaded chitosan (CS) NP through an ionic gelation process 

(333.3 ± 26.6 nm, +22.0 ± 4.3 mV, and a PDI of 0.0777 ± 0.0580). NAR-loaded CS 

NPs had a %encapsulation efficiency of 37.4 ± 4.0%, while providing a sustained drug 

release for 30 days through a diffusion-controlled mechanism. 

These two drug carrier systems were subsequently loaded into the developed SCLs. 

Based on the characterized physicochemical properties of the loaded SCLs, a ‘soak 

and release’ approach was determined to be the optimum method. The release 

mechanism of NAR in complex- and NP-loaded SCLs was governed by both diffusion 

and swelling, with a drug release rate of 45.95 ± 2.06 and 45.96 ± 5.18 µg NAR/day, 

respectively. 

The results from this research demonstrated that the developed models could act as 

promising drug delivery systems to provide a more sustained, less invasive, and 

controlled delivery of a drug or supplement to the eye. Outcomes from this work 

suggest potential areas for future work that can lead to the commercialization of the 

studied technologies. 
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1 INTRODUCTION TO OCULAR DRUG DELIVERY 

In a recent report by the World Health Organization (WHO), it was reported that there 

are at least 2.2 billion people worldwide with either vision impairment diseases or 

blindness [1]. The fact that the eye is such a sophisticated organ, with a high level of 

protection from various biological barriers, along with limitations from the blinking 

reflex and the renewal rate of the lachrymal fluid, has meant that controlled ocular 

drug delivery (ODD) has been a significant challenge for scientists [2]. Overcoming 

such challenges is imperative for effective treatment of various vision-threatening 

disorders, such as age-related macular degeneration (AMD), diabetic retinopathy 

(DR), as well as conditions related to quality of life such as dry-eye disease (DED). 

Treatment of ocular disorders have often relied upon topical delivery strategies, which 

are frequently associated with low drug bioavailability [3]. Where relevant, intravitreal 

or periocular routes have been employed, which, while improving therapeutic 

bioavailability, can result in a higher number of side effects (e.g., increased intraocular 

pressure, retinal detachment, infections, etc.) [4-6]. The increased emergence of 

nanotechnology and nanoscience methods in biopharmaceutical applications has 

resulted in the research of several novel, safe, patient-friendly formulations, and drug 

delivery carriers/techniques [7-9]. Such methods not only enhance the efficacy of the 

ODD system (ODDS) but could also possess lower toxicity as compared to 

conventional approaches. In addition, by using a therapeutic soft contact lens (SCL) 

as an ocular drug delivery system, the drug bioavailability can increase from less than 

5% in topical administration up to 50% [10, 11]. The first therapeutic-loaded contact 

lens, Acuvue® Theravision®, was marketed in 2021, which is a ketotifen-loaded 

hydrogel lens (etafilcon A) from Johnson & Johnson Inc. [12]. This product has 

increased the interest in the development of various therapeutic-loaded lenses to 

provide better care for patients who need vision correction and suffer from various 

ocular diseases.  
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1.1 Ocular Diseases and Their Treatment 

The aging population, together with the rise in obesity and diabetes have resulted in a 

continuous increase in the prevalence of ocular diseases that lead to visual impairment 

and blindness [13]. While those that are related to vision loss are mainly due to damage 

in the posterior segment [14], diseases that affect the anterior segment of the eye are 

the leading causes of ocular morbidity [15]. This section will provide an overview of 

the anatomy of the eye, some common ocular diseases, particularly concentrating on 

the ones that affect the posterior segment of the eye, as well as the mechanism of ocular 

absorption and various current treatment approaches for eye disease.  

1.1.1 The Anatomy of the eye 

The eye is one of the most significant and complex sensory organs in the body and is 

generally divided into the anterior and posterior segments [16]. Including the choroid, 

neural retina, retinal pigment epithelium (RPE), sclera and vitreous humour, the 

posterior segment accounts for two-thirds of the ocular space. The anterior segment 

comprises the aqueous humour, conjunctiva, cornea, ciliary body, lens and iris [16]. 

The anterior-to-posterior diameter is approximately 24-25 mm and in total, has a mass 

of roughly 7.5 grams [17]. The eyes are isolated and highly protected due to their 

unique anatomy and physiology, schematically represented in Figure 1.1 [18, 19].  

 

Figure 1.1: Anatomy of the eye [19]. 
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The eye is protected against the permeation of drug particles and foreign bodies due to 

its sophisticated anatomy [16]. Therefore, to develop a more effective treatment for 

ocular diseases, an understanding of the various limitations and challenges in ODD is 

essential. This section aims to give a deeper insight into the anatomy of the eye, of 

both the anterior and posterior segments, and the corresponding physiology of each 

tissue, thereby providing an understanding of the potential obstacles that can limit drug 

delivery to the eye.  

1.1.1.1 The anterior segment of the eye 

The tear film, along with the cornea and conjunctiva, are the first tissues that interact 

with the external environment and that are important to ocular health in humans [20]. 

The tear film contains three layers, which are the lipid, aqueous and mucin layers 

(Figure 1.2a). Each layer in the tear film has different compounds, including proteins, 

lipids, electrolytes, mucins, and water. These components not only protect the eye from 

external pathogenic microbes but also provide nutrients, as well as eliminate waste 

from the eye. Tear film instability is the main cause of dry-eye disease (DED), one of 

the most common ocular disorders of the anterior segment [20]. 

            

Figure 1.2: (a) Schematic representation of the tear film in contact with the cornea [21] and 

(b) the six layers of the cornea [22]. 

The outermost layer, which is also known as the tear film lipid layer (TFLL), contains 

a mix of both polar and nonpolar lipids. Generally, it is assumed that the lipids in this 

layer are mainly secreted by the Meibomian glands [20, 21, 23], with the possible 

exception of phospholipids, since there is no evidence on the origin of phospholipids 

in the tear film [23, 24]. In an aqueous environment, phospholipids act as amphiphiles 

(a) 
(b) 
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to keep both polar and non-polar layers together. As such, while polar lipids in this 

layer reduce the surface tension in high concentrations, non-polar lipids tend to repel 

water [25]. The major functions of this layer are to prevent the evaporation of the tears 

from ocular surface and stabilize the tear film. Thus, alterations in thickness, 

distribution and pattern in this layer are often listed as an important stage in the so-

called “cascade of inflammation” of DED [21].  

The middle layer is the aqueous layer, which forms the bulk of the tear film and is 

secreted from the lacrimal glands. This layer contains electrolytes, water and proteins 

[23]. It has an ability to remove epithelial debris, toxins and foreign bodies, together 

with supplying supplements and oxygen to the underlying avascular corneal tissue 

[23]. The main proteins are tear lipocalin [26] and lysosome [27]. Lipocalin molecules 

can help during tear film spreading since they are surface active and amphiphilic [26], 

while lysosome is active in antimicrobial activity. The aqueous layer also contains 

soluble mucins that assist throughout film re-spreading [21].  

The innermost layer of the tear film is the mucus layer, which consists of secreted 

mucins, water and electrolytes produced by conjunctival goblet cells [20]. Mucins, 

also known as a type glycoproteins, function as antioxidants produced by epithelial 

cells are anchored to the epithelium, which have a molecular weight (MW) ranging 

from 5 x 104 to 4 x 106 kDa [28]. This layer is active in lubrication and helps prevent 

the cornea from being damaged during blinking, in addition to the prevention of 

microbial and bacterial contamination [20].  

The cornea is a thin, transparent, and sensitive tissue, which is directly exposed to the 

external environment [16]. Although it is devoid of blood vessels, the corneal 

epithelium and endothelium cells are metabolically involved in wound healing. The 

cornea has six layers in total, including: the epithelium, the Bowman’s layer, stroma, 

Dua’s layer, Descemet’s membrane and the endothelium [18].  

The conjunctiva is a highly vascularized, and semi-transparent tissue that facilitates 

ocular lubrication by generating mucus, and also helps with tear film adhesion [16]. It 

lines the palpebral conjunctiva (i.e., inner surface of the eyelids) and the bulbar 

conjunctiva (i.e., scleral surface of the globe) [29]. It is comprised of the lymphatic 
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cells which are below the epithelium and has an ability to provide mucus to the tear 

film, while protecting the ocular surface from pathogens. 

Intraocular pressure is maintained by the continuous flow of the aqueous humour from 

anterior to posterior segments at the rate of 2-2.5 mL/min. The iris-ciliary body and 

lens (Figure 1.1) play a significant role for vision and offers protection to the retinal 

layer from UV radiation [16]. 

1.1.1.2 The posterior segment of the eye 

The outer coat of the eyeball, the sclera, also known as the “white of the eye” acts as 

a primary protection to shield the intraocular contents, which contains collagen fibers, 

proteoglycans, and glycoproteins. It connects to the cornea through the limbus and has 

a thickness of 0.51-1 mm (Figure 1.1). Transscleral drug diffusion happens by 

permeating through porous spaces within the collagen aqueous network [30]. 

The retina, in the posterior segment of the eye, is a photosensitive tissue, a multi-

layered sensor that has a well-organized laminar structure, and which plays a crucial 

role in converting light into a nerve signal in the central nervous system (Figure 1.3) 

[19].  

  

Figure 1.3: (a) Schematic representation of cellular structure of the retinal layer [31] and (b) 

cross-section image of choroid vessels [32]. 

The retina has a significant functional relationship with the retinal pigment epithelium 

(RPE) – a cellular monolayer located under the neural retina [33]. It is composed of 

tight, adherent and gap junctions and plays a key role in supporting the overlaying 

photoreceptor cells and protecting the blood-retina barrier [34].  

(a) (b) 
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This is due to the ability of RPE in forming a physical barrier that prevents the passage 

of molecules and ions through the paracellular space. RPE can proliferate under 

pathological conditions such as AMD [35]. It helps to protect the inner ocular tissues 

from oxidative damage, as well as releasing large numbers of growth factors such as 

vascular endothelial, ciliary neurotropic and platelet derived factors. Consequently, it 

conserves ocular immunity and visual functions, as reviewed by Cholkar et al. [16] 

and Strauss [34]. The RPE has a dark brown colour due to the presence of melanin, 

which is also presented in the uveal tract (i.e., iris, ciliary body, choroid) of the eye 

[36, 37]. Melanin was previously studied to reduce damage to the retina and internal 

nerves from ultraviolet light [37, 38]. In the retinal pigment epithelium, it is a mixed 

polymer synthesized from α-tyrosine [39]. Retinal melanin was also previously studied 

to exhibit photoprotective ability by neutralizing ROS as well as decreasing damages 

caused by free radicals [36]. In ocular pharmacokinetics and pharmacodynamics, 

melanin binding is an essential factor which was extensively reviewed by Rimpelȁ et 

al. [40]. This potential interaction between melanin and a therapeutic agent can result 

in drug accumulation to the pigmented tissue, and thus, would increase drug retention 

in the ocular tissues [41, 42].   

The vitreous humour occupies most of the posterior segment of the eye, and is an 

avascular, transparent, thick, gel-like fluid (2-3 times more viscous than water) [16]. 

It comprises mainly hyaluronic acid (HA), proteoglycans (heparan sulphate), and 

collagen fibrils [18]. The viscosity of this fluid tends to decrease with age [16], which 

is due to the decrease of enzymatic collagen cross-links. Thus, this would contribute 

to the instability of the collagen network [43]. This is the main cause for posterior 

vitreous detachment, as well as contributing to the development of retinal detachment 

[44]. With the exception of the central retinal artery, the circulation of blood in the 

posterior segment depends mainly on the choroid vessels – a highly vascularized and 

innervated tissue that includes three parts: the suprachoroidal, a vascular layer and 

Bruch’s membrane [16] (Figure 1.3b). This tissue can not only control temperature in 

the eye while maintaining the ocular pressure but can also nourish the photoreceptors’ 

cells in the retina and supply blood to the anterior chamber [18, 19]. A study from 

Delplace et al. [19] indicated that the alterations in vascularization are related to AMD 

as well as DR, which results in the loss of photoreceptor cells. 
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1.1.2 Ocular diseases 

1.1.2.1 Anterior segment eye diseases  

Despite the continuous development in technology, there are still various challenges 

presented to the effective treatment of anterior segment diseases due to the 

aforementioned barriers in the eye. These pose an important problem to public health. 

Such conditions are DED, cataracts, infections, inflammations, etc. [45, 46].  

One area where treatment has received noticeable attention is DED, a disease that 

affects approximately 1 in 11 people worldwide (prevalence of 9.1%) [47]. Instability 

of the tear film is one of the main causes of DED, which occurs when the eye is 

inadequately lubricated due to either insufficient tears, poor quality of tear production, 

or an increase in evaporation. This disease potentially hinders doing computer work, 

reading, other daily activities, and can also lead to vision loss [48].  

A variety of lubricating drops and ointments, which require frequent re-application, 

are considered to be the current treatment for DED [49]. However, these do not cure 

the underlying disease process but just temporarily relieve the symptoms. As a result, 

many studies have been carried out in the field of researching and developing new 

technology for the effective treatment for DED. Those include the development of 

nanomaterials and the application of drug-loaded hydrogel materials such as contact 

lenses [10, 50-52]. 

1.1.2.2 Posterior segment eye diseases 

Posterior segment disorders are commonly defined as diseases of the retina, choroid, 

and optic nerve, such as AMD, glaucoma and diabetic retinopathy (DR), etc. [53].  

AMD is a leading cause of visual impairment among patients aged 45 to 85 years and 

accounts for 8.7% of blindness worldwide, which is equivalent to 196 million people 

in 2020 [54]. This number is expected to increase to 288 million in 2040. The exact 

pathophysiology of AMD is, however, not yet fully understood. It is generally 

considered to be a result of a complicated multifactorial interaction between metabolic, 

functional, genetic, and environmental factors [55-58]. AMD can be identified by the 

presence of drusen within the macula, which appears at the interface between the RPE 



9 

 

and inner collagenous zone of Bruch’s membrane [56]. This is followed by choroidal 

neovascularization (CNV) and geographic atrophy (GA), which can also be referred 

to as dry or wet AMD, respectively [55-57].  

• Dry (non-neovascular) AMD accounts for 85-90% of AMD cases [55]. However, 

it is less severe, and vision decreases over a longer period of time when compared 

to the wet form. It happens when drusen forms at the macular, which leads to 

atrophy of the RPE and eventually results in vision loss [55].   

• Wet (neovascular) AMD accounts for 10-15% of AMD cases [55] and is 

characterized by the growth of new blood vessels from the choroid into the Bruch’s 

membrane, followed by bleeding or leakage that interrupt the normal structure of 

the photoreceptor-RPE complex. This subsequently leads to severe vision loss, due 

to retinal damage caused by scar formation [58].   

There are several moderately effective treatments for wet AMD that are available on 

the market. The mainstay of treatment for wet AMD is identified to be the application 

of intravitreal vascular endothelial growth factor (VEGF) inhibitors and is based on 

targeting choroidal neovascular membranes [59-61]. VEGF has an important role in 

many physiological processes. In the eye, VEGF plays a role in the development and 

trophic maintenance of the choriocapillaris [62], as well as in protecting retinal 

neurons from apoptosis in conditions of ischemia [63]. Current treatment for AMD 

involves intravitreal injection using anti-VEGF agents to effectively inhibit the 

formation of neovascular and reduce leakage of blood vessels. Anti-VEGF drugs can 

be classified as: RNA aptamer – pegaptanib sodium (Macugen®) [64], monoclonal 

antibodies including ranibizumab (Lucentis®) [65] and bevacizumab (Avastin®) [66], 

or fusion proteins including aflibercept (Eylea®; known as VEGF-Trap Eye) [67] and 

conbercept (Lumitin®) [68]. The change in visual acuity and central macular thickness 

(CMT) following treatment with intravitreal injections of aflibercept for 12 months in 

the treatment of neovascular AMD was assessed by Lim et al. [67]. An anatomical 

improvement in macular appearance was investigated to be greatest at Month 1, 

following by a sustained gain in the next 11 months. A reduction of 44.7 µm in CMT 

was obtained at Month 12. However, no statistically or clinically noticeably change in 

visual acuity was recorded [67].  
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In addition to the current anti-VEGF agents, there are several studies on the 

development of alternative therapeutic strategies in the treatment of AMD [69-72]. Of 

those, the use of natural products such as naringenin (NAR) have received 

considerable research focus due to their favourable pharmacological properties, such 

as anti-inflammatory and antioxidant behaviours [73, 74]. Oxidative stress is 

suggested to have an important role in the pathogenesis of AMD since the retina-RPE 

exists in an environment that is rich in an endogenous source of reactive oxygen 

species (ROS) [75]. This led to the use of antioxidants to reinforce the eye’s defences 

against oxidative stress. NAR, a natural flavanone, was seen to significantly protect 

RPE from sodium iodate (NaIO3) induced degeneration as well as prevent the 

formation of CNV [70]. Comparing to the control group (without NaIO3 and/or NAR), 

the ERG (electroretinogram) C-waves of both NaIO3 and NaIO3+NAR groups fell to 

37% and 57% of control group, respectively. The ERG is a non-invasive technique 

used in the measurement of the mass electrical response of the retina to light [76]. 

Moreover, in combination with laser treatment, NAR was shown to reduce the CNV 

formation by 47% as compared to the control group after four weeks [70].  

DR is defined as an ocular manifestation of end-organ destruction in diabetes mellitus 

[77]. DR is one of the main causes for visual impairment and blindness with around 

93 million people globally suffering from this condition. Of those, 17 million people 

with proliferative retinopathy defined by retinal or iris neovascularization, 21 million 

people with diabetic macular oedema characterized by the swelling of the macula, and 

28 million people with sight-threatening non-proliferative retinopathy identified by 

microaneurysms, cotton wool and haemorrhage spots [78, 79]. Anti-VEGF treatments 

including ranibizumab, bevacizumab and aflibercept have the ability to reduce the risk 

of progression of proliferative DR [77].    

Glaucoma is the second leading cause of global irreversible blindness, with 

approximately 60.5 million people affected worldwide [80]. The main risk factors 

associated with glaucoma are high intraocular pressure (IOP) and IOP variability. Up 

until now, the most common treatment for glaucoma is self-administration of topical 

eye-drops, which can help to manage and lower IOP (by 20-50%), while preventing 

progressive visual field loss by either increasing aqueous flow or decreasing aqueous 

production [80, 81]. 
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1.1.3 Mechanisms of ocular absorption from anterior to posterior 

segments 

There are three major pathways for the absorption of drugs through the eye, including 

the trans-corneal, transscleral and uveal routes, as summarised in Figure 1.4 

 

Figure 1.4: Main pathways for ocular absorption from anterior to posterior segments of the 

eye. 

The major route where most of the drugs enter the eye is via the cornea, which occurs 

from the precorneal space through either paracellular or transcellular pathways [82]. 

The paracellular route, which can also be anatomically referred to as the intercellular 

space, is the main route for the passive penetration of ions in the corneal epithelium. 

The average pore size for Descemet’s membrane is 38 nm, while it is 92 nm for the 

anterior basement membrane [83], which allows the diffusion of small hydrophilic 

compounds with MW <350 Da [84]. Characteristics such as the MW, lipophilicity and 

aqueous solubility of drugs play a vital role in the permeability of molecules through 

this route [82]. For transcellular pathways, the absorption of lipophilic drugs (e.g., 

propranolol) was shown to be noticeably higher than hydrophilic drugs (e.g., sotalol). 

Propranolol is a lipophilic drug (logP of 3.21) that was shown to have 10-fold higher 

absorption via transcellular pathways than a hydrophilic drug – sotalol with a logP of 

-0.62 [85]. 

For larger hydrophilic drugs (proteins or peptides) or those that have low corneal 

permeability, a non-corneal route (i.e., trans-scleral route) is more preferable [82].  The 
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conjunctiva shows a 17-times higher surface area than the cornea as reviewed by [30] 

Valera-Fernandez et al. Due to the wider intracellular area, the conjunctival absorption 

is higher than the cornea, allowing the passage of molecules up to 10 kDa. Permeation 

of both lipophilic and hydrophilic drugs through the sclera demonstrates a higher 

permeability than the cornea and conjunctiva [86, 87]. In addition, at physiological 

pH, proteoglycans within the sclera are negatively charged, and thus, it also allows the 

passage of negatively charged molecules [88].   

1.1.4 Traditional ocular drug delivery systems  

Ocular drug delivery (ODD) has remained a considerable challenge and has received 

significant attention from scientists due to its highly complex nature and the presence 

of various barriers, as mentioned in Sections 1.1.1 and 1.1.2. There are many different 

routes of ODD and each possess their own advantages and disadvantages (Figure 1.5) 

[89].  

 

Figure 1.5: Traditional routes of drug administration to the eye (adapted from [90]). 

Several studies have been conducted in this field, and there are six main characteristics 

that should be considered when developing an ODDS [7, 91-93], including: 

• Good corneal penetration – good drug bioavailability. 

• Controlled drug release – prolonged contact time. 

• Targeted drug delivery. 
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• Low toxicity and minimal side effects. 

• Comfortable and non-irritating. 

• Patient friendly. 

1.1.4.1 Topical drug delivery 

The most preferred non-invasive route of ODD is topical administration, especially for 

treating diseases affecting the anterior segment of the eye. Several studies on various 

types of this system have been carried out such as eye drops [94], ointments [95], and 

emulsions [96]. Attributed to the ease of use and patient friendly, the eye drops market 

is predicted to dramatically increase in the near future, from $15,587 million in 2017 

to $22,625 million in 2025 globally [97].   

However, this route is known to have limited effectiveness [98, 99]. The main reasons 

for this are due to the high blinking frequency, high tear drainage and dilution that lead 

to drug loss in effective therapeutic concentration in the precorneal route, as well as 

nonspecific absorption [100]. Together with the sophisticated structure of the eye as 

described above, eye drops have very low residence time on the ocular surface, 

approximately 2-5 minutes, which results in more frequent applications. The average 

physiological turnover rate was determined to be 16%/min (for a normal epithelium) 

[101], which Gahl et al. [102] demonstrated that to achieve a sufficient therapeutic 

dosage of cysteamine, hourly application of eye drops was required. Additionally, 

treatment for DED [103] or inflammation (from post-cataract surgery) [104] using eye 

drops also required an application of one drop for each eye four times a day. This leads 

not only to a reduction in patient compliance, but also to a decrease in undesirable side 

effects (e.g., redness, blurry vision). Therefore, since only around 5% of the applied 

dose can reach the targeted tissue, different pathways are required for ODD to both 

anterior and posterior segments of the eye [105].  

1.1.4.2 Oral drug delivery 

Oral drug administration is commonly known as a potential non-invasive and patient-

friendly route, which can be used in conjunction with topical administration to give a 

more effective treatment for chronic retinal diseases [89, 106]. Orally administered 

therapeutics (e.g., CF101 – an A3 adenosine receptor agonist) [107] and supplements 
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(e.g., antioxidant [108], hyaluronic acid – HA [109]) were used to provide an effective 

treatment for DED. A combined supplement of both oral and topical HA was shown 

to provide a more efficient treatment for DED than topical HA alone [109].   

This combination therapy demonstrated an enhancement in corneal epithelial wound 

healing and related symptoms. The ocular surface disease index for patients when 

using the combination therapy reduced significantly after 3 months in comparison to 

patients who only used topical HA, as shown in Figure 1.6.  

 

Figure 1.6: Changes in ocular surface disease index between two study groups in 3 months 

[109].  

However, due to the presence of the tight junctions of the RPE, the major challenge 

for this approach is to effectively cross the blood-aqueous and blood-retinal barriers, 

which again, would restrict drug permeation and limit the accessibility to a lot of 

targeted ocular tissues. Thus, a higher dose is required to reach the required therapeutic 

efficacy, which can lead to possible systemic toxicity [110]. Consequently, more 

specific targeting ODDSs are required to effectively transport molecules through these 

barriers into deeper layers of the retina [111].  
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1.1.4.3 Intravitreal and periocular injections 

Unlike ODD to the anterior segment of the eye, topical drug delivery to the posterior 

is restricted by the lipoidal nature of the corneal epithelium as a rate limiting barrier, 

systemic circulation absorption and pre-corneal drainage, etc. which leads to low drug 

bioavailability. One of the most effective approaches that has been identified to 

overcome the inefficiency of topical and systemic routes to tackle several ocular 

diseases in the retina, such as AMD, is injection through either intravitreal or 

periocular routes [89]. Periocular injection bypasses the corneal-conjunctival barrier, 

along with several barriers present in the posterior segment. This route, however, 

suffers from rapid drug elimination. Two studies indicated that therapeutics will be 

drained into systemic circulation through this route, resulting in a reduction in the 

ocular bioavailability [112, 113].  

In comparison, the intravitreal route is said to be more advantageous as the therapeutic 

will be injected directly into the vitreous [89]. It has been applied widely in the delivery 

of anti-VEGF proteins such as bevacizumab [114], ranibizumab [114], and aflibercept 

[115] to wet AMD patients [116], which requires monthly or bimonthly injections. 

Another factor that has an influence on this approach is the surface charge of the 

particle. Kim et al. [117] observed the movement of intravitreally injected human 

serum albumin nanoparticle (NP) (HSA-NP). They found that, in comparison to the 

cationic HSA-NP, which was cationized by covalent coupling of ethylenediamine to 

carboxyl groups, the anionic HSA-NP showed a better permeation in the vitreous than 

cationic molecules (Figure 1.7). Anionic NPs could potentially penetrate better 

through the vitreal barrier in comparison to cationic NPs possibly due to electrostatic 

attraction between the cationic HAS-NPs and the negatively charged vitreal 

glycosaminoglycan [117].  
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Figure 1.7: The average fluorescence intensity in the vitreous between the anionic and cationic 

HAS-NP injected eyes [117]. 

However, there are limitations associated with intravitreal injection therapy, such as 

retinal detachment [118] or infection [119], although, the recorded risk of these 

incidences is low. For instance, the risk of developing infectious endophthalmitis per 

intravitreal injection was seen to be 0.077% (1 per 1291 injections) [119]. Another 

substantial limitation of this approach is patient compliance. An appropriate follow-up 

in eye care is essential to ensure a better long-term result of anti-VEGF therapy. A 

study carried out by Gao et al. showed that around 1 in 4 DR patients did not come 

back to a clinic for further treatment after their first anti-VEGF injection after more 

than one year [120]. Therefore, such non-compliant practice could lead to a higher risk 

of further irrecoverable vision loss for those patients. 

1.1.5 Challenges in ocular drug delivery  

To achieve efficient drug delivery to the eye, with controlled release and targeted 

delivery, the ODDS has to be designed in such a way that it can overcome the barriers 

in the anterior and/or posterior segments of the eye. This section provides detail on the 

different types of ocular barriers, which can be categorized into static/physical and 

dynamic barriers, and the metabolic barrier (posterior segment only). The level to 

which these barriers impact on therapeutic bioavailability directs the different 

approaches to ODD [121]. 
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1.1.5.1 Barriers to anterior segment drug delivery 

Figure 1.8 shows the four main static barriers to ocular penetration present in the 

anterior segment, thereby limiting effective ODD to the internal tissues. The main 

components in the tear film layer are mucins, water and lipid; all of which will make 

this layer limit the entrance of the foreign object to the cornea and conjunctiva as 

described in Section 1.1.1 [122].  

 

Figure 1.8: Examples of some static barriers in drug delivery to the anterior segment of the 

eye [122]. 

The complex structure of the cornea has been demonstrated in Section 1.1.1.1, which 

makes it act as a multilayered mechanical barrier that significantly prevents the 

permeation of drugs into deeper ocular tissues. Cholkar et al. states that the epithelium 

is a rate-limiting barrier that limits the penetration of macromolecules and hydrophilic 

drugs due to the presence of the superficial epithelial cell layers sealed by tight 

junctions [18]. This hinders the transport of hydrophilic macromolecules that are larger 

than 100 kDa in MW. Furthermore, with the presence of acid moieties in the mucins 

of this layer, the epithelium is said to have a negative charge at physiological pH 

(approximately 7.3-7.4) [123]. The stroma, which is the thickest layer that occupies 

90% of the cornea, allows the permeation of hydrophilic compounds while preventing 

the diffusion of lipophilic drugs due to its hydrophilic nature. The main components 

in this layer are the open-structured collagen fibrils and mucopolysaccharides, which 

allow the permeation of large molecules of up to 500 kDa [123]. Due to the contrasting 

properties between the two layers in the cornea, any drug that is to cross should be 

amphiphilic with molecular weight less than 500 kDa; making it a significant challenge 

to achieve efficient ODD. 

Static Barriers to Anterior Segment
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Aiming to improve the corneal penetration of acetazolamide (used in the treatment of 

glaucoma) through the topical route, chitosan/sodium tripolyphosphate (CS/TPP) 

nanoparticles (NPs) were developed as a drug nano-carrier [124]. The synthesized NPs 

had an average diameter of 188.46 ± 8.53 nm and a charge of +36.86 ± 0.70 mV. 

Transcorneal permeation studies carried out using goat cornea showed that the drug-

loaded NPs provided nearly 2-fold increase in drug permeation compared with an 

aqueous solution of free drug of the same concentration (i.e., 2.11 ± 0.05% vs. 1.39 ± 

0.01%). Since the corneal mucin layer is negatively charged, the positively charged 

drug-loaded NPs could increase the drug ocular bioavailability due to their 

electrostatic interactions [124]. This study also showed that the %transcorneal 

permeation was affected by particle size. NPs that had larger size than 230 nm showed 

a smaller %transcorneal permeation in comparison to free drug (NPs of size 239.66 ± 

3.90, 264.2 ± 9.73 and 289.40 ± 6.36 nm gave the %transcorneal permeation values of 

0.76 ± 0.01, 0.75 ± 0.01 and 0.73 ± 0.01, respectively) [124]. 

The conjunctival barrier also limits the entrance of drugs via the topical route,  

primarily due to its transepithelial/endothelial electric resistance (TEER), which is in 

the range of 0.75 to ~1.5 KΩcm2 [16]. TEER is an accepted measurement of the 

integrity of the tight junction dynamics in cell culture models of endothelial and 

epithelial monolayers, which makes it a strong indicator of the integrity of cellular 

barriers [125]. Although, compared to the cornea, the conjunctiva has a higher 

paracellular permeability and is therefore a better route for ODD of peptides and 

oligonucleotides with MW up to 10000 [126]. Such an increase is due to the fact that 

the conjunctival epithelia contains pores that are twice as large in comparison to those 

in the cornea , and its total paracellular space is estimated to be 230 times greater than 

that of the cornea [126]. Based on rabbit eyes, Hamalainen et al. calculated that the 

epithelial pore diameter in corneal epithelium, palpebral and bulbar conjunctiva are 

2.0 ± 0.2, 4.9 ± 2.5 and 3.0 ± 1.6 nm, respectively [126]. 

The other substantial barrier to anterior segment delivery is the tight junction created 

by the blood aqueous barrier (BAB), which is formed from the combination of the 

endothelial cells of the iris/ciliary blood vessels and the non-pigmented ciliary 

epithelium [127]. Small lipophilic molecules are more likely to be removed than larger 

hydrophilic molecules when crossing the BAB after escaping the tight junctions.  
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The dynamic barriers, such as tear drain, conjunctival lymph, and blood flow, as well 

as the aqueous humour, are also factors that limit ODD into the anterior segment. 

Further, the aqueous humour barrier can also lower the therapeutic bioavailability of 

larger hydrophilic drugs that penetrate into the eye [16]. This is due to the opposite 

flow directions from the topical route to the aqueous humour, and towards the cornea 

to the drug entrance. 

1.1.5.2 Barriers to posterior segment drug delivery 

As discussed in Section 1.1.1.2, the highly protective nature of the posterior segment 

of the eye that helps to prevent it from exogenous materials, also prevents the 

permeation of drugs to the retina. The barriers to the posterior segment delivery can 

be mainly divided into three categories: static, dynamic, and metabolic (Figure 1.9).  

 

Figure 1.9: The main barriers to drug delivery to the posterior segment of the eye, summarised 

from references [16, 53, 121]. 

Numerous studies on ex vivo permeability of the sclera, Bruch’s membrane and 

Bruch’s membrane choroid (BC)-Retinal pigment epithelium (RPE) have been carried 

out [88, 128-130]. Increasing the molecular radius of analytes was shown to lead to an 

exponential decrease in permeability through the sclera [129], BC [130] and BC-RPE 

[130] barriers. The higher the molecular weight (MW) and molecular radius (MR) of 

a compound, the lower its scleral permeability [129].  
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For example, the permeability coefficient of sodium fluorescein (MW: 376 Da, MR: 

0.5 nm) was measured to be 84.5 ± 16.1 x 10-6 cm/sec, while a value of 25.2 ± 5.1 x10-

6 cm/sec was observed for fluorescein isothiocyanate dextran (FITC-D) 4 kDa (MW: 

4400 Da, MR: 1.3 nm). In a study carried out by Pitkanen et al., lipophilic ß-blockers 

were shown to cross the BC-RPE more readily when compared to hydrophilic atenolol 

and carboxyfluorescein (e.g. permeability coefficient of betaxolol (logD of 1.59) was 

16.7 ± 4.5 x 10-6 cm/sec and atenolol (logD of -1.77) was 2.21 ± 0.5 x 10-6 cm/sec) 

[130]. When compared to FITC-dextran (80 kDa), RPE-choroid was 35 times more 

permeable to carboxyfluorescein (376 Da) [130].  

Additionally, in vitro transscleral drug permeability in bovine and porcine eyes was 

carried out by Cheruvu and Kompella to study the influence of the choroid-Bruch’s 

layer and solute lipophilicity [88] . By assessing various common solutes including 

3H-mannitol (neutral), budesonide (neutral), celecoxib (neutral), sodium fluorescein 

(anionic) and rhodamine 6G (cationic), particle charge was identified to have an 

influence on the permeability through the sclera and BC barriers. Because of the poor 

aqueous solubility of celecoxib and budesonide, permeability studies were conducted 

with 5 %w/v of hydroxypropyl-ß-cyclodextrin (HP-ß-CD). Permeability studies on the 

other solutes were also conducted with and without HP-ß-CD. The permeability 

coefficients across sclera and sclera-choroid-Bruch’s layers in both eye models were 

in an order of 3H-mannitol > fluorescein > budesonide > celecoxib > rhodamine 6G 

(with HP-ß-CD), and 3H-mannitol > fluorescein > rhodamine 6G (without HP-ß-CD). 

It was suggested that the choroid-Bruch’s layer was a more significant barrier to drug 

transport than sclera. As such, the presence of this layer resulted in a noticeable 

reduction in sclera permeability in both bovine and porcine models. A reduction by 2-

, 8-, 16-, 36- and 50-fold for 3H-mannitol, fluorescein, budesonide, celecoxib, and 

rhodamine 6G, respectively was obtained in the bovine model. A reduction by 2-, 7-, 

15-, 33-, and 40-fold, respectively, for the solutes as listed above, was seen in porcine 

model [88].  

Further, efflux pumps also act as major static barriers that would also limit the 

permeability of drug molecules to both anterior and posterior segments. At a cellular 

level, these actively reduce intracellular therapeutic concentrations [16]. 
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The blood retinal barrier (BRB) (Figure 1.10) in the posterior segment can not only 

restrict topical drug delivery, but can also reduce the effectiveness of intravenous ODD 

[100]. It includes the inner BRB, which contains retinal capillary endothelial cells, and 

the outer BRB that comprises RPE cells [16], both with tight junctions of the non-

leaky type [127]. This type of barrier gives selective penetration for highly lipophilic 

molecules [100] and very small molecules such as CO2 or O2 [16]. 

 

Figure 1.10: Diagram of blood retinal barrier [122]. 

The choroidal blood and lymph circulation are dynamic barriers to the posterior of the 

eye. This barrier actively prevents the entrance of lipophilic drugs into inner retinal 

tissues which would be eliminated through systemic and choroidal circulation [16]. On 

the other hand, there is evidence that hydrophilic therapeutics such as sodium 

fluorescein experienced elimination from this barrier to a much lesser extent [131].  

Additionally, the posterior segment of the eye also contains several metabolic enzymes 

such as Cytochrome (CYP) P450 and lysosomal enzymes [121]. The main function of 

these is to protect the eye against the entry of xenobiotics – foreign substances that are 

extrinsic to the normal metabolism of a specific organism. However, they can also 

significantly lower therapeutic bioavailability, when moving across the RPE, by either 

degrading (lysosomal enzymes) or metabolising (CYP P450) macromolecular drugs 

[128]. 
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1.2 Nanomaterials in Ocular Drug Delivery Systems 

Due to several limitations in conventional ODD routes, such as intravitreal or topical, 

as discussed in Section 1.1.4, along with the natural barriers present in the eye, 

scientists have been continuously developing more controlled and targeted ocular drug 

delivery systems (ODDS). Of those, the applications of nanotechnology in ODDS such 

as polymeric and lipid nanoparticles (NPs), liposomes, etc. has received particular 

interest as a new solution for the problems of conventional ODD [132-138]. This 

approach could potentially both overcome ocular barriers and protect drugs from 

degradation, while increasing drug permeation. It could also improve the ability to 

achieve controlled release and targeted delivery of therapeutics [53]. This section will 

focus on discussing and summarizing the development, advantages, and up-to-date 

work of such novel ODDS for the treatment of common eye diseases. 

Nanotechnology is a branch of technology that deals with matter on a molecular or 

atomic scale [3]. This has been applied widely in various fields such as science, 

engineering, etc. As part of this, the development of NPs as drug-carriers in ODD has 

received attention from scientists with an ultimate goal to improve the quality of 

human life [13]. Ali et al. [139] gave a definition for NPs or nanomaterials (NMs) as 

materials that have dimensions in the range of 1 to 1000 nm. NMs within the scope of 

this technology includes polymeric NPs [140], liposomes [133], and micelles [137]. 

Several main considerations in designing a nanocarrier system is demonstrated in 

(Figure 1.11) [141].   
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Figure 1.11: Main considerations in nano-design platforms (adapted from [141]).  

1.2.1 Polysaccharide-based nanomaterials 

Polysaccharide-based nanomaterials have received great attention in the development 

of therapeutic nanocarriers aiming to provide a more effective treatment for various 

diseases [140, 142-147]. Polysaccharides hold a large number of hydroxyl groups or 

other hydrophilic groups, such as amino groups in chitosan [148] and carboxyl groups 

in hyaluronic acid [149].  

Chitosan (CS) (Figure 1.12), which is the most important derivative of the strongly 

polycationic chitin (poly(ß-(1→4)-N-acetyl-D-glucosamine)), has gained great 

attention in various fields such as the environment [150], food [151], cosmetic [152] 

and pharmaceutical (e.g. wound dressing) [153]. Deacetylation of chitin under 40-50% 

alkaline solution (e.g., sodium hydroxide) at 100-160 °C for a few hours is a common 

process in the preparation of CS [154-157]. The degree of deacetylation of CS can be 

up to 95%.  
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Because of its amine groups, CS is a weak base/polyelectrolyte (pka ~ 6.5), and so it 

is only soluble in dilute acidic solution (e.g., 1% CH3COOH), which can potentially 

convert the glucosamine units into a soluble form of protonated amine [158]. This 

happens due to the protonation of the NH2 functional group on the C-2 position of the 

D-glucosamine repeating unit, which leads to the removal of the acetyl moieties 

presented in the amine functional groups (Figure 1.12).  

 

Figure 1.12: Chitosan molecular structure. 

The pKa values of CS are in a range of 6.2 to 7. At pH 7.4 and above, the aqueous 

solubility of CS decreases [159]. Properties of CS depend on the distribution of the 

acetyl groups together with its molecular weight [160, 161]. CS is considered as a 

potential carrier in ODDS due to its inertness, biodegradability, biocompatibility, non-

toxic and non-immunogenic properties, as well as antibacterial activity, which was 

extensively reviewed by Paliwal et al. [162], Morris et al. [163] and Badawy and 

Rabea [164]. CS positive charge can bind to the negative charge on the corneal surface, 

which results in enhancement in the residence time in the precorneal area while 

reducing clearance [165]. This property is known as mucoadhesion, and can be defined 

as the adhesion when one of the surfaces is mucus, which consists of water (>95%) 

and high molecular weight glycoprotein mucin [165]. The interaction between CS and 

mucin is dependent on the charge of the mucin, as well as the concentration, molecular 

weight, and charge of CS, in addition to the pH of the aqueous media [166, 167].  

CS-based formulations such as NPs [144] or nanomicelles [168] have been applied in 

ocular applications, which results in a more controlled drug release and targeted 

delivery, as well as increasing therapeutic bioavailability. In order to enhance the 

bioavailability and efficacy of dorzolamide in glaucoma treatment, an in situ gel of CS 

NP was developed by Katiyar et al. [148]. The optimized drug-loaded CS NPs with 

164 nm in size exhibited a 98.1% drug loading efficiency. Through an ex vivo study, a 

sustained drug release for the optimal in situ gel NP formulation was also obtained 
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(58% of drug release in 8 hours). Further, HET-CAM (hen’s egg-chorioallantonic 

membrane test) assay test on this nanocarrier also demonstrated that it was a non-

irritant [148]. Another investigation on CS NP, hyaluronic acid (HA)-coated CS NP, 

and dexamethasone-sodium-phosphate (DEX) was carried out by Kalam [132]. This 

work aimed to study the in-vitro trans-corneal permeation on excised-rabbit cornea 

and its impact on hydration level of cornea, in vivo ocular irritation, concentration of 

DEX after topical administration in tear and aqueous humour. Comparing to DEX-

solution systems, both uncoated and coated NPs showed significantly prolonged 

release of drug in aqueous humour after 24 hours topical administration. The 

permeability coefficient for DEX-solution was 21.909 x 10-3 cm/h, and a value of 

23.193 x10-3 cm/h was obtained for HA-coated CS NPs. They also resulted in higher 

tear concentration and higher bioavailability of DEX-solution (2548.563 ngmL-1.h), 

about 1.83 and 2.14-fold higher observed for CS NPs (4674.413 ngmL-1.h) and HA-

coated CS NPs (5451.366 ngmL-1.h), respectively). This phenomena was suggested to 

be due to the mucoadhesive property of both CS and HA [132].  

HA (Figure 1.13) is an unbranched linear polysaccharide comprised of disaccharide 

units containing of glucuronic acid and N-acetylglucosamine [169] linked by ß(1-3) 

and ß(1-4) glycosidic bonds [170]. HA exists as a polyanion with a pKa value of 3.21 

[171]. The molecular weight range of naturally occurring HA is 105 to 107 Dalton as 

reported by Balazs et al. [172].  

 

Figure 1.13: Sodium hyaluronate molecular structure. 

HA has been shown to be biocompatible, biodegradable, non-immunogenic, non-

inflammatory and non-toxic [169]. In the eye, HA can be found in the vitreous humor 

[173]. Due to its viscoeleastic and mucoadhesive properties, together with its high 

water-binding capacity and ability to enhance comfort, HA has been commonly used 

in various areas such as cosmetics [174], tissue engineering [175], pharmaceutical 

(arthritis treatment) [176] and drug delivery [177].   
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Silva et al. developed CS/HA NPs loaded with epoetin beta (EPOβ) for 

subconjunctival ocular delivery to potentially provide a more effective treatment for 

glaucoma [178]. The optimized drug-loaded CS/HA NPs had an average size of 289 ± 

3 nm, with a surface charge of 39 ± 1 mV. The drug encapsulation efficiency was 

determined to be 38.4 ± 0.3 %. By carrying out in vitro release studies in simulated 

tear fluid (37 °C, pH 7.4), their study observed a EPOβ release rate of 60 – 70% from 

CS-HA NPs within the first 15 minutes, followed by a sustained drug release of 

approximately 90% within the next 6 hours. Moreover, the use of CS/HA NPs also 

showed to enhance the mucoadhesion and retention time of a therapeutic agent on the 

ocular surface. The in vivo study was conducted on healthy Wistar Hannover rats 

indicated no adverse reactions and no abnormalities could be observed for intraocular 

pressure during the assays. Furthermore, EPOβ presence was also detected in the retina 

12-hour after the subconjunctival administration and remained detectable until day 21, 

which suggested that this developed model could act as a novel ODDS [178].  

When compared to conventional drug formulations, the quality, as well as safety and 

efficacy profiles of drug-loaded NPs requires an assessment of various additional 

physicochemical properties [179-182]. These include but are not limited to chemical 

composition, particle size and shape, polydispersity index, surface coating and charge. 

Due to the interactions between plasma proteins and the surface of drug-loaded NP, it 

was postulated that the particle size and polydispersity could be significantly changed 

[181, 183]. Following the European Medicines Agency [184-186] and the Food and 

Drug Administration [183, 187] guidelines, the particle size, polydispersity, and size 

stability of drug-loaded NPs should be controlled in various stages and conditions 

(aqueous and biological media). The particle size distribution should be measured after 

formulation, along with investigating its reproducibility to assess batch-to-batch 

consistency, long-term stability of the NPs throughout storage, particle size in the final 

product administered to the patient, and changes upon interaction with physiological 

conditions (e.g., serum proteins).  
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1.2.2 Nanotoxicology 

Nanotoxicology has remained a challenge to the application of potential nanomaterials 

in either pharmaceutical/medical device or medical fields. It is referred to as the study 

of potential negative interactions between NPs and biological systems in which they 

are applied [188]. A book chapter written by Khan and Shanker [189] mentioned that 

the large-scale production of nanomaterials and the proliferation of novel NPs with 

complex physical and chemical characteristics have made the study of nanotoxicology 

essential. Numerous studies have been carried out in this field, and two main points 

can be identified upon the application of NPs [190]: 

• The formation of radicals [191]: due to the noticeably higher surface area to 

volume ratio, NPs which are highly reactive can lead to increased production 

of reactive oxygen species (ROS). This results in oxidative stress or 

inflammation, etc; which can damage proteins, membranes, and DNA in the 

human body. 

• The undesirable permeation of NPs through the epidermis as well as other parts 

of the body can lead to toxic effects [192]. This may lead to the change in body 

distribution, passage through the blood-brain barrier, damage of brain cells 

[193], and activation of blood coagulation pathways [194]. 

Depending on various aspects derived from the physiochemical properties, physical 

properties and environmental conditions, a number of approaches, involving biological 

systems, have been proposed to have an effect on the toxicity of NPs [190]. For 

examples, the aforementioned features can be the diversified factors of modelling, 

physicochemical features of nanomaterials, and their biological influences [188].   

According to EU Medical Devices Regulations [195], it is accepted that there is 

scientific uncertainty regarding the risks and benefits of nanomaterial use in medical 

devices. In the design and manufacture of devices using nanoparticles special care 

should be taken when there is a high or medium potential for internal exposure. Such 

devices should be subject to the most stringent conformity assessment procedures. 

Based on a recommendation from the commission in 2011 it is deemed necessary to 

introduce a uniform definition of the necessary flexibility to adapt that definition to 

scientific and technical progress and subsequent regulatory development at Union and 

international level [195]. 
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1.3 Cyclodextrins in Ocular Drug Delivery 

One of the main challenges in the discovery and development of many drugs is their 

hydrophobic nature, which can result in their poor aqueous solubility, and 

consequently, poor drug bioavailability at the active site. Fahr et al. stated in their 

review that approximately 40% of the marketed drugs and 60% of the compounds at 

research and development stage have been listed as poorly soluble in aqueous 

environments [196]. Many studies have been carried out in an attempt to increase the 

bioavailability of insoluble drugs, including the use of self-emulsification [197], 

micronization [198], salt formation [199], pH modification [200] and supramolecular 

complexation [201]. Of those, host-guest complexes have received a considerable 

attention in the development of a hydrophobic drug carrier since this approach can 

potentially increase the drugs solubility, stability, permeability, and bioavailability 

[202-204]. In this approach, cyclodextrins will form an inclusion complex with a 

hydrophobic molecule through non-covalent bonds, van der Waals forces, 

hydrophobic interactions and electrovalent bonds as reviewed by Del Valle [205].  

Cyclodextrins (CDs) are cyclic oligosaccharides that have (α-1,4)-linked α-D-

glucopyranose units [206] and contain a hydrophobic cavity and a hydrophilic outer 

surface composed of 6, 7 and 8 dextrose units leading to the formation of three parent 

CDs: α-, ß- and 𝛾-CD (Figure 1.14).  
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Figure 1.14:  Chemical structures of 3 main types of cyclodextrin and their shape [207]. 

The hydrophobic cavity size can vary depending on the number of dextrose units [208]. 

This structure of CD gives it an ability to accommodate lipophilic moieties to form 

host-guest complexes with various hydrophobic analytes – the inclusion complexes 

[209]. In the area of ophthalmology, besides increasing the aqueous solubility of 

hydrophobic drugs such as corticosteroids and flavanones (e.g., naringenin) [206], 

CDs can also act as immunosuppressive agents and an enhancer for ocular 

permeability of drugs through the extremely lipophilic corneal epithelial membrane 

[210, 211]. CDs can significantly enhance the permeability of lipophilic drugs through 

the aqueous tear film to the epithelial surface [206]. Besides the parent α-CD, ß-CD, 

and 𝛾-CD, there are several derivatized CDs prepared by substituting their hydroxyl 

groups with the desired functional moieties such as hydroxylpropyl (HP)-α/ß/ 𝛾-CDs 

[212] and sulfobutyl ether (SBE)-ß-CD [204].  
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Four of the most common applications of CDs in ODD are: stabilizing the drug, 

reducing ocular irritation, improving ocular therapeutic permeability, and/or 

enhancing the solubilisation of the drug or the drug-CD complex [207]. A study carried 

out by Stancanelli et al. [213] investigated the use of a derivative ß-CD, SBE-ß-CD to 

form an inclusion complex with hydrophobic drugs (isoflavones: genistein (Gen) and 

daidzein (Dai)). Following the phase solubility (PS) study using the Higuchi and 

Connors model [214], the solubility diagrams obtained for both drugs suggested that 

complexes were formed with a 1:1 molar ratio (Figure 1.15(a) and (b)). The aqueous 

solubility of the hydrophobic drugs was significantly increased upon complexation 

with SBE-ß-CD as evidenced through the in vitro dissolution studies (over 90% of 

drugs dissolved in water in 15-30 minutes) (Figure 1.15(c)). 
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Figure 1.15: Phase solubility diagrams of Gen (a) and Dai (b) in the presence of increasing 

concentrations of SBE-ß-CD (0–25 mM) in water at 25.0 ± 0.1 °C; (c) Dissolution profile of 

free Gen (close triangles) and free Dai (open circles), SBE-ß-CD/Gen (close rhombus) and 

SBE-ß-CD/ Dai (open squares) 1:1 inclusion complexes in water at 37.0 ± 0.1 °C. Each value 

is the average of three different experiments ± standard deviation [213]. 

(c) 
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As mentioned in Section 1.1, the topical administration route is limited in usefulness 

due to low drug bioavailability. Aiming to address this challenge, Soni and Saini 

developed a new eye drop formulation based on aggregates formed by self-assembly 

of the drug (nepafenac):HP-ß-CD complexes in aqueous solution [215]. Nepafenac is 

a non-steroidal anti-inflammatory drug (NSAID) used in the treatment of the pain and 

inflammation associated with cataract surgery, which has low water solubility and low 

tissue permeability. Nepafenac is available in the market in the form of 0.1% and 0.3% 

ophthalmic suspension eye drops since it is sparingly soluble in water.  

In order to prolong release potential for transmucosal ocular delivery of a hydrophobic 

drug – flurbiprofen (FLU), Shinde et al. synthesized FLU:HP-ß-CD complex-loaded 

N-trimethyl chitosan (TMS) and CS NPs for the treatment of bacterial conjunctivitis 

[216]. TMS is a water-soluble derivative of CS. The particle size and zeta potential of 

the TMC NPs (TMC:TPP ratio of 6:1) were determined to be 201.0 ± 1.6 nm and +13.9 

± 1.7 mV, respectively. Following complexation with HP-ß-CD, the solubility of FLU 

increased from 0.3 mM/L to 1.26 mM/L at 4.1 mM solution of HP-ß-CD. The 

FLU:HP-ß-CD encapsulation efficiency in the TMC NPs was 10.9 ± 1.5%. A biphasic 

release pattern with an initial burst period of 1 hour was observed, in which 

approximately 25% of FLU was released. This was followed by a sustained FLU 

release of around 54% over the period of 12 hours. The drug:CD complex-loaded CS 

NPs were also investigated in this study, with an average size of 361.2 ± 1.6 nm and a 

charge of +10.9 ± 0.4 mV. In vitro drug release of this nanoparticulate system showed 

an initial burst in the first hour with 44% of the drug released, followed by a sustained 

release of FLU for the next 12 hours (80% of drug was released) (Figure 1.16).   
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Figure 1.16: In vitro release profiles of free drug solution (diamond), drug:CD complex-

loaded CS NPs (triangle) and drug:CD complex-loaded TMC NPs (square) [216]. 

Additionally, a HET-CAM test was performed to assess the ocular irritation potential 

of drug:CD complex-loaded TMC NPs and 0.1% TMC solution. Both of the two tested 

samples were observed to be non-irritant to the eye [216]. The anti-inflammatory 

potential of amlodipine (AML) on carrageenan-induced rabbit and the impact of SBE-

ß-CD on corneal permeation were investigated by Nanda et al. [217]. The preparation 

of a hydroxypropyl methylcellulose (HPMC) ocular film was carried out after 

complexation of AML with ß-CD, HP-ß-CD and SBE-ß-CD. HPMC is a 

mucoadhesive, biodegradable polymer used in the ocular film which adhered to the 

conjunctival mucous membrane, while absorbing tear fluid from the surrounding 

environment. Consequently, HPMC can produce a gel layer to release the entrapped 

drug. Various techniques were employed to study the formation of the drug:CD 

inclusion complexes, including DSC, FT-IR and XRD. Presence of CD in the HPMC 

film was shown to increase water retention capacity. The hydration of the polymer 

matrix was followed by erosion and degradation. By complexing with CDs, the 

percentage matrix erosion decreased substantially with 73.05% for HPMC gel and 

36.56% for HPMC complexed with SBE-ß-CD. In addition, by examining each 

formulation using scanning electron microscopy, it was shown that drug-loaded 

HPMC gel and drug-loaded CD-based gel provided smooth and homogenous surfaces 

due to an adequate solubility of AML into the polymeric network. Drug release of 

AML was significantly improved following the complexation with CDs, with the 

highest enhancement observed for SBE-ß-CD, as shown in Figure 1.17(a) [217]. This 
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was potentially due to the higher solubility of SBE-ß-CD in water in comparison to ß-

CD. 

 

Figure 1.17: (a) In vitro drug release study and (b) ex vivo permeation on AHo: blank HPMC 

gel, AHcd: HPMC with ß-CD, AHhpcd: HPMC with HP-ß-CD and AHsbcd: HPMC with 

SBE-ß-CD (mean ± SD; n = 3) [217]. 

As could be seen in Figure 1.17, the AML release from the formulations was postulated 

to be highly diffusion controlled through the analysis of the kinetic study of drug 

release. Furthermore, AML ocular bioavailability near the cellular surface was 

increased since the CD complexation improved the solubility of the drug. The 

drug:SBE-ß-CD complex demonstrated a better permeation than the other two CD 

complexes due to highest steric hindrance and low-affinity binding. While higher 

binding ability resulted in a lower ocular drug diffusion, steric hindrance led to a loose 

binding of AML, and hence, higher drug permeation was achieved (Figure 1.17(b)) 

[217].    

1.4 Contact Lenses as Ocular Drug Delivery Systems 

Contact lenses (CLs) have been widely suggested to provide a much higher corneal 

bioavailability in comparison to eye-drops [218]. Because of the placement on the 

cornea with minimal mixing in the thin post-lens tear film (POLTF), which is between 

the lens and the cornea, soft contact lenses (SCLs) have been continuously developed 

and investigated as a novel vehicle for ODD  (Figure 1.18) [219, 220]. Further, the 

concept of delivering medicines through hydrogel SCL or medical device has received 



35 

 

great interest because of their good biocompatibility, high water content, together with 

convenient use and an improvement in drug bioavailability (up to 35 times more than 

eye-drops) [218].  

 

Figure 1.18: Schematic diagram of ocular drug delivery by contact lenses (adapted from 

[219]).  

In order to fully discuss the potential of using SCLs as an ODDS, the history of CLs, 

the polymerization of CLs and their chemical and physical characterisation, as well as 

the manufacturing processes of CLs will be reviewed in this section. 

1.4.1 The history of contact lenses 

Materials used to make CLs, both rigid and soft, can be classified as biomaterials 

[221]. Figure 1.19 below reports the advancement of the contact lens market, from 

when a concept of the CL was first developed in 1508 by Da Vinci up to the present 

day, through various important historical timelines [222].   
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Figure 1.19: Historical timeline of the development of contact lens [222]. 

Since SCLs became widely available, a process led by Bausch+Lomb in the 1970s, 

they have had a considerable influence on the global market in this field [221, 222]. 

An article published in Contact Lens Spectrum in January 2020 provided an overview 

of general market trends in 2019 of CL fits and refits. The figure showed that 65% was 

silicone hydrogel (SiHy) materials while hydrogel SCLs accounted for 24% of the 

market in 2019 [223]. The explanation for this is that SiHy CLs exhibits almost 

identical comfort compared to hydrogel materials, while providing substantially higher 

oxygen and ionic permeabilities. In addition, SiHy CLs may also offer easier handling 

[224], reduce conjunctival redness [224], and also less protein deposition on the lens 

surface [225]. Hydrogel and SiHy materials will be further discussed later in Sections 

1.4.2 and 1.4.3. 

The following sections give a brief introduction to the different stages involved in the 

manufacturing processes of CLs, followed by various chemical, physical, and 

mechanical characteristics of SCLs. 

1.4.2 Hydrogel 

SCLs are known to be flexible as they are made from water-swollen, biocompatible, 

lightly cross-linked and hydrophilic polymers [221]. Hydrogels are a three-

dimensional, hydrophilic, and cross-linked polymeric network [226, 227]. They can 

uptake and retain water or biologic fluids, which in turn increases their original mass 
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[228-230]. Hydrogels are classified as viscoelastic polymers, those that deform and 

recover in a time-dependent manner when a stress is applied to or removed from them. 

These materials represent an extremely versatile class of polymeric materials, those 

that can be produced using natural and/or synthetic polymers [229]. Moreover, they 

also exhibit diverse characteristics that can be applied in various biomedical fields 

(e.g., drug delivery [231], sensing applications and increasing the life-time of surface 

coatings [232], 3-D cell culture [233]) (Figure 1.20).  

                 

HEMA  (2-hydroxyethyl methacrylate)  EGDMA (Ethylene glycol dimethacrylate) 

                                

AMA (Allyl methacrylate)     DMA (N,N-dimethylacrylamide)   NVP (N-vinyl 

pyrrolidone) 

    

MAA (Methacrylic acid)   PC (Phosphorylcholine)  

Figure 1.20: Monomers used in the manufacturing of hydrogel contact lenses. 

Hydrogel complexation occurs mainly via hydrophilic ionic interactions between 

water molecules and polymeric long chain entities [227]. Hence, they are capable of 

absorbing large quantities of biological fluids or water. Hydrogels are considered an 

open and semipermeable system. They allow the movement of water and solute 

molecules, as well as ionized species. Hydrogels hold promising potential as sustained 
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ocular drug delivery systems (ODDSs), mainly due to their ability to swell in an 

aqueous solvent platform, thus, retaining solvents within a cross-linked gel network, 

along with other hydrophobic and hydrophilic agents, small molecules and 

macromolecules [226]. Moreover, they can also combine with micro- or nano-

materials to enhance ODD, regardless of their solubility characteristics [234].    

1.4.3 Silicone hydrogel 

Silicone-based hydrogels encompasses silicone, siloxanes, fluorosiloxanes and their 

derivative materials. The chemical structure of a number of these are presented in 

Figure 1.21 [235].  

                  

TRIS       PDMS 

Tris-(trimethyl-silyl-propyl-methacrylate)                 Hydroxyl-terminated polydimethylsiloxane 

Figure 1.21: Monomers used in the manufacturing of silicone hydrogel contact lenses. 

Due to the siloxy groups presented in SiHy structure, the hydrophilicity of this lens 

material is generally lower than most hydrogel materials, although these groups help 

to increase the Dk values (oxygen permeability) [236]. In order to improve the 

wettability of SiHy lenses, many different strategies such as plasma treatment or 

surface coatings [237, 238], and the inclusion of internal wetting agents [239, 240] 

have been used to mask the hydrophobic silicone from the tear film [241]. Due to this, 

the surface characteristics of SiHys are far more complex than those of hydrogels and 

also not associated directly with lens water content [236]. 

1.4.4 Lens polymerization 

The principal chemical reaction process involved in the curing of contact lenses is 

chain polymerization, where most of the polymers involved are unsaturated (e.g., vinyl 
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monomers) (Figure 1.20). The monomers belonging to this group have one or more 

carbon-carbon double bond. Throughout the polymerization process, the monomer 

concentration gradually reduces over time, leading to a mixture containing: monomer, 

high molar mass polymer, and a low amount of growing chains [242].  

The polymerization kinetics of hydrogels, such as poly-HEMA, poly-AMA, and poly-

EGDMA, etc. have received special attention due to the presence of methacrylate 

groups in their structure. This results in relatively straightforward radical reactions, 

with the hydroxyl groups providing hydrophilicity [243]. Free radical polymerisation 

(FRP), which is a type of chain polymerization, is normally characterized by three 

distinct stages: initiation, propagation and termination [242]. 

1.4.4.1 Initiation  

The initiation process is defined as the series of reactions that leads to the formation 

of initiating radicals. This happens by generating primary radicals, molecules that 

contain reactive unpaired electrons, and culminates in addition to the carbon-carbon 

double bond of a monomer [244] (Figure 1.22). Generally, the radical can be produced 

from the decomposition of an added initiator through different processes such as 

thermal heating/warming, reaction with other chemicals or radiation with either 

ultraviolet (UV) or infrared (IR) light [245, 246]. 

 

Where: I is the concentration of the initiator, M is the concentration of monomer, and I and 

M are the active growing chains. 

 Figure 1.22: Schematic diagram represents the initiation process of free radicals. 

Primary radicals, produced by either thermolysis or photolysis, can go through 

rearrangement or fragmentation that will lead to the formation of secondary radicals 

[244]. Further, they may also react with solvents or other species (e.g., oxygen) instead 

of monomer. The formation rate of radicals depends on different properties, including 
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temperature, the concentration of initiator, and the nature of other molecules [244, 

246]. The overall conversion times, which indicate the time it takes for monomer 

mixture to convert into hydrogel polymer materials, in most polymerizations are 

relatively slow, and can take at least 30 minutes or much longer. This is due to the fact 

that the polymer growth process happens almost immediately after the initiation stage 

[246].   

When radicals interact with monomers, these processes can happen via different types 

of reactions, such as tail addition, head addition, abstraction, or aromatic substitution. 

Moad’s detailed study on the initiation stage of polymerization using Styrene (St) and 

methyl methacrylate (MMA), commercially relevant monomers, with each of three 

common initiators benzoyl peroxide (BPO), azobisisobutyronitrile (AIBN) and di-t-

butyl peroxyoxalate (DBPOX), demonstrated the complexities of this stage (Figure 

1.23) [244]. Moad reported that the initiation pathway is significantly dependant on 

the structure of both radical and monomer species.  

 

Figure 1.23: Decomposition of AIBN, and tail addition pathway in the reaction of AIBN with 

monomer (where S is styrene) [244]. 

1.4.4.2 Propagation  

After the radical species is created, they can then combine with another monomer unit 

leading to the formation of a new compound. This stage is known as propagation of 

polymerization [242]. It includes a series of radical additions to the carbon-carbon 
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double bonds. By repeating this process many times so that thousands of monomer 

units are linked together, the polymer chain is propagated, resulting in a long chain 

radical [246] (Figure 1.24).  

IM
•
 + M → IMM

•
 

IMn
•
 + M → IM

•
(n+1) 

Figure 1.24: A schematic diagram illustrates the propagation stage of the FRP process. 

A propagating radical must have a high degree of specificity in its interaction with 

unsaturated systems, which hence, has an ability to give addition to the exclusion of 

side reactions that results in the growth of polymer chains [244]. Since the predominant 

head-to-tail structure may be broken by the head-to-head or tail-to-tail linkages (Figure 

1.25), the addition to double bonds will not be totally regiospecific.  

 

 

 

Figure 1.25: Schematic diagram represents head-to-head and tail-to-tail linkages.  

1.4.4.3 Termination 

Due to the high reactivity of free radicals, they can easily lose their reactivity in various 

ways. The polymerization process does not generally end until all the monomers have 

been used up. This stage can occur in four different ways and are depicted in Figure 

1.26, including (a) mutual combination of two growing radicals [244], (2) 

disproportionation between growing radicals [244], (3) reaction with an initiator 

radical [246], and (4) chain transfer with a modifier [246].  

Tail-to-tail linkage 

Head-to-head linkage 
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Figure 1.26: Schematic diagram illustrates the possible ways happen in termination step.  

The most common and important termination mechanism in FRPs is radical-radical 

combination or disproportionation (1, 2). Before any chemical interaction can happen, 

the radical centres of the propagating species have to reach appropriate proximity. This 

means that there will be no single rate constant for termination in FRP [244, 246]. For 

step (1), this takes place when two growing molecules with free radicals meet and 

share the unpaired electrons, subsequently, form a stable covalent bond to render them 

unreactive. As for the disproportionation method of termination, as a result of the 

reactions between two radicals via hydrogen abstraction, two reactive products can be 

formed; in which one is saturated while the other is unsaturated [244]. 

1.4.5 Lens manufacture 

1.4.5.1 Manufacturing of contact lenses 

To fabricate SCLs at low cost, the manufacturing process of CLs plays a vital role. 

There are three main approaches used in the manufacture of CLs, including lathe 

cutting, spin casting and injection moulding (Figure 1.27). 

. 
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Figure 1.27: A summary of three different processes in making SCL (a) lathe-cutting, (b) spin 

casting and (c) injection moulding approaches [247]. 

Lathe cutting was originally used in the fabrication of rigid lenses before it was applied 

in the manufacture of SCLs. Compared to the other two approaches, this method is 

more expensive. The lathe cutting process involves the formation of an anhydrous 

polymer rod [248]. By cutting the polymer rod, a cylindrical button is produced which 

is then moulded into the CLs shape on the lathe. After being polished and ground, the 

lens will be hydrated to form the final SCLs [247, 248].  

For the spin casting method, while the outside of the mould fixes the outer surface, the 

inner surface will be generated when the liquid monomer mixture undergoes 

centrifugal force [247]. After the injection of liquid into the centre of the rotating 

mould, it then goes through either thermal or UV light polymerization. The next steps 

of this process are similar to the lathe cutting approach, and include polishing, 

grinding, and hydration in saline/water. This method can be used in mass production 

due to its cost-effective process [248].  

Injection moulding, known as cast moulding, is a process that requires several sets of 

matching anterior and posterior moulds that are manufactured using either 

polypropylene [247] or polystyrene [249]. Different lens properties and powers can be 

obtained by modifying the design of both mould parts. Label back vertex power of a 
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lens is defined as the dioptric power measured by focimeter either in air or in saline 

(Moire deflectometer or Hartmann methods), according to the current international 

standard [250]. This method involves the injection of liquid monomer mixture into the 

anterior mould, which is then capped with the posterior mould. The lens is then cured 

inside the mould [248]. The cured lens will then be either dry-released or wet released 

(i.e., cured moulds will be immersed in water until the lenses hydrated and come out 

of the mould) from the mould [251]. This is followed by extraction and hydration using 

water or water:solvent (e.g., alcohols) mixtures [252]. As stated by Xu et al. [247], 

injection moulding, due to its efficiency and lower cost production, has become a 

dominant technology for large-scale CL production, particularly in the field of 

disposable CLs. 

1.4.5.2 Sterilization of contact lenses 

One of the most important aspects to assure the quality, safety and efficacy of any 

biomedical device for potential commercial production is the sterilization process 

[253]. In medical device industries, infection arising from the manufactured medical 

devices have always remained a major problem. Thus, an efficient sterilization 

approach for all materials in contact with the body is crucial to reduce the incidence of 

these infections [230, 254]. Since soft biomaterials such as hydrogel SCLs are very 

sensitive to heat or irradiation, sterilization of these materials is especially challenging 

[254]. Depending on different natures and properties of specific material compositions 

and their applications, the most suitable sterilizing process can be identified. 

Several studies [255-257] indicated that the sterilization process can eventually cause 

material degradation, potentially leading to further crosslinking of polymers or even 

toxic effects. There are a number of well-established terminal sterilization methods 

that have been used for hydrogel-based devices [258], which are described in Table 

1.1. 
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Table 1.1: Established sterilisation methods for biomaterial devices. 

Sterilizatio

n method 
Advantages Disadvantages Ref. 

Physical: 

steam heat, 

dry heat 

Simple. 

Inexpensive. 

The application is 

restricted to heat resistant 

hydrogels (e.g., silicone-

based, acrylic-based). 

[259] 

Chemical: 

alcohol, 

phenol, 

aldehyde 

Volatile. 

Does not leave residues. 

Can be toxic, corrosive, 

and/or irritating. 

FDA issues. 

[258, 

260] 

Gamma 

radiation 

(GR) 

Highly penetrating. 

Allows operating at low 

temperature. 

Does not leave chemical 

residues. 

High sterility assurance level. 

Preferable in sterilizing 

SiHys. 

High cost. 

Complicated process. 

Requires well-trained 

staff and special 

facilities. 

Unsuitable for radio-

sensitive materials. 

[261-

263] 

Gas 

sterilization                   

(e.g. 

ethylene 

oxide EtO, 

hydrogen 

peroxide 

HP) 

EtO: Highly efficient, 

adequate for heat and 

radiation sensitive materials. 

HP: Highly oxidizing agent. 

EtO: Concerns on toxic 

and carcinogenic nature 

of EtO residues, which 

have to be removed, so 

increases processing 

times. 

HP: Material degradation 

or harmful changes in 

properties of materials. 

[260, 

264] 

E-beam 

(electron 

beam) 

Very safe method. 

An advanced technology. 

Allows operating at low 

temperature. 

Easy to control. 

High sterility assurance level. 

Preferable in sterilizing 

SiHys. 

Needs an electron 

accelerator which is quite 

rare.  

[262, 

263] 

Besides the above common sterilization approaches in biomedical device industries, 

several new methods have been researched and investigated to provide possible 

alternatives (e.g., plasma, ozone, high intensity UV and supercritical fluids) [230, 265]. 

The impact on different SiHy SCLs properties of the hydrated samples before and after 

drug-loading and sterilization under different conditions (e.g., steam heat, gamma 

irradiation and ozonation) was investigated by Galante et al. [266]. GR sterilization 

was investigated to reduce optical transparency for drug-loaded CLs (below 80%). 

Both GR and ozonation sterilisation approaches resulted in noticeable degradation of 



46 

 

all the drugs (i.e., levofloxacin, chlorhexidine, diclofenac and timolol) used in the 

study. As a result, these approaches were identified to be unsuitable in the application 

of ODD with steam heat sterilization to be the optimum approach since it showed the 

least impacts on the drug-loaded CLs [266]. 

1.4.6 Physicochemical and mechanical properties of soft contact lens 

In order for particular SCLs to be feasible and acceptable in the commercial market, 

they must meet several important requirements in line with ISO-18369:2017 standards 

(4 parts) [267-270]. The requirements/tolerances for some of lens’ critical properties 

of a commercial SCL from the ISO standards are summarized in Table 1.2.   

Table 1.2: Tolerances for some of lens’ critical properties from the relevant ISO standard 

[267]. 

ISO standard number: 18369-2:2017 

Lens’ property Requirements/Tolerance 

Back optic zone radius/base curve 

equivalent/ equivalent posterior radius 

of curvature 

± 0.20 mm 

Sagittal depth ± 0.05 mm absolute (control value) 

Total diameter ± 0.20 mm absolute (control value) 

Centre thickness (tC) 

Thickness >0.10 mm: ±(0.015 mm + 

0.05tC) 

Thickness ≤0.10 mm: ±(0.010 mm + 

0.10tC) 

Spherical Power 

Power ≤10.00 D: ± 0.25 D 

10.00 D < Power <20.00 D: ± 0.50 D 

Power >20.00 D: ± 1.00 D 

Spectral transmittance in the visible 

region 
± 5% absolute (control value) 

Refractive index ± 0.005 absolute (control value) 

Water content ± 2% absolute (control value) 

Oxygen permeability ± 20% absolute (control value) 
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1.4.6.1 Thermal analysis of SCLs 

Thermal analysis is one of the most common analytical techniques used in the 

characterization of polymeric materials. By heating the sample in a certain temperature 

range at a specific rate, its structure and properties can be analysed [271-273]. This 

analysis includes the use of differential scanning calorimetry (DSC), 

thermogravimetric analysis (TGA) and thermal mechanical analysis (TMA) [273]. 

These techniques allow the determination of polymer structure, water content, and the 

influence of the cross-linking process as well as the degradation mechanism of 

polymers. Thermal analysis also provides information on the relationship between 

material structure and its thermal stability. Both TGA and DSC are essential and 

powerful analytical techniques in the thermal characterization of polymeric materials, 

such as: glass transition (Tg), thermal stability, polymorphism, degradation 

temperature, etc. [272].  

Besides determining the degradation temperature of materials, TGA has generally 

been applied in the determination of the total quantity of water in an equilibrated gel, 

including identifying the temperature at which the water is lost and to define if this is 

dependent on the heating rate [274]. DSC is a thermal analysis technique that provides 

information on the thermal properties of materials based on the rate at which they 

adsorb heat energy compared to a reference material. In other words, this technique 

investigates the response of a tested polymer to heating. It is applied widely to study 

either the melting of a crystalline polymer or the glass transition of an amorphous 

polymer [271].  

Polymers can go through three distinct transitions during heating, including a glass 

transition (Tg), crystallization (Tc) and melting (Tm), although not all materials will 

experience all three (Figure 1.28).  
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Figure 1.28: Schematic diagram represents three main thermal transitions that a material that 

can experience throughout DSC analysis [171]. 

The glass transition temperature (Tg) is defined as a second order pseudo transition, 

which provides important information in the study of amorphous and crystalline 

materials [275]. Tg is the temperature when the brittle and glassy material become less 

rigid and more rubbery [276]. Above the Tg, the polymers have more mobility and 

when they reach a certain temperature, where they gain enough energy to move into 

ordered management and undergo crystallization, this temperature is known as 

crystallisation temperature (Tc) [171]. It is an exothermic process. As the temperature 

increases, the polymer chains can move around freely again and reach another thermal 

transition, called melting. At melting temperature (Tm), the energy added during this 

time is used to melt the crystalline regions and since it requires the absorption of heat, 

it is an endothermic process [171]. While all three transition peaks can be observed for 

crystalline polymers, purely amorphous polymers will only go through a glass 

transition. The characteristics of polymers are essentially impacted by their level of 

crystallinity and morphology [271]. As such, polymers with a high level of crystallinity 

will have a higher glass transition temperature (Tg), which implies that they will have 

higher modulus, toughness, stiffness, tensile strength, hardness, and more resistance 

to solvents, although their strength would be less affected.  

An investigation into the glass transition and water dynamics in a hydrated HA 

hydrogel crosslinked by divinyl sufone (DVS) at various hydration levels, using DSC 

was carried out by Panagopoulou et al. [277]. The group also examined the 

implementation of dielectric relaxation spectroscopy (DRS) and water sorption-

desorption (ESI) measurements. The DSC data from this study indicated that the Tg of 

a material would reduce due to plasticization by water molecules (Tg went down from 
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-48 °C to -80 °C). However, when water was recrystallized, the Tg stopped decreasing. 

This indicated that the glass transition was based on the combined motion of 

uncrystallised water molecules at primary sorption sites and segments of the HA 

chains. A study carried out by Bennour and Louzri also used DSC and TGA analysis 

as part of their investigation into the swelling properties and thermal behaviour of 

Poly(N,N-Dimethylacrylamide-co-Maleic Acid) based hydrogels (PDMA-MA) [274]. 

It was observed that the developed hydrogels degraded in two main stages that were 

associated with the loss of water (Stage 1) and polymer degradation (Stage 2). The 

TGA data implied that the maximum degradation temperature of polymers increased 

with an increase of NMBA (N,N-methylenebisacrylamide) content, which was due to 

an increase in crosslink density. Similar trends with the Tg values of tested hydrogels 

were also seen. As such, the higher the amount of NMBA (8, 15, 29, 33 and 38 mol%), 

the higher the Tg values of PDMA-MA. As an example, the Tg at 8 mol% of NMBA 

is 126 °C, while Tg of 158 °C was obtained at 38 mol% NMBA. The reason for this 

was attributed to the movement restrictions of polymer segments, which was due to 

the high crosslink density.   

In addition, DSC has also been widely used to study and monitor the kinetics of radical 

polymerization [242]. The biggest advantage of such an approach is the ability of 

continuously recording the variation of the reaction rate with time during the 

measurements of the amount of heat released. Several works were carried out using 

DSC to investigate the polymerization kinetics of HEMA and its copolymers with 

several dimethacrylate monomers (e.g., EGDMA, or DEGMA) [278-282]. Another 

study carried out by Ning et al. [279] used DSC to monitor the reaction process of 

HEMA in a mixture (with BMA-butyl methacrylate and BPO-benzoyl peroxide as an 

initiator). When the polymerization of HEMA was initiated (at 100-150 °C), the 

formed pHEMA generated an interpenetrating network with the synthesized 

polymethacrylate through H-bonds. This study also demonstrated the effect of DSC 

heating rate on the polymerization of HEMA, which demonstrated that a faster heating 

rate could accelerate the polymerization of HEMA (Figure 1.29).  
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Figure 1.29: Schematic diagram illustrates the impact of heating rate on (a) conversation 

temperature of HEMA and (b) the fractional conversion as a function of time [279]. 

1.4.6.2 Light transmission of SCLs 

To achieve optimum visual performance, SCL materials must be transparent. This 

characteristic is generally expressed as the percentage transmission of the visible 

electromagnetic spectrum. For hydrogels, the main materials used in the 

manufacturing of SCLs can transmit over 90% of light in the visible part of the 

spectrum [52, 283, 284]. When microphase separation of water happens, referred to as 

the area of varying refractive index (RI) formed within the gel, a hydrogel tends to lose 

its transparency.    
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The most common methods in the determination of the absorption or transmission 

spectrum of CLs involves the use of bench-top spectrometer, with the tested CLs 

attached to a suitable cuvette placed in the fixed light path of the system [285]. Kapoor 

et al. [286] investigated the effect of drug (cyclosporine A) concentration on the 

transparency of 200 µm thick pHEMA hydrogels. The results indicated that the optical 

clarity was maintained (>95%) if the drug loading was less than 0.4% (close to the 

drug limit of solubility in pHEMA). As the drug concentration increased, it could be 

observed that the gels turned hazy and almost opaque [286]. In another study carried 

out by Paradiso et al., the optical transparency of a pHEMA-based hydrogel material 

loaded with drug (levofloxacin) was assessed before and after coating with a liposome 

layer [284]. Liposome-based coating (average size of 103 ± 8 nm) was developed to 

provide a more controlled drug release from the SCLs. Measurement of optical clarity 

was carried out within visible light range in the spectral transmittance (i.e., 400-700 

nm). The pHEMA hydrogel %transmittance was measured to be 99.0 ± 0.2%. 

Following the coating of liposomes, the hydrogel transmittance decreased to 98.7 ± 

0.3% for the DMPC (liposomes of 1,2-dimyristoyl-sn-glycero-3-phosphocholine) 

coating layer, and 97.6 ± 0.4% for the DMPC+CHOL (cholesterol) coating layer. 

1.4.6.3 Equilibrium water content of SCLs 

The ability of the hydrogel or SiHy to bind water in its equilibrium state is called the 

equilibrium water content (EWC) [287]. Water content is defined as a mass fraction 

present in a hydrated material, which has been fully equilibrated at room temperature 

as stated in the ISO 18369-4:2017 standard [250]. Water content of SCLs is a vital 

property since it is closely related to their comfort and oxygen permeability. The higher 

the water content, the higher the oxygen permeability of hydrogels [288]. The 

equilibrium water content (EWC) of a hydrogel can be calculated according to the 

following equation (Equation 1.1):  

EWC = 
weight of water in polymer

total weight of hydrated polymer
 x 100                 Equation 1.1 

Alternatively, the surface EWC can also be calculated basing on its relationship with 

the refractive index (RI) value of hydrogel SCLs as discussed in Section 1.4.6.4. 

Further, the EWC value of hydrogels is also intimately related to the oxygen and ionic 

permeability of a CL [52]. One of the main limitations that hinders the CL market 
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growth is related to dehydration issues of the ocular surface caused by CLs [289, 290]. 

SCL dehydration can lead to several problems, such as: changes in lens parameters 

[291, 292], and changes in oxygen [293, 294] and ionic permeability [295]. There are 

three main factors that can affect the EWC of the hydrogel lens, including ocular 

surface, lens material and environmental conditions [296-298]. Those that in turn can 

cause an impact on CL fitting behaviour, spoliation, and tolerance [291, 297].  

Two of the most common methods in determining the EWC are gravimetric techniques 

[299, 300] and refractometry [291, 301, 302]. The swelling kinetics of the hydrogels 

in the polycaprolactone-based NPs loaded SCLs (pHEMA) carried out by Nasr et al. 

[303] were done gravimetrically in phosphate buffer solution (pH 7.4). An increase in 

%EWC was observed following an increase in the concentration of added NPs (74.8% 

EWC with a 7.5%wt NP loading). However, a high concentration of incorporated NPs 

(10-15 %wt) led to a reduction in the swelling ability of the hydrogels. Two main 

factors that influenced the swelling behavior of SCLs were suggested to be the 

hydrophobic content of NPs and the physical crosslinking between the hydrogel lenses 

and the NPs. As such, an increase in water content could be observed following the 

addition of hydrophilic monomer (e.g., NVP) due to stronger binding ability of lactam 

groups in pyrrolidone groups. In addition, at a constant concentration of NVP 

monomer, by increasing the amount of crosslinker (PEG-DA, polyethylene glycol 

diacrylate), the %EWC of the lenses also increased. For example, for hydrogel lenses 

prepared at a ratio of 10:4:03 (HEMA:NVP:PEG-DA), the %EWC was 51.4%, at a 

ratio of 10:4:0.8 (HEMA:NVP:PEG-DA), the %EWC increased to 59.7% and the 

highest %EWC was measured for the lenses prepared at a ratio of 10:6:0.8 

(HEMA:NVP:PEG-DA), which was 67.1%. However, too high an amount of 

incorporated NPs (10%-15% wt) led to a reduction in the swelling ability of the 

hydrogels (e.g. 49.90 %EWC with a 10%wt NP loading). [303]. 

1.4.6.4 Refractive index of SCLs 

Besides optical transparency, ideal hydrogel materials used in the manufacturing of 

SLCs must provide a refractive index (RI) that is similar to the cornea RI (i.e., an RI 

that is near to 1.37) [221]. RI is conventionally measured using a refractometry 

technique, in which the RI of a material is determined by measuring the critical angle 

between the material and a glass of higher or known RI [304]. RI not only is important 
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from the optical point of view, but it is also an essential parameter from a physiological 

perspective. This is due to the fact that RI is a measurable value that reflects the 

alterations in the EWC of polymers [302]. The quoted reference values for RI for 

commercial hydrogel and silicone-hydrogel CLs, which were determined in Varikooty 

et al. [305] and Lira et al. [306], to be in the range of 1.40 to 1.43.  

According to ISO 18369-4:2017 [307], the RI of the CL material should be measured 

at either 589 nm (sodium D-line) or at 546.1 nm (mercury E-line). There are many 

methodologies involved in the determination of RI based on the lens shape and 

measuring conditions (dry, blotted or immersed). The technique of determining the RI 

of the hydrogel materials is also noted under this ISO standard, which uses the 

calibrated Abbe refractometer or an equivalent instrument at room temperature. It was 

reported that by measuring the RI/EWC of SCLs during wear can help to define 

whether the dehydration is linked to the onset of symptoms of discomfort or dryness. 

This study evaluated the RI of lotrafilcon B and etafilcon A lenses. In vivo RI values 

at baselines for lotrafilcon B and etafilcon A were 1.422 ± 0.004 and 1.405 ± 0.002, 

respectively. The results showed a statistically significant change in vivo across the 

day for etafilcon A lens (P < 0.01) but not for lotrafilcon B lens (P > 0.05) [305]. 

1.4.6.5 Fluid and ionic permeability of SCLs 

It is essential to obtain an adequate ion permeability (Dion) in SCLs to ensure the 

formation of a fluid hydrodynamic boundary layer, which in turn, decreases the direct 

abrasion between the lens and the eye [303]. Adequate lens movement can only be 

maintained when there is a minimum level of ionic permeability. The permeation of 

ions in polymeric membranes encompasses the dissociation of ion from salt. As such, 

it includes the movement of anion and cation to the aqueous medium, and eventually, 

spreading of the ions in the confined water within the polymer matrix [308]. This 

property is vital since it allows the post lens tear film (PLTF) to reform between blinks, 

and for metabolic waste removal [309], hence, reducing the possibility of the elastic 

SCLs from binding to the cornea [310]. A major part of the tear film is known to 

contain sodium ions. As cited by Pozuelo et al. [308], for extended wear SCLs, the 

effective ion diffusivity (Dion) should be larger than 1.5x10-6 mm2/min to ensure 

homeostasis of ion concentration between the lens and cornea. As such, the lens would 

be free from abrasion and friction [308].  
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Ionic permeability of SCLs were generally measured using a modified conductivity 

meter in several studies [308, 311-313].  As an example, the hydrated lens was attached 

to the bottom of the donor tube, which was filled with 24 mL of saline solution (130 

mM). This was then placed on top of an acceptor compartment that had 32 mL of 

deionized water. After securing the position of the two cells, they were placed 

horizontally. The conductivity probe was placed inside the acceptor part to measure 

the conductivity over a specified time. This whole set-up (except for the conductivity 

meter) was placed in an oven at 36 °C [312]. The data was then calculated to give the 

Dion based on the concentration of Na+ ions that had travelled through the lens into the 

water in a specific time interval [308, 311].  

Based on the methodology cited by Peng et al. [313], work done by Maulvi et al. [314] 

demonstrated a noticeable reduction in Dion with the NP-laden ring implant in hydrogel 

CLs and also with the increase in ratios of timolol to ethyl cellulose. This could be 

explained by the presence of hydrophobic ethyl cellulose NPs. In addition, it also 

pointed out that the ion flux diffusion coefficients would decrease in the presence of 

NPs. However, since the Dion value was still higher than 1.5x10-6 mm2/min, the 

developed modified lens would be still fit for use [314]. Nasra et al. also reported the 

impact on ionic permeability of drug-loaded NPs loaded hydrogel [303]. The Dion 

values for blank CLs and CLs with 7.5% NPs loaded were calculated to be 1.71 x 10-

3 and 2.83 x 10-3 mm2/min, which were both larger than the critical value as mentioned 

above. Their study also stated that following an increase in water uptake, the salt 

diffusion coefficient would also increase.  

Ionic permeability of two hydrogels for drug release was reported by Paradiso et al. 

[315]. Due to higher swelling capacity, the TRIS/NVP/HEMA hydrogel had a higher 

ionic permeability than HEMA/PVP hydrogel (5 x 10-7 vs. 8 x 10-8 ± 2 x 10-8 cm2/s). 

The impact on lens (ACUVUE® OASYS®) ion permeability post-vitamin E and drug 

loading was investigated in a work carried out by Sekar et al. [316]. Upon the 

incorporation of vitamin E, a minor decrease in this value was observed in experiments 

(e.g., 0.65 ± 0.04 vs 0.50 ± 0.1 x 10-4 mm2/min for control lens and lens with 10% 

vitamin E loading, respectively).    
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While ionic permeability is an important parameter of CL that directly correlated to 

comfort and was quoted in several studies in the development of pharmaceutical-

loaded CLs, there are currently no ISO standards on both the measurement method and 

tolerance of this property. 

1.4.6.6 Oxygen permeability of SCLs 

Most cornea oxygen is derived from the atmosphere. Therefore, in order to sustain 

corneal integrity and provide sufficient defense against infection [303], SCL materials 

are generally oxygen permeable (Dk) due to their high water content, which is a key 

factor in governing the clinical success of such materials [317, 318]. As stated in ISO 

18369-1:2017 oxygen permeability (Dk) is defined as the “oxygen flux (j) under 

specified conditions through contact lens material of unit thickness when subjected to 

unit pressure difference”. The ISO unit of Dk is 10-11 (cm2/s)[mlO2/(ml x hPa)], and is 

called the “Dk unit” [268]. “D” is the diffusion coefficient of the material, whereas “k” 

represents the solubility coefficient. Dk is an intrinsic physical property of a material, 

which demonstrates the rate of oxygen flow through that material, as defined by Lebow 

and Campbell-Burns [319]. The Dk value of a material is directly dependent on its 

water content. As an example, a Dk value of 8 Dk was recorded for Softlens 04 (38.6% 

water content), while for a Duragel 75 lens that has 75% water content, the oxygen 

permeability value was determined to be 40 Dk  [320].  

This observation was also in agreement with a study carried out by Young and 

Benjamin [321]. Their work investigated the relationship between material water 

content and Dk of 35 conventional hydrogel materials based on the general format of 

ANSI Z80.20:1998 and ISO 9913-1:1996. Silicone hydrogel CLs (SiHys), on the other 

hand, were noted to have an inverse relationship between water content and Dk (at 35 

°C) as cited by Efron et al. [322]. Focus Night and Day SiHys of water content 23 ± 

3.2% provided 162.0 ± 9.8 Dk. A Dk value of 75.2 ± 9.8 Dk was recorded for Acuvue 

Advance SiHys that had 46.5 ± 1.1% water content.    

According to ISO 18369-4:2017 [270], the two main methodologies for determining 

the Dk value are the polarographic method [323] and the coulometric method. The 

oxygen permeability of olopatadine-loaded (used in the treatment of the allergic 

conjunctivitis) biomimetic acrylic hydrogels was investigated by immersing the discs 
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in 0.9% NaCl solution for 48 hours [323]. The oxygen permeability was measured 

using a Createch Permeometer model 210T (Redher Development Co., Castro Valley, 

CA, USA) at 100% humidity at room temperature. Biomimetic acrylic hydrogel CL, a 

lens designed to mimic the active site of the H1-receptor (for which olopatadine acts 

as a selective antagonist), was synthesized by combining the selected monomers and 

applying a molecular imprinting technique. In comparison to the control hydrogel 

materials, non-imprinted and imprinted biomimetic olopatadine-eluted CLs showed no 

significant difference with lenses all within the typical values of HEMA-based lenses 

(45-56 Dk) [323]. 

There are various parameters associated with the successful measurement of this 

property after the insertion of CLs for a short period of time. Such parameters include 

the reservoir of oxygen in the polarographic electrode [324, 325]; the material and 

thickness of the membrane [324, 326, 327]; the duration of exposure leading to the 

reduction of oxygen tension (i.e. the partial pressure of the dissolved oxygen) [328, 

329]; the time between exposure and measurement [324, 330]; the surrounding corneal 

environment (temperature [331] and oxygen tension [332]); pH, osmolarity and 

buffering condition of tear [318]; corneal conditions (location [333], thickness [324, 

333] and health [334]). The acceptable values for oxygen transmissivity of SCLs are 

around 25 Dk units for open eyes and 75 up to 200 Dk units for closed eyes, even 

though the results may vary slightly depending on the measurement approach [303, 

321, 335, 336]. These are recommended figures to prevent corneal edema while 

providing sufficient oxygen to the cornea. Nasra et al. [303] measured the Dk of 

hydrogels with and without drug-loading. The concentration of oxygen was measured 

using an OX-TRAN® Model 2/21 from Mocon. At a 200 µm thickness, the hydrogel 

with 7.5% drug loading gave a Dk of 28.3 ± 1.3 [(10-11 (cm2/s).(ml O2/(ml mm Hg)] 

compared to 27.4 ± 2.2 [(10-11 (cm2/s).(ml O2/(ml mm Hg)] for the control lens [303]. 

As outlined in Table 1, the ISO tolerance for oxygen permeability is within 20% of the 

control value, thus, the Dk value of drug-loaded hydrogel in this study was in an 

acceptable range.  
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1.4.6.7 Wettability of SCLs 

Wettability is the tendency of a surface to wetting, in other words, it demonstrates the 

ability of one fluid to spread on or adhere to a solid surface in the presence of other 

immiscible fluids [337]. In this system, there are three distinctive phases and three 

surface/interfacial tensions that must be taken into consideration: γsv: solid and vapour 

phase, γsl: solid and liquid phase, and γlv: liquid and vapour phase. These interactions 

can be demonstrated through Young’s model (Figure 1.30). 

 

Figure 1.30: Young’s model in the measurement of wettability.  

The most common method used in the determination of the wettability behaviour of a 

solid surface, particularly the SCL surface, is to measure contact angle (CA). CA is 

defined by the angle (θ) formed at the base of the liquid drop on a solid surface. The 

cosine of the CA in equilibrium (θe) with a gas phase can be calculated using Young’s 

equation (Equation 1.2). 

cosθe = 
γsv− γsl

γlv
                            Equation 1.2 

A lower CA value means better wettability, which in turn improves the stability of the 

tear film spread over the lens surface [338]. This is because the liquid can spread more 

easily with relatively lower energy. There are three critical factors that influence the 

measurement of CA, including the surface tension of the wetting liquid, the surface 

tension of the solid, and the interfacial tension between the two surfaces. Whilst the 

impact of the vapour phase on the surface energy of the liquid and solid when exposed 

to air is negligible, the molecular involvement of the solid and liquid phase is critical 

since it defines the interfacial tension between them [337]. CL wettability can be 
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measured in many ways, with the most common two approaches being the sessile drop 

technique and the captive bubble technique. 

The sessile drop technique is an optical-based tensiometry technique that involves the 

placement of a liquid droplet onto a substrate of interest (e.g., contact lens) (Figure 

1.31). The droplet can be formed by using a computer-controlled syringe, which will 

give a reproducible chosen test volume. A tested specimen is placed on the movable 

stage that is directly below the syringe, the images or videos of the experiment are 

recorded simultaneously by a camera focused on the stage over specified periods from 

which the CA can be established [337].   

 

Figure 1.31: A view of the sessile drop technique applied to the analysis of CLs.  

The second approach is the captive bubble technique, which can be referred to as an 

“inverted” sessile drop [337]. With this method, the tested material is immersed in a 

probe fluid (generally water), and air (or another immiscible liquid) is introduced to 

form the droplet (Figure 1.32). As the air bubbles encounter the surface of the tested 

object, a solid-liquid interface will be created. Similar to the sessile drop technique, 

the images of the formed CA at this interface can be captured and measured using 

similar instrumentation and software. Although the sessile drop method is one of the 

most common approaches used in determining the wettability, the hydrogel material 

must be dried. However, as the CLs must be in a hydrated state before placing in 

human eyes, it is more appropriate to investigate the CA in similar conditions. 
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Therefore, the captive bubble method is preferable in determining the wettability of 

SCLs [339].   

 

Figure 1.32: A view of the captive bubble technique. 

1.4.6.8 Mechanical properties of SCLs 

The mechanical properties of hydrogel CLs are extremely significant since they are 

related directly to comfort, visual performance, fitting characteristics, physiological 

impact, durability and handleability of the lenses as reviewed by Bhamra et al. [340]. 

One of the key properties of SCLs is the ability to maintain their physical dimensions 

and shape upon the application of external forces. Stresses in the lens material can 

cause a loss in optical transparency, discomfort, or even complete disintegration [341].  

A study carried out by Efron [342] demonstrated that the CLs must be cut into a 

standard shape before its tensile properties can be investigated. Then, a tensile stress 

(N/m2) or load per unit area of that minimum cross-section can be applied, which will 

subsequently lead to the elongation of the materials. The extent of this elongation is 

referred to as tensile strain, which is a dimensionless unit. The material will continue 

to elongate as long as the strain is applied until it reaches a yield point, when there will 

then be an increase in strain without a further increase in stress. This point indicates 

the degree of stress the material can hold without being deformed permanently.  
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The tensile strength (TS) of the material can be determined through the tensile stress 

where the stress is applied past the yield point until breakage. The elasticity or a 

Young’s modulus (E) of the material can be calculated by dividing the stress by the 

strain (Equation 1.3). The higher the E value, the harder and stiffer the material [341].  

E =
stress
strain

  Equation 1.3 

The modulus of a hydrogel material demonstrates the extent to which its deformation 

will occur due to eyelid movement, along with indicating the influence on fitting 

behaviours of the lens and its comfort [341]. A study done by Tighe [343] implied that 

while the tensile strength relates to the durability and resistance to the handling of 

SCLs, the shear and compression force due to eyelid motion give a different type of 

deformation, which was determined to be 2.6 x 104 dynes/cm2. This deforming force 

can be reproduced by using a calibrated flat probe in conjunction with a micro-

indentation apparatus designed for work on paint film.  

A common mechanical testing instrumentation used in the determination of SCL 

mechanical properties is the tensile strength machine. A study carried out by Tranoudis 

et al. [341] used the Instron 1122 Testing Instrument with a loading cell of 5 kN. The 

specimens of identical width (3 mm) were cut from individual CLs using a sharp utility 

knife. Each test specimen was then flattened between two thin plastic sheets. The 

biggest challenge of such a method was identified to be the consistency of the 

specimen’s dimensions. If small flaws were created throughout the preparation of the 

samples, the test results would be unreliable. A range of tensile strength values of 1.23-

5.87 kg/cm2 across eight types of SCLs with various water content was obtained. This 

work suggested a way to overcome this issue using a ‘plastic window frame’, which 

allowed the specimen to be cut and handled better while transferring to the instrument. 

Furthermore, to minimize the dehydration of the materials, instead of using a 

complicated process of taking the measurement in solution, the film of water on the 

surface of the lens remained intact so the dehydration of the hydrogel would be 

negligible [341]. 
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1.4.6.9 Coefficient of Friction of SCLs 

When discussing the lens surface properties, besides CA and wettability, its frictional 

features also play an important role in clinical implications [344]. Friction can be 

defined as the resistance that a solid surface encounters when it moves over another. 

Subsequently, these solid surfaces can go through ‘wear and tear’ that can be reduced 

if there is adequate lubrication between the surfaces. There are several factors that can 

lead to an increase in friction between the lens and the eyelid margin, including 

dehydration, spoliation, poor tear film properties or irregularities of the ocular surface. 

Such characteristics can be measured using the coefficient of friction (CoF), which is 

the ratio of the required force to initiate or sustain sliding to the normal force while 

holding the two surfaces together. CoF is usually symbolized by the Greek letter µ, is 

dimensionless and can be calculated based on Equation 1.4. 

μ =  
Frictional force

Normal force
   Equation 1.4 

The CoF of SCLs has been analyzed in vivo to correlate with subjective comfort [344]. 

Thus, the lens comfort can be predicted from in vitro tribological data. CoF can be 

impacted by the measurement conditions such as speed, contact pressure, the 

chemical/biological composition of the lubricating fluid, as well as the sliding counter-

surface [344]. These properties should resemble those existing between the eyelid and 

cornea. In addition, the mechanical properties of hydrogels are easily influenced by 

water content and humidity, whereas contact pressure is known to cause redistribution 

and/or reduction of water content of hydrogel materials. Thus, low contact pressure 

conditions are preferential in carrying out tribological testing [345].  

With sliding speed up to around 10 cm/s throughout blinking, the range of contact 

pressure that the eyelid exerts on the cornea has been cited to be 1 to 7 kPa [344]. 

Whilst, several studies showed that the contact pressure could be estimated to be in a 

range of 3.5 – 4 kPa with an average blinking speed of 12 cm/s [346, 347]. The 

combination of low contact pressure and high speeds with relatively low frictional 

forces has made it challenging to measure the tribological properties of SCL 

appropriately. The CoF of pHEMA was demonstrated to be in a range of 0.060 – 0.115 

using a custom-built pin-on-disk tribometer, with a contact pressure of 3.5 kPa in the 
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work carried out by Nairn and Jiang [346]. Another study carried out by Freeman et 

al. [348] cited the CoF of flat disks of pHEMA hydrogels to be in a range of 0.02 – 

1.7 over various applied load, lubrication, hydrogel crosslink density, and degree of 

hydration.  

The friction coefficient of SCLs Etafilcon A was investigated by Rennie et al. [345]. 

Using a micro-tribometer, the tests were set-up at 10-50 mN of normal load at speeds 

from 63 to 6280 µm/s, using a 1 mm radius glass sphere as a pin. The contact pressure 

for this study was identified to be around 54 to 120 kPa, which was an order of 

magnitude higher than the expected values, while the speeds were an order of 

magnitude lower. This work also examined various factors that can influence the 

frictional force in a microtribological contact with a saturated hydrogel. It was 

identified that the viscoelastic nature of the hydrogel, viscous shearing of the 

packaging solution, and the interfacial shear between the glass sphere and CLs all 

contributed to the CoF value.  

1.4.7 Incorporation of Analytes into Soft Contact Lens 

Contact lenses as ODDS (Figure 1.33) have been suggested to be more beneficial than 

eye drops due to an increase in the residence time of the therapeutics in the tear film. 

This approach could lead to an enhancement in therapeutic bioavailability as 

extensively reviewed by Xu et al. [247].  

 

Figure 1.33: Schematic diagram of a contact lens used as an ocular drug delivery system [247]. 
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There are several methodologies and technologies used to create CL-based ODDS 

which were extensively reviewed [219, 220, 288]. Such approaches include ‘soak and 

release’, molecularly imprinted CL, NPs-loaded CL, and surface modified CL. 

Additionally, with the improvement of the soft daily-disposable CL market worldwide 

[219, 220], as well as extended wear CL, the implications of this technology can reduce 

redness and irritation as it limits the eye contact with other preservatives in the topical 

formulations. Various techniques used in the design and development of contact lens-

based DDS, along with the potential of hydrogel SCLs in drug delivery to the posterior 

segment of the eye will be addressed in this section. 

1.4.7.1 ‘Soak and release’ method 

A majority of early studies on the incorporation of drugs into SCLs focused on soaking 

the lenses in drug solution, followed by insertion of the lenses in the eye [11, 349-351]. 

This approach is widely known as the ‘soak and release’ method, and is the simplest 

and the cheapest approach to loading drugs into CLs (Figure 1.34) [247].  

 

Figure 1.34: Schematic diagram of the ‘soak and release’ method of integrating drug into a 

contact lens. 

In this approach, the primary driving force for drug loading into the CL is said to be 

molecular diffusion, which is involved in the mechanism of the drug release from the 

CL [247]. This is due to the difference in drug concentration between the aqueous 

phase of CL and soaking solutions. Specifically, as described by Kakisu et al. [352], a 

cationic or anionic compound in the SCL matrix will firstly form an ionic complex 

with the drug molecule in its solution. After applying the SCL to the eye, components 

in tear fluid including sodium, chloride, etc. will replace the drug content over time. 

Consequently, this leads to a sustained drug release from the SCL. The ‘soak and 

release’ approach has been applied successfully in loading ophthalmic drugs such as 
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timolol [353], dexamethasone [354], pilocarpine [355], pirfinedone [356], 

aminoglycosides and fluoroquinolones [357].  

Maulvi et al. [311] investigated the drug loading and release from HA-loaded hydrogel 

sheets. The hydrogel sheets were soaked for 48 hours in 2 mL of HA solution of 

various concentrations (0.25, 0.5 and 0.75% wt) prepared in stimulated tear fluid (STF 

is made of NaCl, NaHCO3, CaCl2 and KCl). This was followed by blotting the lenses 

with tissue paper to remove the excess HA solution from the surface. Swelling 

behaviour of the soaked lenses increased with increase in concentration of HA in the 

soaking solution (e.g., 80.7 ± 2.9% in blank sample, 82.3 ± 1.2% in 0.25 %wt HA 

solution and 85.7 ± 1.6% in 0.75 %wt HA solution). Optical transparency and ion 

permeability of the lenses before and after soaking in HA solution showed a 

statistically non-significant change. A higher concentration of HA in the soaking 

solution resulted in a higher loading value after soaking (35.9 ± 2.3, 58.0 ± 1.6 and 

81.2 ± 2.0 μg for 0.25, 0.5 and 0.75 %wt HA in soaking solution, respectively). 

However, it should be noted that when the HA concentration went above 0.75 %wt, 

the solution become too viscous to handle. A rapid release of HA in the first 6 hours 

was demonstrated. Moreover, a higher concentration of HA in the soaking solution 

resulted in a higher percentage release in the initial hours (Figure 1.35) [311]. 
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Figure 1.35: (a) Cumulative HA release from hydrogel sheets loaded by a soaking method; 

(b) release rate (ng/h) of HA from soaked hydrogel sheets using cumulative release data. 

Therapeutic release rate was calculated based on 5% absorption from eye drops. Data are 

shown as mean ± SD (n = 3) [311]. 

The results from Figure 1.35 demonstrated the limitation of a ‘soak and release’ 

approach in preparing HA-loaded SCLs for ocular drug delivery (ODD). The high 

molecular weight of HA prevented it from penetrating the aqueous channels of the 

hydrogels and only adsorbed on the surface. Therefore, no significant enhancement in 

release duration could be obtained [311].  

In order to prepare drug-loaded CLs, Zhu et al. [358] immersed the dry CLs in 1 mL 

aqueous drug (betaxolol hydrochloride, BH) solution (5 mg/mL), kept at 25 °C in the 

dark for 3 days. While an increase in drug concentration from 0.5 to 5 mg/mL led to 

an increase in drug loading (DL) and loading efficiency (LE), further increasing the 

drug concentration resulted in a slight increase in DL with LE remaining unchanged. 

However, when the concentration increased up to 50 mg/mL, a reduction in LE was 

(b) 

(a) 
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observed which indicated an increase in drug wastage. Equilibrium of the loading 

process was reached after 12 hours. Nevertheless, when the incubation time increased 

to 72 hours, although no further increase in drug loading was observed, a reduction in 

standard deviation was observed (Figure 1.36). However, this approach was found to 

suffer from several limitations including low drug LE, short drug release duration and 

poor storage stability. As such, more than 80% of the drug was released within 2 hours 

in STF, with complete drug release taking place in 4 hours (Figure 1.36D). A similar 

observation was made for drug release in phosphate buffered saline (PBS), which has 

been used as a CL packaging solution (Figure 1.36D) [358]. 

 

 
 

B 
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Figure 1.36: Influence of loading time (A), soaked solution concentration (B), and 

crosslinking degree of CLs (C) on drug loading amounts (left Y) and efficiency (right Y) using 

the soaking method and drug release from soaked CLs with 0.5% crosslinking degree in STF 

(simulated tear film, pH 8) or PBS (phosphate buffered saline, pH 6.8). Values are shown as 

mean ± SD (n = 3) [311, 358]. 

An alternative approach to enhancing the soaking method has been extensively carried 

out and developed to overcome burst release limitations. Since the release of drug 

through the soaking method is mainly based on molecular diffusion, creating a 

diffusion barrier in the lens polymer matrix can result in the prolongation of drug 

release [219, 247, 288]. This involves the incorporation of vitamin E (VE) aggregates 

into CLs to form barriers to drug diffusion that force the drug molecules to diffuse 
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through the ‘tortuous’ path around the barriers [10, 359]. This resulted in an increase 

in therapeutic release times from hours to several days. VE is a biocompatible 

hydrophobic liquid and a strong antioxidant, which also has therapeutic benefits [10]. 

Further, VE-laden silicone CLs have been shown to improve the UV blocking ability 

of conventional lenses, and thus, effectively prevent the penetration of UVR to protect 

the cornea [10, 360].  

Although VE has been demonstrated to be a potential biocompatible diffusion barrier 

that can extend the release duration of various therapeutics, there are a few limitations 

associated with this approach for the development of therapeutic CLs. As such, the 

incorporation of VE into the lens matrix can lead to the reduction in ion and oxygen 

permeability, changes in mechanical properties (e.g., increase in storage modulus), and 

protein adsorption issues, due to the hydrophobic nature of VE [361]. 

1.4.7.2 Molecular imprinting 

The concept of molecular imprinting (MI) through the imprinting of organic polymers 

was first introduced by Wulff’s research group in 1972, which is now established and 

used by various research groups [362]. Its concept involves binding the polymerizable 

functional groups to a suitable template molecule, which is then copolymerized, 

resulting in highly cross-linked polymers with fixed-arrangement chains. This is 

followed by the removal of template molecules to obtain polymers with well-defined 

cavities, those that are complementary to and have an affinity for the original target 

molecule [362] (Figure 1.37).   

 

Figure 1.37: Schematic illustration of molecular imprinting drugs.  
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As reviewed by White and Byrne [363], owing to the number and strength of 

interactions between the analyte and polymer, together with the crosslinking structure 

and mobility of polymer chains, the formation of imprinted networks can result in a 

more controlled release profile. Several studies indicated that the drug affinity and its 

release pattern can be controlled by the type and ratio of monomers of the polymer 

matrix [349, 363, 364]. Commonly used functional monomers include acrylic acid 

(AA), acrylamide (AM), methacrylic acid (MAA), methyl methacrylate (MMA), and 

N-vinyl-2-pyrrolidone (NVP) [350, 365-370]. Through hydrogen bonding, 

hydrophobic or ionic interactions, these functional monomers can interact with the 

drug. While lacking of functional monomers will lead to non-imprinting, excessive 

functional monomers can cause the drugs to be retained rather than released [364]. As 

discussed in Section 1.3, the cross-linker can improve the mechanical strength of the 

CLs, too much cross-linking agent will slow the drug release rate due to network 

structure stiffness [369].  

MI technology has been successfully investigated by researchers to increase the drug 

loading and the drug release time from hydrogel matrices [335, 367, 371, 372]. There 

are several factors that can cause the increase in partitioning due to imprinting, 

including temperature, pressure, initiator concentration and degree of crosslinking 

[219]. The importance of the functional monomer to template (M/T) ratio in the 

optimization of imprinted CLs design was assessed [364, 365, 373]. A slower in vitro 

release with 50% timolol being released in three days (2-fold increase in release 

duration) was observed with an increase in M/T ratios (1:16 to 1:32) for MAA-based 

systems [364]. Tieppo et al. [373] reported a dramatic decrease in the release rate of 

sodium diclofenac (from 11.72 µg/h to 6.75 µg/h during the first 48 hours) from 

imprinted CLs by increasing M/T ratio up to 10.5, where zero-order release was 

achieved. This strategy was applied in the treatment of DES using 120 kDa 

hydroxypropyl methylcellulose (HPMC). The release duration was extended up to 60 

days with a rate of 16 µg/day, and was found to depend essentially on the M/T ratio 

[369].   

A study by Pereira-da-Mota et al. [374] demonstrated the development of imprinted 

and non-imprinted HEMA hydrogels with and without the presence of various 

functional monomers for the incorporation of atorvastatin as a promising ODDS. Their 
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work showed that comparing to the non-imprinted hydrogels bearing AEMA (2-

aminoethyl methacrylate hydrochloride) and APMA (N-(3-aminopropyl) methacrylate 

hydrochloride) functional monomers, imprinted hydrogels exhibited minor increases 

in the amount of drug loading. This suggested that both monomers possessed the 

highest affinity for atorvastatin. Hence, the imprinting effect was minimal in this case. 

The MI approach was shown to effectively extend the release duration of multiple 

therapeutics through SiHy CLs for post-cataract surgery and uveitis treatment. Lenses 

were fabricated using MI for the incorporation of diclofenac sodium, dexamethasone 

sodium phosphate, bromfenac sodium, and moxifloxacin. A controlled release 

duration of one week with 11.4 ± 2.8, 6.8 ± 1.9, 28.2 ± 8.6, and 14.0 ± 5.0 µg/day from 

the four aforementioned therapeutics-loaded lens, respectively, was demonstrated by 

DiPasquale et al. [375]. 

1.4.7.3 Nanoparticle-laden therapeutic contact lens 

NP-loaded SCLs have been investigated as nanocarriers to extend drug release in the 

eye. This technique is based on the ability of  NPs (e.g., polymeric NPs [376], lipid 

NPs, liposomes [377]) to encapsulate or entrap drug and control its release rate from 

CLs. In this delivery system, the drug may first diffuse through the NPs to reach the 

CL matrix, and consequently, it moves through the hydrogel matrix to reach the tissue 

as shown in Figure 1.38 [378].  

 

Figure 1.38: Schematic of drug release from NPs-laden CLs.  

One commonly used technique is direct-entrapment of drug-loaded NPs into the lens 

matrix [52, 283, 311]. After the preparation of drug-loaded NPs, they are dispersed 

into the monomer mixture followed by polymerization to form a NP-loaded CL [378, 

379]. To load the prepared NPs by this method, a specified mass fraction of NPs was 

added to the pre-polymerized monomer mixture before being purged with nitrogen. 

This was followed by injecting the mixture into lens moulds for curing under UV light. 
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As an example, a dexamethasone sodium phosphate (DXP)-loaded CS NPs laden 

pHEMA lenses were successfully prepared using this technique (Figure 1.39) [283].  

 

Figure 1.39: (a) Image of unloaded and drug-loaded CS NPs laden pHEMA lenses; (b) Optical 

transparency of the pHEMA lenses with varying amount of drug loaded CS NPs; and SEM 

images of (c) unloaded pHEMA lens and (d) drug-loaded CS NPs laden pHEMA lens [283]. 

Similar lens diameters of around 10 mm and lens centre thickness of 50 µm were 

obtained for both types of pHEMA lenses (Figure 1.39(a)). The addition of drug-

loaded CS NPs did not affect the optical transparency of the lenses (95-98% 

transmittance relative to the unloaded CLs) (Figure 1.39(b)). The surfaces of unloaded 

and NP-loaded CLs were assessed by SEM to be similar to each other (Figure 1.39(c) 

and (d)) [283].  

Alternatively, a different approach was used in this application including the addition 

of both the surfactant and drugs into the monomer mixture to create micelles 

throughout the polymerization [137, 380]. In order to overcome the burst release of 
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drugs and the limited drug loading capacity, Mun et al. [137] investigated a 

cholesterol-hyaluronate (C-HA) micelle-loaded hydrogel CL (pHEMA) for the 

delivery of cyclosporine. The diameter of C-HA micelle was analysed to be 290 ± 

35.95 nm with a negative charge of -17.4 ± 3 mV. The drug-loaded C-HA micelle was 

then incorporated into the CL mixture prior to curing. The developed formulation 

provided a slight decrease in light transmittance (95% vs 90% for non-loaded and 

loaded-micelle lenses, respectively), and an increase in equilibrium water content 

(39% vs 43% for non-loaded and loaded-micelle lenses, respectively). A significant 

improvement in lens wettability (48.07° vs 39.6° for non-loaded and loaded-micelle 

lenses, respectively) and mechanical strength (C-HA micelle-loaded pHEMA lens was 

more stretchable than NP-loaded pHEMA lens) for the drug-loaded micelle lens was 

obtained. Cyclosporine was shown to be released in a controlled manner (50%) for 

more than 12 days through an in vitro study in this particular model [137].   

Another approach to loading an analyte into CLs is surface immobilization of CLs 

with the analytes [381, 382]. Surface immobilization of CLs HA binding peptides was 

observed to locally attract and concentrate exogenous HA, while creating a thin HA-

coated layer that can retain moisture on the surface of the lens [383]. Additionally, via 

electrostatic interactions using the layer-by-layer (LbL) technique, CL surface 

properties including wettability, dehydration and resistance to protein sorption could 

improve through the deposition of a self-assembled CS/HA multilayer coating [384]. 

This approach was also used to reduce bacterial cell adhesion on SCLs, which results 

in changes to the CL surface stiffness and roughness, surface 

hydrophilicity/hydrophobicity, and surface charge and charge density [385]. 

Korogiannaki et al. [386] recently demonstrated the preparation of covalent 

immobilization of HA on the surface of model pHEMA (poly(hydroxyethyl 

methacrylate) hydrogels using thiol-ene “click” chemistry. It includes the reaction of 

thiol with an α, ß-unsaturated derivative or an unreactive olefin via a base/nucleophile-

catalysed Michael addition reaction or anti-Markovnikov’s radical addition 

mechanism [387]. Using a phosphine-mediated Michael addition thiol-ene “click” 

mechanism, surface grafting of HA-SH (thiolated HA) onto an ArcpHEMA hydrogel 

(acrylated pHEMA) surface was demonstrated (Figure 1.40). 
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Figure 1.40: Schematic diagram illustrating the synthesis of surface grafted HA-pHEMA 

hydrogel via phosphine-mediated thiol-ene “click” chemistry [386]. 

A nucleophile-mediated Michael addition mechanism offers several advantages 

including mild reaction conditions with a low amount of catalyst (phosphine) required, 

while providing high functional group and oxygen tolerance, chemo-selectivity, bio-

orthogonality and conversion [387, 388]. The successful immobilization of HA was 

confirmed by FT-IR and low resolution X-ray photoelectron microscopy [386]. The 

contact angles of the blank pHEMA hydrogels (control), ArcpHEMA and HA-grafted 

HEMA samples were 37.5 ± 1.8 °C, 45.1 ± 2.6 °C, and 14.5 ± 1.3 °C, respectively. 

The modified lenses demonstrated good biocompatibility for human corneal epithelial 

cells (HCEC) as determined by in vitro testing. Results from this study suggested that 

this method resulted in non-toxic materials, more wettable surfaces with enhanced 

water-retentive and antifouling abilities, while maintaining lens optical clarity (>92%) 

(Figure 1.41) [386]. 
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Figure 1.41: (a) The dehydration profile (n = 6) expressed as water loss (%) (T = 24 °C and 

relative humidity = 30%) from and (b) Cell viability (%) (n = 4) of the HCEC upon incubation 

with the unmodified pHEMA, acrylated pHEMA (AcrpHEMA) and HA-pHEMA hydrogels 

[386]. 

A different approach to the preparation of LbL deposition, based on natural polymers 

(CS, HA, polylysine hydrobromide-PLL and alginate-ALG), to provide a controlled 

and sustained drug release from silicone hydrogel (SiHy) materials while minimizing 

bacterial growth was introduced in a study by Silva et al. [389]. The model drugs were 

moxifloxacin hydrochloride (MXF), chlorhexidine diacetate monohydrate (CHX) and 

diclofenac sodium salt (DIC). The crosslinked SiHys were prepared using TRIS (3-tris 

(trimethylsilyloxy) silylpropyl 2-methylprop-2-enoate), NVP (N-vinyl pyrrolidone), 

HEMA, EGDMA (ethylene glycol dimethacrylate) and initiator AIBN (2,2’-azobis(2-

methylpropionitrile)) (i.e., TRIS/NVP/HEMA). Three types of LbL coatings were 

(a) 

(b) 
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employed in this study with EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride) acting as crosslinkers for the carboxyl groups of the ALG and HA, and 

the amine group of PLL and CS, including ALG/PLL(EDC), HA(EDC)/CS and 

HA/PLL(EDC)+drug. In all cases, initially, the drug-loaded SiHys were coated with 

PEI (branched poly(ethylenimine)) by soaking the sample for 5 min in a 20 mM PEI 

solution to enhance the stability and uniformity of the subsequent layers. In the visible 

region, the transmittance of all coated samples was above 90%. No irritation of all the 

coated SiHy materials was observed through the results from HET-CAM test. Among 

the three drugs, controlled release of DIC was achieved following the LbL processes 

in comparison to the control lenses (without coating layer), and a reduction of bacterial 

growth was observed in this work. 

In addition to the above approaches, one study carried out by Maulvi et al. [390] 

introduced another method which is drug encapsulated microemulsion and silica shell 

NPs. The silica shell NP-loaded hydrogels were prepared from the microemulsion 

using octyltrimethoxysilane. Due to the presence of a porous silica membrane at the 

liquid interface of the microemulsion, prolonged ocular drug delivery was facilitated. 

Compared to the hydrogel with direct drug entrapment, microemulsion and silica shell 

formulations did not show substantial impacts on lens optical transmittance and 

physical properties. With a much lower drug loading (65 µg for silica shell NP-loaded 

lens, 100 µg for microemulsion-loaded lens, and 125-500 µg for direct drug-loaded 

lens), only silica shell NP-loaded hydrogels showed extended drug release up to 9 days 

that still achieved the therapeutic level (105 ng/h). Cytotoxicity and animal studies 

were carried out to confirm the safety of all formulations within this study [390]. The 

cell line used in this study was rabbit corneal epithelial cell lines ATCC®CCL60™, 

and the animal study was carried out on healthy Swiss albino mice and white New 

Zealand rabbit.   

A number of studies [391-393] demonstrated that this technology not only can prevent 

interaction of the drug with the polymerization mixture but also can provide additional 

resistance to drug release. Hence, this approach could deliver drugs at a controlled rate 

for extended periods. Further, NP-loaded CLs can also be considered as an effective 

method to avoid the degradation of drug during the sterilization and storage processes 
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[51]. To date, several types of NPs have been successfully loaded into SCLs, including 

polymeric NPs [394], liposomes [392], micelles [380] and microemulsions [391]. 

1.5 Novel Aspects and Scope of This Study  

Due to the unique and sophisticated anatomy of the eye, along with the limitations in 

current eye diseases treatment, there is a need for a new ODDS. The novel aspect of 

this research involves the development of a prophylactic SCL of commercial quality 

to act as a therapeutic and non-therapeutic (i.e., supplement) carrier to the eye, which 

can release a compound that may potentially protect the retina from degeneration, 

while enhancing eye comfort.  

A lab-scale manufacturing process for soft hydrogel CL that will exhibit the same 

critical lens parameters as a commercial lens will be assessed in this work. It is of 

scientific interest that the developed lens in this study is NVP-based, while the majority 

of hydrogel materials used in the development of therapeutic lens are HEMA-based. 

Many current works on the development of therapeutic soft contact lens use flat sheets 

of lens materials, which do not have the same physical geometry, dimensions, 

thickness, and shape as a contact lens. Whereas, for those that fabricated SCL using a 

lens mould, most of them only used an approximate lens material (e.g., HEMA-based 

monomer) rather than a commercial formulation (e.g., nesofilcon A monomer). With 

the ability to manufacture commercial quality contact lens at an academic lab utilizing 

a comparable commercial process, this will facilitate future study on the incorporation 

of therapeutics and particles to produce a novel ocular drug delivery system.  

Drug-, complex- and NP-laden SCLs were formulated and developed for a sustained 

drug release and targeted drug delivery. To this end, two different approaches which 

are direct entrapment, and ‘soak and release’ were employed in the preparation of 

pharmaceutical-loaded SCLs. This part was essential to identify the optimum 

incorporating method to maintain the lens critical properties, while ensuring the 

therapeutically relevant drug loading concentration. 

The above information supports the novel aspects of this study. These are worthy of 

extensive investigation to identify the possibility of using such a nano-drug carrier to 

provide a treatment approach for diseases that affect the posterior segment of the eye. 
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This research conducted a study into the development and characterisation of novel 

biodegradable and biocompatible drug:cyclodextrin complexes and drug-loaded NPs, 

incorporated into soft hydrogel CLs. This will act as a potential ocular drug delivery 

system that can provide targeted delivery and sustained release of a chosen therapeutic 

to treat posterior segment eye diseases.  This thesis includes seven chapters which are 

outlined as below: 

Chapter 1 outlined the literature review on ocular drug delivery. 

Chapter 2 focused on developing a reproducible methodology of manufacturing CLs, 

which have comparable properties to commercial lenses. Subsequently, the 

manufactured CLs were fully characterized dimensionally, thermally, chemically, and 

mechanically and compared with the control lenses (commercial products). 

Chapter 3 investigated the fabrication of drug-loaded SCLs of commercial quality, 

which were capable of providing a sustained and controlled release of a drug within 

its estimated therapeutic window.  

Chapter 4 concentrated on the formulation and characterization of hydrophobic drug-

cyclodextrin inclusion complexes. These were then fully characterized using various 

techniques such as thermogravimetric analysis, differential scanning calorimetry, and 

Fourier Transform infrared spectroscopy. The amount of drug loading in the 

drug:cyclodextrin complexes was subsequently determined using suitable 

chromatographic conditions.   

Chapter 5 aimed to formulate and optimize drug-loaded polymeric nanoparticles (NPs) 

to investigate their physicochemical properties, their drug encapsulation efficiency as 

well as their in vitro release profile.  

Chapter 6 demonstrated the fabrication, development and optimization of 

drug:cyclodextrin complex- and NP-loaded CLs that are capable of providing a 

sustained drug release while maintaining critical commercialized lens properties. 

Chapter 7 describes the potential future work and areas that can be further investigated 

based on the completion of the studies carried out in the previous five chapters. It also 

provided the conclusion of the thesis and the associated publications. 
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2 MANUFACTURING AND CHARACTERISATION OF SOFT 

HYDROGEL CONTACT LENSES 

2.1 Introduction 

Chapter 1 outlined how the treatment of ocular disorders have often relied upon a 

topical delivery strategy. As detailed, this approach is often associated with low drug 

bioavailability [3]. Where clinically relevant, intravitreal or periocular routes have 

been employed [395], which, while improving therapeutic bioavailability, can result 

in a higher number of systemic adverse effects and ocular complications [396]. As 

reviewed by this author, several studies have demonstrated controlled and sustained 

drug delivery using contact lenses, while examining their critical physical properties 

such as swelling, optical transparency, ionic permeability, modulus, refractive index, 

wettability, and morphological characterisation [218]. Hydrogels are commonly used 

in the manufacture of soft daily disposable contact lenses (SCLs), which have been 

investigated in various biomedical applications such as ocular drug delivery systems 

(ODDS) [218]. The functionality of SCL on the human eye is determined by the 

interaction between the polymer and the water that the polymer binds or adsorbs [397].  

By using a therapeutic SCL as an ODDS, drug bioavailability can increase from less 

than 5% in topical administration up to 50% [10, 11]. The first therapeutic-loaded 

contact lens, Acuvue® Theravision®, a ketotifen-loaded hydrogel lens (etafilcon A) by 

Johnson & Johnson Inc., reached the market in 2021 as mentioned in Chapter 1[12]. 

This product has enhanced interest in the development of therapeutic-loaded SCLs to 

provide better care for patients who need vision correction and suffer from ocular 

conditions. In this work, a daily disposable SCL (Nesofilcon A material, Biotrue® 

ONEDay) was chosen. Nesofilcon A lenses are daily disposable SCLs that are capable 

of maintaining almost 100% moisture for 16 hours [398]. Daily disposable CLs were 

chosen in this study since a smaller loading of a therapeutic agent would be needed in 

comparison to a longer wear-duration SCL, and hence, it was postulated that this 

would enable the retention of lens’ critical properties better.  

Chapter 2 outlines the development of a reproducible lab-based method to manufacture 

hydrogel SCLs, which results in a lens that exhibits comparable critical properties to a 

chosen commercial lens from the Enterprise Partner (EP) – Bausch+Lomb (B+L), the 
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co-funder of this research, i.e., Biotrue® OneDay daily disposable (DD) SCLs. The 

first stage of this work focused on the characterisation and investigation of an 

appropriately chosen lens formulation, while examining manufacturing process 

parameters that included: thermal curing, polymerisation kinetics, the importance of 

hydration, extraction, and the sterilization process on formed lens properties. To 

fabricate the SCLs with reproducible physicochemical properties, size, shape, and 

optical power, the lens manufacturing processes are required to be robust. Therefore, 

a well-controlled free radical polymerisation plays a vital role in achieving a functional 

SCL. Manufacturing of SCLs through thermal curing was carried out using 

commercial lens moulds and a monomer mixture provided by the EP.  

The second stage of this study involved the characterisation of the finished lens 

produced in an academic lab, labelled the WM lens (i.e., lens fabricated onsite using a 

forced convection Memmert oven). These were fully characterised based on the 

relevant ISO standards [399, 400]  to ensure that they could potentially function as an 

optical device and have comparable properties to the chosen control (i.e., commercial) 

lens from the EP (abbreviated as CEP lens). Such properties included optical 

transmittance, equilibrium water content, refractive index, wettability, tensile 

modulus, ionic permeability, and dimensional parameters (diameter, sagittal depth, 

centre thickness, and roundness), and optical power. This was important to ensure the 

produced lens was fit for use as an optical device as well as drug delivery vehicles.  

Many studies on the development of therapeutic SCL were executed using the 

hydrogel or SiHy flat thin film model to investigate the potential of this technology as 

an ODDS as reviewed by this author [218]. These models did not have the same 

physical geometry, dimensions, thickness, and shape as a contact lens. Hence, to drive 

this technology forward, it is essential to study the capability of therapeutic SCL using 

the actual lens that exhibits similar critical properties and geometry as commercial 

ones. Since this work demonstrates the ability to manufacture commercial quality CLs 

on-site, this will facilitate future studies into the incorporation of analytes and particles 

to produce a novel ODDS. 
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2.2 Research Aims and Objectives 

The aims and objectives of this chapter are: 

• To develop a reproducible commercial-quality methodology of manufacturing 

SCLs for investigation. 

• To fully characterize dimensional, thermal, chemical, and mechanical 

properties of the WM SCLs, to ensure comparable properties to commercial 

lenses (Biotrue® ONEday SCLs) and thus provide a clear baseline for the 

incorporation of drug delivery technologies to the lens. 

• To compare different sterilization techniques: non-sterilization vs. heat vs. 

gamma radiation, and their effects on contact lens properties as a predictor for 

the potential scale up of any drug delivery devices developed. 

2.3 Experimental Methodology 

2.3.1 Materials 

Monomer components, nesofilcon A pre-polymerized monomer mixture, Biotrue® 

ONEday contact lens’ moulds and contact lens (-3.00 SVS was used as the control lens 

throughout this study), N-vinyl pyrrolidone (NVP, >97% purity, BASF Ireland), 2-

hydroxyethyl methacrylate (HEMA, >99% purity, Evonik Industries/Bimax 

Chemicals), ethylene glycol dimethacrylate (EGDMA, >98% purity, Evonik 

Industries), allyl methacrylate (AMA, >99% purity, Evonik Industries), t-Butyl-

hydroxycyclohexyl methacrylate (TBE, >97% purity, Arran Chemicals), 1,4-Bis(4-(2-

methacryloxyethyl)phenylamino)anthraquinone (IMVT/In-monomer Vis Tint, >95% 

purity, Arran Chemicals), poloxamer 407 dimethacrylate (purity: not specified, 

Polysciences), propylene glycol (PG, >99.8% purity, Dow Chemicals), 2,2’-

Azobisisobutyronitrile (AIBN/Vazo 64, >96% purity, The Chemours Company), 2-[3-

(2H-Benzotrialzol-2-yl)-2-hydroxyphenyl]ethyl methacrylate (UV Blocker, >96% 

purity, Sigma Aldrich, Melrob Limited) were provided by Bausch + Lomb Ireland Ltd 

(Waterford City, Ireland). Naringenin (>98% purity) and acetic acid (>99% purity) 

were purchased from Sigma-Aldrich Ireland (Wicklow, Ireland). PBS (phosphate 

buffered saline tablets, purity: not specified) and Methanol (HPLC grade, >99% 

purity) were purchased from Fisher Scientific (Dublin, Ireland). Ultrapure deionized 

water obtained from WhiteWater equipment (Dublin, Ireland). 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/monomer
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/deionized-water
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/deionized-water
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2.3.2 Contact lens manufacture 

The full preparation process of making SCLs is presented in Figure 2.1. 

 

Figure 2.1: Schematic diagram of the contact lens manufacturing (WM lens = lens made at 

the academic lab). 

2.3.2.1 Monomer fill 

 The polypropylene moulds and the support trays and towers provided by B+L Ireland 

Ltd. were used to manufacture the SCLs at the academic lab (Figure 2.2).  

 

Figure 2.2: Moulds provided by Bausch+Lomb Ireland: (a) anterior (bottom) mould; (b) 

posterior (top) mould.  

(a) (b) 
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The pre-polymerization monomer mixture (nesofilcon A material) with the initiator 

(AIBN) was obtained from the enterprise partner. The volume of pre-polymerization 

monomer mixture to fill the mould was 23 µL, based on the mould specifications from 

the EP. This volume provided enough monomer mixture to form a complete lens while 

leaving a small 1-2 mm tab of excess monomer to ensure a good lens edge profile 

(Figure 2.3).  

 

Figure 2.3: Image representing the post-curing (a) WM lens and (b) WM lens tab post-curing. 

2.3.2.2 Thermal curing of contact lens 

The curing of SCL was carried out using three different oven systems. 

In the first trial, a previously developed stainless steel oxygen depletion chamber, 

which was built by Suir Precision Engineering Ltd, Waterford was used to cure lenses 

(220 mm diameter, 65 mm high and 316L). After placing the filled moulds inside the 

chamber and sealing its lid, the curing chamber was put inside a Heraeus Vacutherm 

oven to be cured (Figure 2.4). 

 

Figure 2.4: Oxygen depletion chamber (left) and Heraeus vacutherm oven with chamber 

inside (right). 

(a) (b) 
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In the second trial, instead of using an oxygen depletion chamber, trays of filled 

moulds were placed directly into a mould tower (Figure 2.5) and placed inside the 

Heraeus vacutherm oven. An ambient gaseous environment was employed. The curing 

temperature profile was monitored using a k-type thermocouple connected to Pico 

Data Logger. The temperatures were recorded and stored on a computer every 0.1 s 

for the full curing cycle.  

 

Figure 2.5:  Lens mould tower (left) and Heraeus vacutherm oven with mould tower inside 

(right). 

In the third trial, the set-up was similar to trial two. However, a Memmert forced 

convection oven (UF50Plus, 50L capacity, Lennox, Ireland), which allowed a 

programmed temperature profile, was instead used to cure SCLs. An ambient gaseous 

environment was employed, and the curing temperature profile was obtained using a 

k-type thermocouple. The filled and capped moulds were thermally cured according 

to the curing cycle (in the second and third trials, Figure 2.6). 
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Figure 2.6: Memmert curing cycle profile and stage of polymerization throughout the process. 

2.3.2.3 Hydration, Extraction and Sterilization of contact lens 

Once the curing cycle was complete, the tower of moulds was allowed to cool for at 

least 30 minutes inside the chamber. Lenses were then removed from the moulds using 

a dry-release process. Here, the cured moulds were placed on a compressor, as shown 

in Figure 2.7. 

 

Figure 2.7: Compressor to release cured lens from moulds. 
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Lenses were then hydrated in 2 mL of 60 °C DI H2O and the extraction process was 

carried out by washing each lens three times using 60 °C DI H2O (2 mL each time) in 

a tray. The finished products were subjected to two types of sterilization, including: 

thermal sterilization (autoclave) and gamma radiation sterilization.  

For thermal sterilization (autoclave, HV-50L, HCM/Lennox, Ireland), approximately 

10-20 lenses were placed in a beaker containing 50 mL ultrapure water. The beaker 

was then placed inside the autoclave for 66 minutes at 123 °C.  

Gamma radiation sterilization was carried out at the BIOMAT Research Group, 

Superior Tecnico Lisboa, Portugal. 10 WM lenses were placed in a sealed 10 mL glass 

vial filled with ultrapure water. The sterilized conditions [401] were set at: 

• Dose debit: 5.02 kGy/h. 

• Total dose: 25 kGy. 

2.3.3 Contact lens characterisation 

The WM lenses were characterized along with the CEP lenses for comparison. A total 

of five characterization methodologies were carried out at the BIOMAT Research 

Group at the Instituto Superior Técnico Lisboa, Lisbon, Portugal. These tests included: 

equilibrium water content, optical transparency, ionic permeability, contact angle, and 

tensile modulus. Dimensional analysis and refractive index (RI) measurement were 

carried out in Bausch+Lomb Ireland, Waterford City. The remaining characterisation 

techniques were carried out at the Pharmaceutical and Molecular Biotechnology 

Research Centre (PMBRC), SETU. 

Besides the dry and non-sterilized lenses, it should be noted that only lenses that went 

through thermal sterilization process were used within this section. Lenses that were 

sterilized using gamma sterilization were not characterized due to their unfavourable 

physicochemical properties as described in detail in Section 2.4.1. 

2.3.3.1 Dimensional analysis of hydrogel SCLs 

Lens dimensional parameters: diameter, sagittal depth, roundness, spherical power, 

and centre thickness, were assessed. Values presented are averages of ten (10) lenses. 

Except for centre thickness measurement, which was done on-site, the rest of the tests 

was carried out in the Enterprise Partner lab using the following instrument: 
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• Vertexometer (PL-2, Nikon): Power (based on SOP provided by the EP): 

When the unit was first turned on, the target was appropriately aligned with the screen. 

The center horizontal mire (longer than the other mires) was positioned directly on the 

0° target line and the center vertical mire line directly on the 90° line. The Ø4.50mm 

aperture paddle fixture (BL000011177) was placed on the stage to simulate actual 

measurement conditions. Initially, the hydrated lens was examined to ensure that it 

was free from particulates and was blotted on lint-free blotting paper to remove excess 

solution (the lens was placed concave upwards). The lens was then placed concave 

facing downwards and centred on the measuring paddle. Before carrying out the 

measurement, the readout was covered, and the focus knob was adjusted to blur the 

image on the screen. Within 10 seconds after blotting, lens power was measured by 

adjusting the focus until the image came into sharp focus and recorded by uncovering 

the readout. 

• SNAP (QVI, RAM Optical Instrumentation by Quality Vision International): 

diameter, roundness, and sagittal depth (based on SOP provided by the EP): 

The experiment was carried out using the ‘MeasureX2D’ software. The lenses were 

placed in a water cell, which was filled slightly below the upper fill line. Lenses were 

placed in the appropriate slots provided in the water cell, concave side up and were 

allowed to sit in solution for 3 minutes. Each lens was then placed onto the pedestal 

within the four location marks concave side down and allowed to settle fully before 

measurement. 

• Centre thickness (ET-3, REHDER Development company):  

Lens centre thickness was measured using the Micrometer Calliper measurement tool 

through magnified glass at 5X in air at room temperature. The generated results were 

comparative only and may not be reflective of the true value of nesofilcon A lenses. 

Centre thickness results depend on the force used during the measurement due to the 

sponge type nature of the material. 

2.3.3.2 Thermal analysis of hydrogel SCLs 

Thermogravimetric analysis (TGA): Dynamic weight loss tests were conducted 

using a TA Q50 thermogravimetric analyser (TGA, TA Instruments, UK). 1-5 mg of 
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sample was accurately weighed into an aluminium pan for analysis. All samples were 

analysed over a temperature range of 20-600 °C at a rate of 10 °C/min, under a constant 

N2 flow of 50 mL/min. A calibration with indium was carried out before testing any 

samples to ensure the accuracy and precision of the measurements. Values presented 

are averages of three (3) lenses per sample type. 

Differential Scanning Calorimetry (DSC): A DSC (Q2000 model, TA Instruments, 

UK) was used in this study. Approximately 2-10 mg of each sample (either pre-

polymerized monomer mixture, physical mixture, or dry lens) was accurately weighed 

into a sample pan. An empty aluminium pan was used as a reference. A calibration 

with indium was carried out before testing any samples to ensure the accuracy and 

precision of the measurements. The pan lid was pierced with a pin to ensure no 

pressure build up within the pan during the experiment. Values presented are averages 

of three (3) lenses per sample type. The method was set-up with the required 

parameters under a constant N2 flow of 50 mL/min (Table 2.1).  

Table 2.1: Parameters for differential scanning calorimetry analysis. 

Monomer component + Initiator Contact lenses (dry state) 

Test parameter Setting Test parameter Setting 

Equilibrate 20 °C Equilibrate 20 °C 

Ramp rate 10° C/min 64 °C Ramp rate 5 °C/min to 200 

°C 

Isothermal 20 mins Contact lenses (hydrated state): each 

lens was desalinated in DI H2O for 24 

hours. 
Ramp rate 2 °C/min to 93 

°C 

Isothermal 30 mins Initial temperature -50 °C 

Ramp rate 1 °C/min to 110 

°C 

Equilibrate -45 °C 

Isothermal 60 mins Ramp rate 10 °C/min to 50 

°C 

2.3.3.3 Equilibrium water content of hydrogel SCLs 

CL swelling studies evaluated the equilibrium water content (EWC) over a three-hour 

period.  Three measurements were carried out for each type of lens at three different 

temperatures, 4 °C, 20 °C and 36 °C. This method was based on the work of Topete et 

al. [402]. CLs were first dried for 24 hours in a convection oven at 36 °C. The dry 

lenses (WD) were weighed. They were then immersed in DI H2O in separate containers.  
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At specific intervals of time, each sample was carefully blotted with white paper (that 

should be free from residues) and weighed immediately (Ww). The equilibrium water 

content (%EWC) was calculated based on Equation 2.1 [52] and each measurement 

was carried out in triplicate: 

%EWC = 
Ww−WD

Ww
 x 100                        Equation 2.1 

2.3.3.4 Light transmission of hydrogel SCLs 

A Multiskan GO UV Vis spectrometer (Thermo Scientific, Portugal) was used to 

measure the light transmission through the hydrated WM and CEP lenses. 

Measurement was carried out using a wavelength range from 800-400 nm at 1 nm 

intervals and referenced to air. Lenses were suspended in the light path using a quartz 

cuvette. Values presented are averages of three measurements for each lens type.  

2.3.3.5 Refractive index analysis of hydrogel SCLs 

The refractometer (ATR-L, Schmidt Haensch, Germany) with a wavelength of 546.1 

nm (Mercury line) was used to measure the refractive index (RI) of all lenses. 

Temperature was controlled at 20 °C throughout the measurement. Tested lenses were 

immersed in ultrapure water for at least 30 minutes prior to testing. To verify the 

performance of the refractometer, the RI of water was measured prior to testing 

samples, which was determined to be 1.333. The hydrated individual lens was then 

placed directly on top of the lens holder, which was attached to an appropriate spring 

to create a force to push the lens in contact with the prism. Values presented are 

averages of ten (10) lenses per sample type. 

2.3.3.6 Ionic permeability of hydrogel SCLs 

Ionic permeability of the hydrated SCLs was determined by measuring the 

conductivity (in µS/cm) every 30 minutes, for at least 12 hours, using a conductivity 

meter (HI2003 EdgeEC®, HANA Instruments, Portugal) at 36 °C. The hydrated 

hydrogel was measured in a poly(methyl methacrylate) horizontal cell with two sides: 

the donor compartment containing 24 mL of saline solution (0.9% v/v) and the 

acceptor compartment containing 32 mL of DI water.  
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The ionic permeability, Dion, was calculated based on Equation 2.2 [389] and each 

measurement was carried out in triplicate: 

FV

A
= Dion

dC

dx
    =>    Dion =

FV

A

dx

dC
          Equation 2.2 

Where F is the rate of ion transport, V is the volume of the receiver solution, A is the 

area of the hydrogel sample and dC/dx represents the initial NaCl concentration 

gradient across the hydrogel. 

2.3.3.7 Optical Microscopic characterisation of hydrogel SCLs 

An optical microscope (OM) (Olympus DP71, Olympus BX51- U-LH100HG, Ireland) 

was used to examine the SCL surface (post hydration vs. post thermal sterilization) of 

WM lenses and CEP lenses. Each lens was laid flat on top of the glass slide prior to 

each observation. The images were taken in ‘visible light mode’ on the FM. This was 

carried out at two magnifications: 400X and 1000X. 

2.3.3.8 Contact angle measurement of hydrogel SCLs 

The goniometer is an instrument commonly used to measure the contact angle (CA) of 

a specimen. Contact angles of captive air bubbles lying underneath the substrates 

immersed in water were measured to determine the wettability of SCL samples 

(Section 1.4.6.7, Chapter 1). The desalinated, hydrated SCL was flattened and placed 

horizontally in a measuring cell containing DI H2O. A micrometre syringe with a 

curved needle was used to create air bubbles underneath the surface of the hydrogels. 

A video camera (jAi CV-A50, Leica, Spain) mounted on a microscope Wild M3Z 

(Leica Microsystems, Germany) was used to acquire the images which were analysed 

with ADSA software (Axisymmetric Drop Shape Analysis, Applied Surface 

Thermodynamics Research Associates, Toronto, Canada). Values presented are 

averages of eight (8) lenses per sample type. The experiment was set-up as shown in 

Figure 2.8. 
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Figure 2.8: Experimental set-up for contact angle measurement for SCLs used in this study. 

2.3.3.9 Tensile modulus of hydrogel SCLs 

Each hydrated lens was cut into a dog-bone shape using a ‘dog-bone’ shaped cutting 

template (Figure 2.9). The OPTIMUM-Press Manual Universal DDP10 was used to 

cut the lenses to obtain a more consistent applied force. The TA.XT Express Enhanced 

(Stable Micro System, Portugal) instrument was used in this study to measure the 

tensile properties of the lenses. Tensile grips (which were modified with sponges) were 

used to stretch the lens until breakage occurred. In order to eliminate any ambiguity 

from the slope area used, the modulus can be derived from a tangent within the first 

10% of the extension range, which was previously used by Kim et al. [403] to measure 

the mechanical properties of commercial lenses. The velocity of the two grips was set 

to 0.11 mm/s and the applied force was 1 g. Values presented are averages of ten 

measurements for each lens. 
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Figure 2.9: Schematic diagram of a lens being cut using a dog-bone cutter. 

This experiment was carried out using tensile test grips to apply a tensile stress-load 

per unit area of minimum cross-section with a velocity of 0.11 mm/s. Since a SCL is 

very easy to break, the grips were adjusted with soft sponges on all sides (Figure 2.10). 

              

Figure 2.10: Experimental set-up for mechanical testing: instrument (left) and grips that hold 

the ‘dog-bone’ shape lens using sponge to protect the lens from breaking by grips prior to 

starting the test (right). 
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2.3.3.10 Fourier-transform infrared spectroscopic analysis of 

hydrogel SCLs 

A calibration with polystyrene sample was carried out before testing any samples to 

ensure the accuracy and precision of the measurements. Each sample was scanned 64 

times and the spectrum was recorded in a range of 600-4000 cm-1, with a resolution of 

2 cm-1. Monomer spectra were recorded using FT-IR spectrophotometer (660-IR, 

Varian, USA):  

• Solid monomers (Poloxamer, UV Blocker, Tint, Vazo 64, Extractables from 

dry lens and finished product): KBr disc: A small quantity (2-4 mg) was finely 

ground in a 1:5 ratio with KBr. This mixture was then made into solid disc 

(applied pressure: 3 N for 3 minutes) for further analysis.   

• Liquid monomer (NVP, HEMA, AMA, EGDMA, TBE, PG): a six reflection 

ZnSe crystal with a 45° angle of incidence (70 mm x 10 mm) was used: A thin 

layer of liquid monomer was injected on top of the ATR crystal to cover the 

entire crystal surface.  

For SCLs, spectra were recorded using FT-IR spectrophotometer equipped with an 

attenuated total reflectance (ATR) microscope (610, Varian, USA). The spectrum was 

obtained upon contacting the Ge crystal and the surface of the lens. Since the detector 

for this approach was extremely sensitive (MCT High Sensitivity detector), cooling 

with liquid N2 was required to obtain the signal prior to the measurement. 

2.3.3.11 Extractable characterisation of hydrogel SCLs 

The methanol extractable content of SCLs produced was evaluated gravimetrically. 

30-500 lenses from each type were tested and analysed over four days: 

Day 1 (Desalination: for lenses stored in BBS solution): 30 lenses were removed from 

the blister and rinsed with DI water. The lenses were then left in a beaker with DI water 

overnight.  

Day 2: The lenses were separated and dried overnight in an oven at 36 °C.  

Day 3: The dry weight (WD) of beaker was recorded. 30 dried lenses were placed in 

the beaker and the weight (WL) was recorded. The sample weight (WS), which was 
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calculated by subtracting the WL to WD, was used to determine the required volume of 

added methanol (VMeOH = WS x 60). After adding MeOH, the beaker was covered with 

Parafilm and allowed to stand for 18 hours. 

Day 4: The lenses were removed from the MeOH. The beaker was placed on a hot 

plate to evaporate to dryness. This was followed by drying the beaker at 105 °C for an 

hour. After cooling in a desiccator, the weight of the beaker was recorded to calculate 

the %Residue as per Equation 2.3 based on a referenced document from the Enterprise 

Partner: 

%Residue = 
Residue weight 

Sample weight
 x 100            Equation 2.3 

2.3.4 Statistical analysis 

A paired t-test (two-tailed) was used to compare various lens properties between the 

WM lenses and the CEP lenses. All analyses were performed using Minitab 17, where 

a p-value < 0.05 was considered statistically significant. 

2.4 Results and Discussion 

2.4.1 Contact lens manufacture 

A suitable polymeric material is important in the manufacturing of SCLs. The polymer 

can then be formed through various polymerization mechanisms (e.g., radical and 

catalytic), as previously discussed in Section 1.4.3. To develop a reproducible 

manufacturing method for SCLs, three thermal curing approaches were investigated. 

Further, to produce a lens with the same critical parameters as the CEP lens from the 

EP, mimicking the same curing environment played a vital role. Therefore, the 

optimum polymerisation conditions were determined based on the curing temperature 

profile in each trial, which was measured using a k-type thermocouple and Pico Data 

Logger.  

Due to their simple structure, low cost and strong robustness, a thermocouple sensor 

is commonly used for dynamic temperature measurement in harsh environments [404]. 

Since the thermocouples measure the temperature based on the heat balance, it must 

be in direct contact with the object to be measured [404, 405].  
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The k-type thermocouple was identified to be effective for measuring temperature 

change during polymerization [405-408]. In this study, the k-type thermocouple wire 

was placed inside and at the centre of the moulds. To stabilise the thermocouple wire 

position inside the mould and transfer heat from the mould surface, a small quantity 

(~50 µL) of pre-polymerization monomer mixture was injected into the mould and 

cured prior to further measurement of the curing temperature profile. A similar 

approach was carried out by Alkurt et al. [405, 406]. Since the output from the 

thermocouple was fed directly to a computer through the Pico Data Logger at 0.1 s 

intervals for the full cycle, the temperature values were recorded in real time. Dynamic 

mapping and real-time temperature monitoring of a system can provide valuable 

information on system control, failure analysis, product quality, and process 

improvement [409, 410].  

In the present study, for the first approach, 32 lenses were placed in the curing chamber 

that was capable of nitrogen purging. Due to the thickness of the chamber (as described 

in Section 2.3.3), it was postulated that it would take much longer for the heat to 

transfer to inside the curing chamber. Therefore, this would affect the curing process 

of the lens. The heating rate in this approach was determined to be 0.3 °C/min, which 

was noticeably different from the control condition (i.e., condition from CEP curing 

profile), which is 1-10 °C/min depending on the curing stage (control cycle). Hence, 

it took much longer to reach the final temperature of the curing cycle that is 110 °C, 

compared to the control cycle (e.g., 5.5 hours vs. 1.4 hours, Figure 2.11). 
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Figure 2.11: Curing temperature profiles of the first trial in the curing chamber versus the 

referenced profile of the control cycle. 

The acceptance criteria of lens diameter for the CEP lens are 14.2 ± 0.2 mm. Thermally 

curing inside the chamber was determined to be unsuitable due to production of 

smaller lens (post thermal sterilization) with larger variations (~13.45 ± 0.7 mm in 

diameter, n = 10) and challenges in the release process. The percentage of successful 

lenses that could be released was only 33.3% (i.e.,10 out of 30 lenses were released 

without being broken). The majority of lenses stuck to the mould and could not be 

released.  

A second trial was carried out by curing trays of lenses in the lens holder tower (Figure 

2.5). This adjustment facilitated direct lens contact with the heat inside the oven. 

Although the temperature profile in this trial was closer to the control cycle, a lack of 

temperature control, which was due to the capability of the equipment, resulted in a 

different curing temperature profile compared to the control ones. While the required 

heating rate was 1-10 °C/min (depending on the curing stage) to mimic the curing 

condition of the control lens, the Heraeus Vacutherm could only provide a constant 

heating rate of 1.45 °C/min for the entire curing cycle (Figure 2.12). 
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Figure 2.12: Curing temperature profiles of the second trial in the curing chamber versus the 

referenced profile of the control cycle. 

In order to produce the closest curing system to the Enterprise Partner, with a 

reasonable cost, the Memmert UF50Plus forced convection oven was used as it 

allowed programming of the appropriate curing profile (Figure 2.6). However, due to 

the restriction of the set-up of this oven system, the lenses were cured under ambient 

environmental conditions. The curing profile in this trial is presented in Figure 2.13. 

 

Figure 2.13: Curing cycle profile of Memmert oven (Trial 3) vs control cycle. 
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As could be observed in Figures 2.11 – 2.13, the curing cycle from Trial 3 provided 

the closest curing profile to the control cycle (i.e., curing cycle carried out by the EP). 

Hence, this curing approach was determined to be the optimum method in the 

manufacturing of WM lenses on-site.  

To remove unpolymerized residue that might be present after polymerization [251, 

411], the hydrated lens was washed three times using 60 °C DI H2O. The extracted 

lenses were then sterilized using two methods: autoclave (heat sterilization) at 123 °C 

for 66 minutes (Figure 2.14) and gamma radiation. As mentioned in Section 1.4.5.2, 

in order to be commercially relevant, the quality, safety and efficacy of the produced 

lens must be guaranteed [253].  

 

Figure 2.14: Images of (a) hydrated lens (post thermal sterilization) and (b) dry lens (post 

curing). 

It should be noted that after sterilizing using gamma radiation, the WM lenses turned 

yellow. The discoloration was suggested to be attributed to the formation of 

macroradicals such as phenoxyl and phenyl produced by the irradiation process [401]. 

This phenomenon was commonly seen in lenses sterilized by gamma radiation, which 

potentially indicates the degradation process of materials [412]. In addition, lenses that 

were sterilized by gamma radiation were found to be very brittle and flimsy. Therefore, 

no further characterisations on these lenses were carried out. 
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2.4.2 Chemical properties of contact lens 

2.4.2.1 Thermal investigation on polymerization kinetics of hydrogel 

SCLs 

A controlled and repeatable polymerisation process is essential in producing a 

commercial-quality lens as mentioned in Section 2.4.1. Hence, to obtain an insight into 

the polymerisation kinetics of the WM lens, pre-polymerization monomer mixture and 

eight individual monomers including NVP, HEMA, EGDMA, AMA, TBE/PG, UV 

Blocker, Poloxamer and IMVT with the presence of an adequate amount of initiator 

(AIBN) were polymerized and analysed by differential scanning calorimetry (DSC). 

DSC, as mentioned in Section 1.3.4, has been used for monitoring polymerization 

reactions for several systems [242]. The DSC temperature programme was set to the 

same as the CEP curing temperature profile (Figure 2.13). The reaction exotherm 

(normalized-Q) in W/g at a constant temperature was recorded as a function of time 

[413].  

Due to the addition reaction to the monomer’s double bond, free radical 

polymerization of vinyl monomers produces a substantial heat release (polymerization 

enthalpy). To investigate the radical polymerization of NVP and poly(methacrylic 

acid) using AIBN as an initiator, Koetsier et al. [414] carried out the polymerizations 

at 50, 60 and 70 °C, which resulted in an almost identical trend. The bulk radical 

polymerization of NVP with AIBN was also carried out at 60 °C by Wan et al. [415]. 

The optimum amount of AIBN is an essential factor to determine whether the 

monomer mixture would be cured completely to obtain the highest possible amounts 

of polymer. The effect of AIBN concentration on the conversion of NVP after 

polymerizing at 80 °C was investigated by Devasia et al. [416]. Their study showed 

that the lower the initiator concentration, the lower the yield of the polymer, due to a 

lower concentration of radicals produced, thus resulting in a slower rate of 

polymerization. The mass of AIBN used to initiate this polymerization was calculated 

based on Equation 2.4 (according to the Enterprise Partner’s standard). 

Grams of initiator required = monomer net weight in grams x 0.00418     Equation 2.4 

A common FRP reaction includes three stages that are initiation (i.e., decomposition 

of an initiator to form the primary radicals), propagation (of radicals by reacting with 
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monomer molecules) and termination (of two macro-radicals to form polymer chains) 

[413]. The DSC thermogram of the pre-polymerized monomer mixture is presented in 

Figure 2.15. 

An investigation on the polymerization kinetics of each monomer component with the 

presence of AIBN was carried out to study the polymerization kinetics of the pre-

polymerization monomer mixture (Figure 2.16). Therefore, the intensities of each 

exothermic reaction in the individual component reactions did not reflect those in the 

lens monomer mixture. This analysis aimed to provide insight into the polymerization 

process of the monomer mixture, to determine which component was correlated to the 

first and second stages of polymerisation.  

 

Figure 2.15: Polymerization kinetic of pre-polymerization monomer mixture with AIBN as a 

function of time (n = 3). 

Figure 2.15 displays the heat evolved during the polymerisation through two 

exothermic peaks which indicated a free radical polymerisation process initiated by 

AIBN [242]. This observation indicated that there were two polymerization processes 

happening throughout the curing of SCLs of the chosen formulation. The peaks were 

integrated to measure the reaction enthalpy (J/g) and the peak temperature for each 

polymerisation reaction (TP). There was no energy release at Stage 1 of the process 

(ramp 10 °C/min from 20 °C to 64 °C). An exothermic peak, which indicated the start 



101 

 

of the propagation, occurred at Stage 2 (isothermal at 64 °C for 20 minutes), which 

produced a reaction enthalpy of 268.9 ± 17.1 J/g. This energy release occurred due to 

the decomposition of AIBN initiator, which produced free radicals at approximately 

64 °C to initiate the polymerization process to give a rapid increase in energy involved 

in the reaction [242, 414].  

When the polymerization process proceeded into Stage 3 (ramp 2 °C/min to 93 °C), a 

noticeable amount of heat release, 260.1 ± 4.9 J/g, was recorded, indicating the 

propagation stage of the reaction. This stage corresponded to the initiation of NVP, 

AMA and EGDMA monomers that release heat in the system (Figure 2.16(b)). In 

addition, due to a lack of C=C in their structures, four other lens components including 

UV Blocker, Poloxamer, IMVT and TBE/PG did not participate in the polymerization 

processes (Figure 2.16(a)). Since NVP accounts for over 75% of the monomer mixture, 

the majority of the lens is cured at this step following the initiation of NVP. Stage 4 of 

the polymerization (isothermal at 93 °C for 30 minutes) showed a heat release solely 

from EGDMA (Figure 2.16(c)). This step is essential to increase the overall conversion 

of the pre-polymerization monomers. At a higher reaction temperature, both 

monomers and polymer network exhibit sufficient energy to overcome the limitation 

of diffusion [243]. Stages 5 (ramp 1 °C/min to 110 °C) and 6 (isothermal at 110 °C for 

60 minutes) of the polymerization process recorded minimal heat release from the 

system, indicating that the reaction had entered the termination/completion stage.   
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Figure 2.16: DSC thermograms of each individual monomer with AIBN: (a) UV Blocker 

(pink-dash dot line), Poloxamer (green-dash line), IMVT (blue-solid line) and TBE/PG (red-

short dash line), (b) AMA (red-dash dot line), NVP (green-dash line) and HEMA (blue-solid 

line), and (c) EGDMA as a function of temperature (left) and time (right). 
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As can be observed in Figure 2.16(c), only the exothermic peak of the curing reaction 

of EGDMA had a shoulder/split peak. It was suggested that this type of free radical 

polymerization was a diffusion-controlled reaction [242]. As the chemical cross-

linking of the polymer matrix increased, diffusion through the matrix was considered 

as a limiting factor since higher degree of crosslinking could result in more residual 

vinyl groups in the network [243]. Thus, the isothermal conversion and the associated 

heat release would be decreased. It was postulated that the presence of shoulder peak 

or peak splitting from EGDMA was due to a later reaction of the trapped monomers 

and pendant vinyls, which could limit both the reaction rate and final conversion. In 

addition to EGDMA, HEMA was the second monomer that initiated at Stage 2 of the 

polymerization process due to the decomposition of AIBN at 64 °C [242]. 

Thermal analysis using DSC was previously used to assess the impact of the amount 

of drug-loaded nanoparticles (NPs) loading into SCLs on the polymerization kinetics 

of the lens monomer mixture [242, 417]. This study presented baseline kinetic data for 

further analysis in the preparation of pharmaceutical-loaded NPs laden SCLs as 

discussed in Chapters 3 and 6. 

2.4.2.2 Thermogravimetric analysis of hydrogel SCLs 

Thermogravimetric analysis (TGA) was carried out to examine the loss in mass of the 

sample over time as the temperature was increased to 600 °C at 10 °C/min rate. TGA 

analysis was also carried out to compare the degradation behaviour between CEP and 

WM lenses (Figure 2.17). 
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Figure 2.17: TGA thermogram for the CEP lens (green-solid line) vs the WM lens (red-short-

dash line) (n = 3). 

Figure 2.17 shows that both CEP and WM lenses behaved in a similar fashion (p-value 

> 0.05 for their degradation temperatures). The major mass loss, associated with lens 

decomposition took place at 378.6 ± 7.2 °C and 375.7 ± 4.9 °C for both the CEP lenses 

and WM lenses, respectively. Rao et al. [418] demonstrated that pure PVP (poly-

vinylpyrrolidone), which is a major component of the studied lens material (i.e., NVP), 

had two degradation temperatures. The first one was at 250 °C, and the second one 

(with degradation of over 50% by weight) was identified to be 420 °C. In a different 

study carried out by Du et al. [419], pure PVP was shown to start decomposing at 

about 380 °C. Their study also showed that this decomposition temperature reduced 

by 30 °C for PVP coated on Platinum (Pt) nanoparticles, suggesting that temperature 

range of a material is dependent on its composition. A degraded temperature of the 

lens material used in this work was 20 °C higher than pure that of PVP. This was 

postulated due to the interactions between various monomer components in the lens 

pre-polymerization mixture, as well as a different percentage of NVP presented in the 

mixture.  
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2.4.2.3 Differential scanning calorimetry of hydrogel SCLs 

The thermotropic behaviour of both dry (Figure 2.18) and hydrated (Figure 2.19) SCLs 

was investigated throughout this study. The DSC cycle used in this study was 

previously used to determine the Tg value of a hydrogel material [378, 420].  

 

Figure 2.18: DSC thermograms of dry CEP (green) and dry WM (purple) lenses (n = 3).  

The glass transition temperature (Tg), as described in Section 1.3.4, is defined as a 

second order pseudo transition, which provides important information in the study of 

amorphous and crystalline materials. The thermograms obtained for the CEP and WM 

dry lenses showed an average Tg of 81.03 ± 0.81 °C and 80.70 ± 1.57 °C, respectively. 

Hence, it could be observed that the fabricated WM lens in the dry state produced 

comparable thermotropic behaviour to the CEP lens. The literature value Tg for 10 kDa 

PVP polymer falls in a range between 66 °C to 124 °C [421]. However, this value is 

dependent on the molecular weight (MW) of PVP and can also vary upon interacting 

with the other seven monomer components in the pre-polymerization mixture [421-

423]. Using TGA, DSC and FT-IR, Çaykara et al. [422] investigated the influences of 

composition on the thermal behaviour of pHEMA homopolymer. Compared to a 

pHEMA-co-itaconic acid (pHEMA/IA) copolymer, an increase in Tg values (88 to 117 

°C) and degradation temperature (271 to 300 °C) was observed. Due to the wide range 

of MW of PVP, its effect on the Tg was examined by Buera et al. [421].  
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Since Tg values depend on various factors such as experimental approach (e.g., drying 

method, heating rate, etc.) and matrix properties (e.g., degree of cross-linking and MW 

distribution), only Tg values of a material obtained from systems where experimental 

method and material characteristics are similar should be compared to each other. To 

assess the thermotropic behaviour of the hydrated WM lenses, thermal analysis was 

carried out with the heating cycle ranging from -50 to 50 °C [420] (Figure 2.19). 

 

Figure 2.19: DSC thermograms of CEP and WM hydrated lenses (post thermal sterilization) 

(n =3). (Note: the three lines together denoted to thermograms from WM lenses). 

The thermograms obtained for WM lenses showed the appearance of two peaks, which 

can be related to the fusion of water upon the interaction with the hydrogel network. 

Work by Tranoudis and Efron [397] implied that there are three states of water that 

can occur within the hydrated polymer systems, based on the interactions between the 

water molecules and the polymer matrix, including tightly bound, loosely bound and 

free water. Tightly bound water is non-freezable under normal characterization 

conditions (below -93 °C). This is associated with water molecules that strongly 

interact with ionic residues of the polymer matrix or directly bind to the polar groups 

of the matrix via hydrogen bonding. Loosely bound water has a fusion temperature 

lower than 0 °C. It varies slightly depending on the amount of water present in the 

hydrated hydrogel and how water molecules bind to the polymer matrix. This state 

refers to water molecules that only loosely bond to the polymer matrix. Free water 

CEP 

WM 
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corresponds to water molecules that do not have any interactions with the polymer 

matrix. As a result, it generally freezes at or above 0 °C.  

Thus, from the obtained thermogram (Figure 2.19), it was postulated that the first peak 

at -0.43 ± 0.19 °C was attributed to loosely bound water, while the second peak at 1.72 

± 1.63 °C represents the free water molecules. A similar observation was noted in a 

work carried out by Silva et al. [420]. Their work investigated the DSC behaviour of 

hydrated HEMA/PVP hydrogel samples, demonstrating two peaks at approximately -

2 °C and 5 °C. 

2.4.2.4 Equilibrium water content of hydrogel SCLs 

This value indicates the comfort of SCLs and is also closely related to their 

dehydration, which is a vital factor that can impact the lens comfort [424]. The amount 

of dehydration and the time to reach equilibrium are influenced by several elements, 

including: the maximum water content of the polymer [425, 426], the lens thickness 

[291, 295, 425, 427], the temperature and relative humidity [292], and also the volume 

and tonicity of the wearers’ tears [428, 429].   

To determine the lens hydrophilicity and water uptake, swelling studies were carried 

out on the WM lens and the CEP lens. This was to gain a greater insight into swelling 

kinetics and to have a better understanding of the impact of temperature on hydrogel 

matrices in the absence of drug [266]. The percentage EWC and its standard deviation 

for each lens type at three different temperatures are tabulated in Table 2.2. 

Except for %EWC of the CEP lenses at 4 °C (p-value = 0.06), %EWC in the remaining 

systems was found to be a statistically significant difference from the stated 78% water 

content of Biotrue® ONEday SCLs (p-value < 0.05). A difference in this value was 

expected due to the nature of this methodology. On the other hand, low standard 

deviation in %EWC values implied that the WM lenses were manufactured uniformly. 

Both WM and CEP lenses equilibrated after 5 minutes (at 25 and 36 °C) with the 

%EWC not changing significantly afterwards. When the lenses were immersed in 4 

°C water, they were visually observed that the lenses were not fully hydrated after five 

minutes. Hence, the first measurement was carried out after 10 minutes. 
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The obtained data demonstrated that %EWC values of the WM lenses were similar to 

those obtained in the CEP lenses at 25 °C and 36 °C (p-values = 0.27 at 25 °C and 0.55 

at 36 °C). However, the average %EWC of the WM lenses at 4 °C was found to be 

statistically different from the CEP lenses (p-value < 0.05). The reason for this 

observation was postulated to be due to unfavourable hydrogen bonding between the 

polymer and water compared to polymer-polymer interactions, which happens at 

higher temperature. The degree of swelling in both WM lenses and control lenses 

decreased with increasing temperature when the temperature went from 4 °C to 25 °C, 

and from 25 °C to 36 °C (p-value < 0.05). This behaviour of hydrogels was previously 

assessed by Topete et al. [402]. Two materials commercially available including 

CI26Y (intraocular lenses) and Definitive 50 (SCLs) were chosen for their study. After 

50 hours, the %swelling of Definitive 50 SCLs significantly increased from around 

70% at 36 °C to 130% at 25 °C and to approximately 160% at 4 °C. As for CI26Y, 

temperature effect on its swelling ability was statistically less significant (29% at 36 

°C to 31% at 25 °C and to approximately 36% at 4 °C).  
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Table 2.2: Percentage equilibrium water content of SCLs in different conditions over three hours interval at three different temperatures in DI H2O (n = 3). 

Temperature (°C) 4 °C 25 °C 36 °C 

Lens type WM CEP WM CEP WM CEP 

Time (minutes) %EWC 
Std 

Dev 
%EWC 

Std 

dev 
%EWC 

Std 

Dev 
%EWC 

Std 

Dev 
%EWC 

Std 

Dev 
%EWC 

Std 

Dev 

5 - - - - 75.81 0.19 76.51 0.73 75.48 0.35 75.59 0.28 

10 77.99 0.41 77.56 0.07 76.69 0.27 76.88 0.72 75.63 0.44 75.90 0.12 

15 - - - - 76.70 0.49 76.37 0.65 75.82 0.30 76.09 0.28 

20 78.26 0.18 77.72 0.20 77.00 0.27 76.30 0.70 75.91 0.37 76.17 0.27 

25 - - - - 76.71 0.53 76.59 0.76 75.96 0.40 76.23 0.26 

30 78.30 0.22 77.83 0.21 76.69 0.45 77.28 0.34 76.41 0.79 76.37 0.27 

40 78.36 0.16 77.88 0.22 - - - - - - - - 

50 78.41 0.16 78.17 0.19 - - - - - - - - 

60 78.46 0.14 78.22 0.08 76.25 0.38 77.04 0.37 76.43 0.78 76.44 0.27 

90 78.48 0.15 78.40 0.21 76.25 0.25 76.24 0.46 76.52 0.80 76.48 0.31 

120 78.52 0.13 78.49 0.11 76.32 0.40 76.15 0.28 76.64 0.77 76.52 0.32 

150 78.55 0.10 78.52 0.14 76.22 0.31 76.70 0.24 76.65 0.79 76.56 0.33 

180 78.61 0.12 78.54 0.10 76.47 0.30 76.80 0.22 76.67 0.76 76.63 0.30 
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2.4.2.5 Refractive index analysis of hydrogel SCLs 

Refractometry measures the critical angle between the material and a glass of a higher 

and known refractive index (RI). As mentioned in Section 1.4.6.4, since the RI value 

is related to lens water content and dehydration, this figure can give an indication to 

lens fitting characteristics, oxygen permeability and lens parameters. As stated in 

ISO18369-4:2017 [400], the RI of CL materials should be measured at either 589 nm 

(sodium D-line) or 546.1 nm (mercury line). The required RI value for a commercial 

SCL typically should not exceed 1.55 [400]. The RI of water and BBS were measured 

to be 1.33453 and 1.33700, respectively. These values agree with work obtained by 

the Enterprise Partner. In addition, the RI of water at 589 nm, 20 °C and 1.0 bar 

(atmospheric pressure) was previously determined by Thormählen et al. [430] to be 

1.33283. RI of the packaging solution (BBS) for Biotrue® ONEday lenses, which are 

the control lenses used in this study, was previously measured to be 1.33670 by the 

CLR 12-70 refractometer [431]. 

Table 2.3 demonstrates that the fabricated WM lenses produced a lower RI than the 

control commercial lenses (p-value < 0.005). However, following the ISO 18369-2 

standard, this difference is within the tolerance limits for RI values of SCLs [399]. 

Hence, the WM lenses produced a comparable RI value to the control lenses, and so 

is suitable for commercialisation.  

2.4.2.6 Light transmission of hydrogel SCLs 

The SCL light transmission is directly related to its visual performance. Hence, this 

property was measured for both the unloaded and loaded lenses to examine its optical 

quality [432]. The lens must transmit over 90% of light in the visible spectrum to 

provide clear vision, as cited by Gulsen et al. [391]. The summary of result data from 

this study is given in Table 2.3. As was observed from the generated data, an average 

transmittance of 99% (in the visible region) relative to the control lenses was observed 

in all the WM lenses (p-value < 0.05). This result indicated that the WM lenses 

produced sufficient optical clarity for commercial use as ophthalmic medical devices. 
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Table 2.3: Physicochemical properties of the fabricated WM lenses vs. the control lens. 

Sample 
%T  

(n = 5) 

Refractive 

index  

(n = 10) 

Contact 

angle (°) 

(n = 8) 

Tensile 

modulus 

(MPa)  

(n = 8) 

Ionic 

permeability 

(x10-6 cm2/s) 

(n = 3) 

CEP 
99.04 ± 

0.74 

1.374 ± 

0.000 

48.54 ± 

3.90 

0.64 ± 

0.04 
0.91 ± 0.13 

WM (heat 

ster.) 

99.93 ± 

0.82 

1.373 ± 

0.000 

47.91 ± 

4.40 

0.71 ± 

0.07 
0.86 ± 0.20 

WM (non-

ster.) 

99.98 ± 

0.61 
N/A 

50.00 ± 

1.09 

0.76 ± 

0.05 
1.04 ± 0.11 

ISO tolerance 

[399] 

± 5% 

CEP 

± 0.005 

CEP 
N/A N/A N/A 

2.4.2.7 Ionic permeability of hydrogel SCLs 

As discussed in Section 1.4.6.5, it is essential to obtain an adequate ion permeability 

(Dion) in SCLs to ensure the formation of a fluid hydrodynamic boundary layer, which 

in turn, decreases the direct abrasion between the lens and the eye. Ionic permeability 

of SCLs has been measured using a modified conductivity meter in several studies 

[308, 311-313]. 

From the generated data (Table 2.3), it was observed that the thermal sterilization 

process did not affect ionic permeability of the WM lenses, with 0.86 x 10-6 ± 0.20 x 

10-6 cm2/s and 1.04 x 10-6 ± 0.11 x 10-6 cm2/s for sterilized and non-sterilized WM 

lenses, respectively (p-value > 0.05). In addition, it was determined that there was no 

statistically significant difference in Dion values between the WM lenses and the CEP 

lenses (0.91 x 10-6 ± 0.13 x 10-6 cm2/s). Hence, the fabricated WM lenses were 

demonstrated to have the commercial quality in ionic permeability. This technique was 

previously used in a study carried out by Silva et al. [389]. Their study investigated 

the ionic permeability of the silicone hydrogel (SiHy) materials prepared using a layer-

by-layer (LbL) deposition technique as described in Section 1.3.6. The average Dion 

for coated sample was measured to be 4.5 x10-7  0.4 x10-7
 cm2/s and for the uncoated 

sample was 5x10-7  0.2x10-7
 cm2/s. Nonetheless, the Dion of the developed WM lens 

and the CEP lens determined in this work agreed with the literature data on Dion of 

hydrogel SCLs (0.9 – 2.5 x 10-6 cm2/s) as reported by Gavara and Compan [317]. 
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2.4.3 Physical and Mechanical properties of contact lens 

2.4.3.1 Surface and matrix characterisation of hydrogel SCLs 

The surface and matrix properties of the WM and CEP SCLs were examined through 

two different approaches. The first method used an optical microscope to investigate 

the effects of extraction and sterilization on the lens matrix (Figure 2.20).  

   

   

    

Figure 2.20: Microscopic images of a) CEP lens at 400X (left) and 1000X (right), b) WM lens 

that went through hydration only (no extraction and no sterilization) at 400X (left) and 1000X 

(right) and c) WM lens that went through hydration, extraction and sterilization (thermal 

sterilization) at 400X (left) and 1000X (right). 

(b) 

(c) 

(a) 
400X 1000X 
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Microscopic images of both the CEP lenses and the WM lenses hydrated in water with 

and without going through the extraction and sterilization processes are shown in 

Figure 2.20. Analysis of the images demonstrated that there was a difference in the 

matrix of the hydrogel after it went through extraction and sterilization stages. 

Microscopic images of the commercial SCLs (i.e., CEP lenses) showed a homogenous 

matrix, whereas for those obtained from the WM lenses that were not extracted and 

sterilized, a rough matrix with numerous residues from partially unreacted/low 

molecular weight polymer could be observed [251, 411]. Nonetheless, upon extraction 

in 60 °C water three times and sterilization for 66 minutes at 123 °C, the microscopic 

images of the WM lenses were relatively similar to those of the CEP lenses. This 

experiment demonstrated the importance and effects of extraction and sterilization 

processes on the lens matrix in removing unpolymerized monomers or oligomers [251, 

411]. 

The second approach for investigating lens surface property was to determine the 

wettability of SCLs through the measurements of contact angle using a goniometer. 

Wettability is a crucial characteristic since it indicates the spreading ability of the tear 

film along the material surface, which can affect the tribology of the SCLs. It is closely 

related to the comfort and performance of manufactured SCLs. The smaller the CA, 

the better the wetting ability of the material over a substrate [337]. CAs of the studied 

lenses in the hydrated state were measured by the captive bubble method (Table 2.3). 

The generated CA values in this study demonstrated that the fabricated WM lens has 

a comparable wettability to the CEP lens (47.91 ± 4.40° and 50.00 ± 1.09°, 

respectively, p-value > 0.05). 

Using the same approach to measuring CAs of the hydrogel lenses, Silva et al. [420] 

showed significant deviations in each sample (e.g., the CA of TRIS/NVP/HEMA lens 

in albumin solution was 22° ± 6°). The values obtained for CA on the WM lenses 

regardless of sterilization approaches showed a statistically insignificant difference 

compared to CA of the control lenses (p-value > 0.05). The CA of the HEMA/PVP 

lenses (water content of 60.7 ± 0.3%) was previously determined to be 42° ± 3° using 

captive bubble method [420]. In addition, Lin et al. [338] cited that the acceptable 

range of CA of commercial SCLs as 11°-83°, demonstrating that the produced WM 
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lenses have a suitable hydrophilicity (CA of 47.91 ± 4.40°) to be used as ophthalmic 

medical devices.  

Many studies use water as the medium for CS measurement [337, 386, 420], which 

was also carried out in this study. It was postulated that if the measurement was done 

in simulated tear fluid (STF), the lens matrix could potentially take up the components 

that are present in the solution, which would impact the outcome of the inherent 

wettability of the SCL material. Consequently, although tear fluid and water have 

distinctive characteristics, this study was carried out in water rather than STF to 

investigate the raw material property.  

2.4.3.2 Tensile modulus of hydrogel SCLs 

As described in Section 1.4.6.8, mechanical properties are a vital factor in optimising 

both vision quality and patient comfort. ISO 18369-1:2017 (E) [433] states that the 

tensile modulus (i.e., Young’s modulus) of elastic material is a constant ratio between 

the tensile stress and the tensile strain, which should be in the range of linearity of 

elastic behaviour of the material. As cited by Bhamra and Tighe [340], this value is 

directly related to both handling and durability. This property of a material can be 

defined by a relationship between stress and strain, where stress is the load per unit 

area and strain is the extent of elongation. Young’s modulus can then be calculated as 

a slope of a straight line through the linear range of the generated stress-strain curve 

[403]. The higher the modulus, the greater the lens stiffness and resistance to shape 

change [434].  

The tensile moduli of three different types of lenses were examined including CEP 

lens, WM lens (non-sterilized lens) (WM-NS), and WM lens (thermal sterilized lens) 

(WM-TS). This study not only compared the mechanical properties of CEP lens vs 

WM lens, but also the impacts of thermal sterilization on lens modulus. The lens was 

fully hydrated prior to testing as described in Section 2.3.2. Figure 2.21 shows the 

stress vs strain curves for the aforementioned three lens types. The Young’s moduli 

values (Table 2.3) generated for the three lens’ systems at room temperature 

demonstrated that sterilization does not cause significant difference in the mechanical 

strength of the formed CLs (p-value = 0.10). The sterilized and non-sterilized WM 

lenses showed a higher Young’s modulus values (0.71 ± 0.07 MPa and 0.76 ± 0.05 
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MPa, respectively) in comparison to the CEP lenses (0.64 ± 0.04 MPa, p-value < 0.05). 

The standard deviation was low in all cases, which implied that this technique is 

feasible in determining the hydrogel modulus, and WM lenses were produced 

consistently. The higher the modulus, the greater the lens stiffness and resistance to 

shape change [434]. 

As quoted in the Materials Data Book from Cambridge University Engineering 

Department [435], the Young’s modulus value for hydrogels such as pHEMA is 

expected to be approximately 0.5 MPa, and 0.4-2.5 GPa is expected for thermoplastic 

and thermoset polymers (e.g. nylons, polyethylene, polystyrene, phenolics, etc.). The 

Young’s modulus values in a range of 0.1-1.9 MPa were recorded for conventional 

hydrogel lenses, depending on the lens’ components and its water content [340]. Since 

the Young’s modulus values of the WM lenses from this experiment are within the 

range of other hydrogel materials with similar composition, they can be considered as 

appropriate material for commercialized SCLs.  

On the other hand, as mentioned by Kim et al. [436], there are currently no reference 

materials available, and also no standardized measurement techniques for SCLs, and 

therefore validation and accuracy of such measurements are hard to achieve. 
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Figure 2.21: Stress vs Strain graph for (a) CEP lens, (b) WM-TS lens, and (c) WM-NS lenses 

(n = 8). 
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2.4.3.3 Fourier-transform infrared spectroscopic analysis of 

hydrogel SCLs 

The spectroscopic characterization of hydrogel SCL and their monomer components 

was performed by Fourier-transform infrared spectroscopy (FT-IR). The FT-IR 

spectra of dry and wet lenses for both WM and CEP lenses are shown in Figure 2.22.  

 

 

3400 

 

1721 

(b) 

1444 1262 

CEP 

WM 



118 

 

 

Figure 2.22: FT-IR spectrum of (a) dry CEP lens (blue) vs. dry WM lens (post curing) (grey), 

(b) wet CEP lens (blue) vs. wet WM lens (post thermal sterilization) (orange), and (c) raw 

materials including Nesofilcon A monomer (blue), NVP (orange) and UV Blocker (grey). 

Because NVP is the main component in the monomer mixture (>75%), it was expected 

that the FTIR spectra of the WM lens and the control lens would exhibit the 

characteristic peaks of PVP. Table 2.4 lists the major characteristic peaks of the 

functional groups in the sample. Comparing the spectra of both the WM and CEP 

lenses obtained from dry lens, less peaks could be seen in the wet lens spectrum due 

to the presence of the intense and broad –OH stretching of H2O at 3400 cm-1. 

Moreover, it was expected to see less functionality in finished lenses since they went 

through extraction and sterilization stages, which would remove the majority of 

unreacted monomers presented in the lens matrix. The double peak at 2350-2400      

cm-1 represents the CO2 molecule. The characteristic C-H stretching for alkenes 

present in most monomeric components could be seen only in the dry form at 2919 

cm-1 and could not be identified in the finished product spectrum. This indicated that 

the majority of the original monomer components had been fully cured and/or 

extracted after going through processing. An intense peak at 1721 cm-1 observed in 

both spectra represented the C=O stretching from the aliphatic ketones in NVP 

spectrum, which was also observed in other previous FTIR analysis on NVP [437-439] 

(Figure 22(c)). A distinctive peak representing the C=C stretch in cyclic alkenes 
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present in the UV Blocker monomer can be identified at 1495 cm-1 (Figure 2.22(c)). 

The two characteristic peaks (C-N stretching) indicative for NVP (the major monomer 

component of the formed CLs), which were at 1294 and 1262 cm-1, could be seen in 

dry and wet forms of the lens, respectively.  

Table 2.4: Spectral band assignment of the WM lens and the CEP lens in dry and wet states.  

Ref. peak 

position  

(cm-1) 

Functional group 
WM lens 

(dry) 

CEP 

lens 

(dry) 

WM 

lens 

(wet) 

CEP 

lens 

(wet) 

3381 [437] 

3396 [438] 
O-H stretching 3400 3400 3400 3400 

2933 [437] 

2852 [438] 

Aliphatic carbon (-

CH3, -CH2) 
2919 2919 - - 

1719 [437] 

1701 [439] 

1644 [438] 

C=O stretching 

(pyrrolidone group) 
1721 1721 1721 1721 

1620 [437] C=C stretching 1656 1656 1633 1633 

1451 [437] 

1423 and 

1371 [438] 

 

Deformation of 

aliphatic carbon            

(-CH2) 

1423 1423 1444 1444 

1246 [437] 

1279 [438] 
C-N stretching 1287 1287 1262 1262 

1151 and 

1075 [437] 
C-O-C stretching 

1163-

1100 

1163-

1100 
1100 1100 

Lai et al. [437] used FTIR to characterise their developed hydrogel lens (made from 

HEMA, MMA, NVP, DMMA, EGDMA and HMPP) to establish its chemical 

functional groups. This was carried out to observe the changes in characteristic peaks 

on FTIR spectra between the standard hydrogel lens and the tested lens (lens with silica 

nanosphere powders incorporated). Similar observations on the main functional 

groups between the developed WM lens, control lens and hydrogel lens from this study 

could be seen in Table 2.4 above. In both dry and wet forms, it could be observed that 

the WM lens gave the same spectra as the control lens. Hence, the fabricated lenses 

are shown to have the similar spectroscopic characteristics as the commercial lens.   
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2.4.4 Dimensional analysis of WM contact lenses 

The produced WM lenses were dimensionally analysed at the EP research and 

development lab. This involved examining the effects of storage solution (water vs. 

borate buffered saline) on lens diameter, sagittal depth, roundness, and power. The 

developed WM lenses were hydrated, extracted, and stored in water, while BBS is the 

packaging solution used in the manufacture of the control lenses in the EP site. 

Therefore, it was essential to compare if different storage solutions would have an 

impact on lens dimensions. The schematic illustration of each of the dimensional 

parameters of the lens is shown in Figure 2.23 with the results obtained shown in Table 

2.5. 

 

Figure 2.23: Schematic diagram illustrates a CL diameter, sagittal depth, roundness, and 

power. 

Table 2.5: Contact lens dimensions and power in water and BBS (n = 10). 

Lens type 
Diameter 

(mm) 

Sagittal 

depth 

(mm) 

Centre 

thickness 

(mm) 

Roundness 
Spherical 

Power (D) 

WMwater 
14.30 ± 

0.05 
3.99 ± 0.07 

0.120 ± 

0.008 
0.17 ± 0.07 

-2.97 ± 

0.18 

WMBBS 
14.33 ± 

0.07 
3.98 ± 0.04 

0.118 ± 

0.009 
0.22 ± 0.11 

-2.83 ± 

0.07 

CEP 
14.20 ± 

0.20 
3.80 ± 0.05 

0.100 ± 

0.020 
< 0.400 

-3.00 ± 

0.25 

The analysis showed a non-statistically significant difference in diameter (p-value: 

0.34), sagittal depth (p-value: 0.53), power (p-value: 0.11) and roundness (p-value: 

0.23) in the WM lenses immersed in BBS when compared with the lenses immersed 
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in water. When comparing to the CEP lenses, the fabricated WM lenses in both water 

and BBS gave the dimensions and power within the acceptable range. In addition, the 

tolerance limits for each dimensional parameter and power of all the measured lenses 

were within the acceptance criteria according to ISO 18369-2:2017 (E) [399]. 

2.4.5 Contact lens extractable testing 

Extraction is a standard method to quantitatively determine the substances extractable 

from CL (extractables). The extractables are determined through the percentage of 

residue (by weight) after the lenses are extracted in a chosen solvent. Choosing an 

appropriate extraction solvent is important since it will have a direct impact on the 

matrix of the hydrogel. As stated in ISO 18369-4:2017 (E) [400], an ideal solvent 

should not degrade the CL material, since this will lead to the removal of both 

crosslinked and non-crosslinked materials. This in turn can lead to an inaccurate 

measurement of extractables. The solvent should have a solubility that is equal to or 

higher than the extracted medium solubility, while not reacting with the presented 

analytes. Because of these reasons, methanol is chosen to be a suitable solvent for this 

test. In addition, MeOH can swell the CL, which accelerates the extraction process.  

The percentage residue is calculated from the difference between the original dry 

weight of sample and the extracted dry weight. This figure represents the amount of 

unreacted monomer after curing vs after sterilization. It demonstrated the impact that 

manufacturing processes cause on the formed CLs. After being extracted for 18 hours, 

the percentage residue for each lens type was calculated and recorded in Table 2.6.  

Table 2.6: Percentage of methanol extractable residue from the CEP lenses vs. the WM lenses 

at different stages (post curing and post thermal sterilization).  

Sample (n = 500) %Residue Sample (n = 120) %Residue 

CEP lenses (post 

thermal 

sterilization) 

0.73 
CEP lenses (post 

curing) 
6.90 

WM lenses (post 

thermal 

sterilization) 

1.51 
WM lenses (post 

curing) 
9.79 

WM lenses (post 

curing) 
7.70  



122 

 

The %Residue for WM lenses that did not go through extraction and sterilization 

showed a value 7 times higher than those that did. Higher %residue is expected in the 

dry lens since a substantial amount of unreacted monomers after curing should be 

extracted after three extraction cycles using 60 °C deionized water and a 60-minute 

thermal sterilization process [251, 411]. 

WM lenses had a higher %Residue when compared to CEP lenses before (9.79% and 

6.90%, respectively) and after extraction and sterilization (1.51% and 0.73%, 

respectively). This could be due to two potential reasons. Firstly, it could be because 

of the lack of an N2 purge in the current set-up for curing WM lenses compared to 

control lenses. The polymerization of SCLs is generally performed under inert gas 

such as nitrogen or argon to improve the polymerization rate of a CL [411, 440, 441]. 

As such, this process was patented to be used to remove unpolymerized monomers 

from a polymer. After 1.2 hours of nitrogen purging (flow rate at 44.8 lb/h), a 

significant reduction in ENB (ethylidene norbornene monomer, used in the production 

of ethylene polymers – e.g., ethylene propylene diene terpolymers) residue from 0.5% 

wt. to below 100 ppm wt. was recorded [441]. The second reason could be due to the 

difference in the rate of curing. Since the oven used to make WM lenses is much 

smaller in size compared to those used commercially, it would provide a faster curing 

rate that leads to a higher amount of extractables [442, 443]. As previously discussed 

in Section 1.4 (Chapter 1), a faster heating rate could accelerate the polymerization of 

a monomer [279]. This data is essential in assessing new CL materials and in 

evaluating and quantifying drug uptake, as well as during the pre-clinical examination 

programme. 
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2.5 Conclusions 

A reproducible manufacturing method for hydrogel SCLs was successfully developed, 

which resulted in lenses (WM) that had comparable properties to the CEP lenses. 

Using a thermal initiator AIBN and a forced convection oven, hydrogel SCLs were 

successfully produced through a thermal polymerisation process. Due to the 

importance of obtaining a similar temperature curing profile as the chosen commercial 

lens formulation to obtain similar lens critical properties, an N2 curing environment 

could not be employed. This was because of the limitation of the curing system which 

was not capable of carrying out the full curing cycle under an N2 environment. To 

ensure the produced WM lenses were manufactured consistently and had comparable 

properties to the CEP lens, characterisation methodologies were developed to 

determine the physicochemical and mechanical properties of the lenses. Further, by 

employing the state-of-the-art infrastructure at the enterprise partner site, the 

dimensional properties of lenses and their optical power were also measured. An 

investigation into the polymerization kinetics of individual components in the 

monomer mixture and the pre-polymerization monomer mixture was carried out using 

DSC and FTIR.  

The WM lens showed high optical transparency of 99.93% ± 0.82% (thermal 

sterilization) and a refractive index of 1.37332 ± 0.00018, which are similar to those 

obtained from the CEP lens (1.37422 ± 0.00025). Both lens systems had a similar 

water swelling ability as determined by an equilibrium water content (%EWC) study. 

Lenses reached equilibrium water content very quickly (after 5 minutes), which was 

75-76% at 25 °C, which was expected due to the highly hydrophilic nature of the lens 

materials. Thermal and FT-IR analysis on WM lenses and control lenses also indicated 

the functional similarity between the two. Wettability of WM lens showed a 

comparable value to the commercial lens, indicating a high comfort material.   

Both lens systems were further characterised to test their tensile modulus and ionic 

permeability. In addition, as evidenced through a matrix characterisation study using 

microscopy, hydration, and extraction steps in the manufacturing of lenses were shown 

to play an essential role in removing unreacted monomers from the lens surface. The 

effect of sterilization methods on lens properties was also investigated.  
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Thermal sterilization was identified to be the optimum approach, with lenses sterilized 

using gamma radiation resulting in unfavourable properties such as poor optical 

transparency (lens turned yellow) and low modulus (lens was easy to break). Lens 

dimensional parameters and optical power were measured consistently with diameters 

of 14.30 mm ± 0.05 mm and -2.97 D ± 0.18 D in water environment. These values are 

similar to those obtained from the chosen commercial lens which acted as a control 

lens (i.e., CEP lens) throughout this study. Through the analysis of unreacted 

monomers from lenses extracted in methanol, it was observed that after the lens went 

through hydration, extraction and sterilization processes, the amount of residue was 

significantly reduced.  

By characterising and comparing the lens critical properties between in-house 

produced lenses with CEP lenses, this study demonstrated the feasibility of the 

developed lens fabrication system. This work allows for further in-depth development, 

investigation, optimization, and characterisation of novel ocular drug delivery 

systems. If the preformed commercial lenses were used, they would have been very 

limited in terms of the potential approaches to loading analyte into the lens. With the 

developed lens manufacturing system, future drug loading approaches can be modified 

more easily, and optimization of drug-loaded lens formulation can be more controlled.  

Following the successful development of a SCL of commercial quality in this chapter, 

the next chapter will discuss the impacts of loading a therapeutic agent (i.e., 

naringenin) on the lens’ critical parameters, and subsequently, the in vitro drug release 

profiles from the developed drug-loaded SCLs. 
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3 CONTROLLED RELEASE OF NARINGENIN FROM 

NARINGENIN-LOADED SOFT HYDROGEL CONTACT LENS 

3.1 Introduction 

As discussed in Chapters 1 and 2, therapeutic SCLs have been extensively investigated 

as a promising non-invasive ocular drug delivery system (ODDS) due to their potential 

ability to increase drug ocular bioavailability. In this work, naringenin (NAR) was 

chosen as a potential therapeutic agent to be loaded into the SCL (nesofilcon A 

material) matrix.  

Flavonoids, or bioflavonoids, are a group of polyphenols that are commonly observed 

in plants, fruits, and vegetables. The general structure of the flavonoids is characterized 

by a C6-C3-C6 carbon skeleton, which consists of two benzene rings (the A and C rings) 

linked by a three-carbon B ring (Figure 3.1) [444-449]. Depending on the level of 

oxidation and pattern of substitution of the C ring, flavonoids can be divided into 

various classes that include flavanones, anthocyanidins, flavons and flavonols [447]. 

Individual compounds within a class can be differentiated based on the substitution 

pattern of the A and B rings. Unlike flavones and flavonols, flavanones lack 

conjugation between the A and B rings. Instead, they have a saturated heterocyclic C 

ring. As an example, the UV spectra of flavanones (e.g., naringenin) exhibit a very 

strong maximum absorption between 270 and 295 nm, specifically at 285 and 288 nm 

[450].  

 

Figure 3.1: General structure of flavonoids. 
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Naringenin (NAR), 5,7-dihydroxy-2-(4-hydroxyphenyl)-2,3-dihydrochromen-4-one, 

is a type of flavonoid that has a molecular weight of 272.3 g/mol. NAR concentration 

varies from 1.47-11.15 mg/100 g in oranges and 14.17-53 mg/100g in grapefruit [451]. 

Having two hydroxyl groups at position 5 and 7 of the A ring and a carbonyl group at 

position 4 of the C ring (Figure 3.2), NAR can interact with iron and copper ions to 

quench free radicals and reactive oxygen species (ROS) as reviewed by Alam et al. 

[452].  

 

Figure 3.2: Molecular structure of naringenin. 

NAR was shown to exhibit several protective effects such as antiestrogenic activity 

[453], inhibition of oxidative stress and UVB irradiation-induced skin damage [454]. 

NAR has also been shown to have anti-inflammatory and antioxidant properties, with 

an ability to reduce neutrophil-derived ROS [455]. By triggering the synthesis of 

reduced glutathione, the most abundant nonenzymatic antioxidant in cells, NAR can 

also enhance ROS detoxification [456]. NAR has been shown to tackle oxidative stress 

diseases such as cardiovascular, neurodegenerative, and age-related macular 

degeneration [74]. Administration of NAR can also reduce lipid peroxidation while 

increasing antioxidant levels [457]. As an eye-drop, with its anti-inflammatory and 

anti-oxidant properties, NAR at high dose (80 µg/eye) was found to inhibit corneal 

neovascularization [73]. Oguido et al. showed that daily treatment with NAR eye drops 

significantly reduced the area of neovascularization (mm2) after 3 and 7 days from 500 

to 250 mm2 and from 900 to 300 mm2, respectively [73]. Therefore, NAR has received 

increasing attention for ophthalmological applications via a topical route to treat 

posterior segment diseases [458, 459] (Figure 3.3). 
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Figure 3.3: The effect of NAR on corneal area of neovascularization after alkali-induced 

corneal burn/vehicle, which was determined after 3 days (left) and 7 days (right). Results are 

provided as mean ± SD (n = 5) [73].  

There are several methodologies and technologies used to create SCL-based ODDS, 

and these techniques have been extensively reviewed [220]. Such approaches include 

‘soak and release’, direct entrapment, molecularly imprinted SCL, nanoparticle-loaded 

SCL, and surface modified SCL. Additionally, with the improvement of the daily-

disposable SCL market worldwide, as well as extended wear SCL, this technology can 

potentially reduce redness and irritation as it limits the eye contact with other 

preservatives used in many topical formulations. Many early studies on the 

incorporation of drugs into SCLs focused on soaking the lenses in drug solution [460]. 

This approach is widely known as the ‘soak and release’ method, which is the simplest 

and the cheapest approach to loading drugs into SCLs. This technique was widely used 

in several studies to load the drug in the CLs [461-463]. Another commonly used 

approach in the preparation of drug-loaded SCL is by directly adding a therapeutic 

agent into the SCL by adding it into the pre-polymerized monomer mixture before 

polymerization, known as direct entrapment [51]. 

The current study involved the manufacture and characterization of a hydrogel SCL 

impregnated with NAR. Although there has been an extensive amount of work carried 

out on the development of therapeutic-loaded hydrogels, the majority of those did not 

involve the manufacturing of a commercial-quality SCL using a commercial-standard 

manufacturing process. Out of 50 articles published from 2016-2022 in various 
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scientific journals, 16 studies used a sheet of hydrogel/silicone hydrogel lens materials 

(e.g., [374, 464]), while another 18 studies used commercial lenses and modified those 

rather than fabricating them to commercial standards on-site (e.g., [93, 465]). It was 

noted that the remaining 16 studies used cast moulding techniques to fabricate a lens, 

and all used an approximation of commercial lens’ polymeric materials rather than a 

commercial formulation. Furthermore, the synthesis of SCLs in those articles 

generally involved prolonged curing hours (e.g., 8-24 hours) and harsh extracting 

conditions (e.g., boiling water for 5 hours to 3 days [374, 461]). These lens 

manufacturing approaches, to the best of the author’s knowledge, are not commonly 

used in the industrial manufacturing process of a commercial SCL. In addition, most 

of the hydrogel lenses that have been used are HEMA-based and are not commercial 

lens monomer mixtures, while in this study, the chosen monomer mixture formulation 

is predominantly NVP-based and was fabricated under the manufacturing process of a 

commercial lens. Therefore, it is of scientific value to investigate the impact of loading 

a therapeutic agent into a commercial hydrogel SCL. Furthermore, as mentioned by 

Brian Pall, a director at Johnson & Johnson Vision Care, there were various challenges 

with the commercialization of the first therapeutic SCLs [466]. After being 

successfully incorporated into the lens matrix, it is important to investigate whether 

the drug can diffuse out of the lens matrix once it is placed on the eye. Therefore, 

besides ensuring that the developed drug-loaded lens exhibits all the critical 

commercial lens parameters, the preliminary study should also include its release 

behavior.  

The aim of this chapter was to investigate the feasibility of manufacturing NAR-loaded 

SCLs, prepared by both direct entrapment and ‘soak and release’ approaches, to act as 

a potential ODDS that has comparable properties to a commercial lens based on the 

relevant ISO standards.  
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3.2 Research Aims and Objectives 

The aims and objectives of this chapter are: 

• To manufacture NAR-loaded SCLs through two approaches: direct entrapment 

and ‘soak and release’. 

• To determine the amount of drug leaching throughout the lens manufacturing 

processes. 

• To fully characterize NAR-loaded lens for its physicochemical, mechanical, 

and dimensional properties. 

• To evaluate the in vitro release behavior of NAR-loaded lens and determine 

the kinetics of release through various mathematical models.  

• To compare the properties and release behaviors of the NAR-loaded SCLs 

prepared using a direct entrapment approach vs. those prepared using a ‘soak 

and release’ approach. 

3.3 Experimental Methodology 

3.3.1 Materials 

Monomer components, nesofilcon A pre-polymerized monomer mixture and Biotrue® 

ONEday contact lens’ moulds and contact lens (-3.00 SVS was used as the control lens 

throughout this study) were provided by Bausch + Lomb Ireland Ltd (Ireland). 

Naringenin (>98% purity), acetic acid (≥99% purity) and Tween® 80 (polysorbate 80, 

CMC: 0.012 mM, purity: not specified) were purchased from Sigma-Aldrich Ireland 

(Ireland). PBS (phosphate buffered saline tablets, purity: not specified) and Methanol 

(HPLC grade, >99% purity) were purchased from Fisher Scientific (Ireland). 

Ultrapure deionized water obtained from WhiteWater equipment (Ireland) was used 

throughout the study. 

3.3.2 Manufacturing of naringenin-loaded lenses 

NAR was entrapped in the WM SCL by adding NAR directly into the pre-polymerized 

monomer mixture. Four batches of NAR-loaded lenses coded L1, L2, L3, and L4 were 

manufactured by adding 6.96, 5.66, 3.48 and 2.18 mg/mL of NAR in pre-polymerized 

monomer mixture.  

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/monomer
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/tween-80
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/deionized-water
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NAR was entrapped in the WM SCL by soaking a lens in the drug solution. Two 

batches of NAR-loaded lenses coded L5 and L6 were manufactured by soaking each 

lens in 0.28 and 0.9 mg NAR in 3 mL 0.1% Tween® 80 in PBS, pH 7.4 for 72 hours. 

The NAR-loaded SCLs were manufactured using the procedure described in Section 

2.2.1. 

3.3.3 HPLC quantitation of naringenin 

NAR was assayed by a gradient, reversed phase HPLC methodology using a Waters, 

Symmetry® C18 column (150 mm x 4.6 mm, 5 µm particle size). Method conditions 

were adapted from the study carried out by Zhang et al. [467] with a reduction in 

running time to 15 minutes. The mobile phase consisted of 0.1% acetic acid in water 

(A) and methanol (B), and each solvent was degassed in an ultrasonic bath for at least 

45 minutes before use. Chromatographic separation was achieved using a gradient 

programme: 0-5 min (60:40 v/v A:B), 5-11 min (40:60 v/v A:B), 11-12.5 min (30:70 

v/v A:B), and 12.5-15 min (60:40 v/v A:B). Column temperature was held constant at 

30 °C with a 1 mL/min flow rate. The injection volume was 20 µL with each injection 

carried out in triplicate, and ultraviolet detection at 288 nm.  

Limit of detection (LOD) and limit of quantitation (LOQ) of NAR were obtained using 

calibration curve analysis within the range of 0.05-0.5 µg/mL and were calculated 

based on Equations 3.1 and 3.2.  

LOD = 3.3 x 
Sy

S
  Equation 3.1 

LOQ = 10 x 
Sy

S
 Equation 3.2 

Where:  Sy is the standard deviation of y-intercepts of regression lines. 

  S is the slope of the calibration curve. 

A stock solution of NAR (1 mg/mL) was prepared in MeOH. Appropriate dilutions 

were prepared from the above stock with MP to obtain dilutions in the range of 0.02 

µg/mL to 50 µg/mL for the analysis. 
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3.3.4 Characterization of naringenin-loaded lenses 

The following techniques were carried out as per methodologies described in Section 

2.3.4, Chapter 2: thermogravimetric analysis (TGA, Q50 model, TA instrument, UK), 

differential scanning calorimetry (DSC, Q2000 model, TA instrument, UK) and 

Fourier-transform infrared spectroscopy (FT-IR, Varian-660 IR and ATR-610 model, 

Varian, USA), and lens characterization techniques, with the following deviations: 

Light transmission: A Shimadzu UV-2401 PC, UV-Vis spectrophotometer was used 

to measure the light transmission.  

Equilibrium water content: Three measurements were carried out for each type of 

lens at room temperature after one hour immersed in water. 

Refractive index: The RFM340 refractometer (Bellingham+Stanley Ltd.) with a 

wavelength of 589 nm (sodium D-line) was used to measure the refractive index (RI) 

of all lenses as per ISO18369-4:2017 [400]. 

Wettability: A contact angle system G10 (Krüss Scientific, Germany) was used in 

this study.  

Tensile modulus: The TA.XT Express Enhanced (Stable Micro System, UK) 

instrument was used in this study to measure the tensile properties of the lenses.  

Lens’ diameter: Lens diameter, sagittal depth and centre thickness were measured 

using the Micrometre Calliper measurement tool through magnified glass at 5X. 

Values presented are averages of ten measurements for each lens. The generated 

results are comparative only and may not be reflective of the true value of nesofilcon 

A lenses. Dimensional measurements are dependent on temperature and test solution, 

which were carried out in air at room temperature in this work. Centre thickness results 

depend on the force used during the measurement due to the sponge type nature of the 

material. 

FT-IR: The KBr disc technique was used in this analysis. 

DSC:  All samples were analysed at 10 °C/min ramp rate from 0 °C to 200 °C.  

Statistical analysis was carried out as per Section 2.3.4. 
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3.3.5 Investigating the thermal and aqueous stability of naringenin 

3.3.5.1 Thermal stability of naringenin 

TGA: Approximately 5 mg of NAR was accurately weighed into a sample pan. Each 

sample was analysed from 20 to 500 °C at 10 °C/min heating rate. 

X-Ray Diffractometry: A X-Ray diffractometer, Bruker D8 Advance equipped with 

a copper source, operating at 4 kV and 40 mA using an SSD-160 detector, was used in 

this study. The instrument was operated in Bragg-Brentano geometry from 5-60° (2θ) 

with a CHC+ Temperature and Relative Humidity Chamber (Anton Parr). An Internal 

air scatter was equipped to limit beam divergence and reduce background interference. 

Prior to sample analysis the system was validated using a certified corundum reference 

standard. All samples were analysed using DIFFRAC.EVA software. XRD of NAR 

sample was analysed using the method described in Section 2.3.3.2 (non-ambient 

condition), using a 0.019° step size with 1s per step from 5 – 60° (2θ).  

3.3.5.2 Aqueous stability of naringenin 

The stability of NAR in the release media (i.e., PBS + 0.1% Tween® 80, pH 7.4) and 

in lens packaging solution (i.e., borate buffered saline, BBS) was investigated by 

implementing the HPLC method outlined in Section 1.3.5. Briefly, a NAR solution of 

1 mg/mL was prepared in either release media or BBS in a 15 mL centrifuge tube and 

was placed in a 37 °C incubator (SI500 shaking incubator, Stuart, Ireland) and shaken 

at 50 rpm for over 7 days. After each day, an amount of NAR solution was withdrawn 

from the tube for HPLC analysis. In addition, NAR stability in water at 123 °C (based 

on the sterilization condition) was also assessed in this study by analysing the water 

solution of NAR-loaded lens after sterilisation. 

3.3.6 In vitro release study of naringenin-loaded contact lenses 

Soaked and directly entrapped NAR-loaded SCL (sterilized lens stored in DI water) 

were placed in 5 mL of 0.1% Tween® 80 in PBS in glass vials, kept at 37 °C in an 

incubator with shaking at 50 rpm. At a predetermined interval, 500 µL of release media 

was withdrawn and replaced immediately with the same volume of fresh release media 
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to maintain sink conditions. The time points used in this study were 5, 10, 15, 20, 25, 

30, 40, 50 minutes, 1, 1.5, 2, 2.5, 3 – 8, 24, 48, 72, 96, 144, and 168 hours. 

NAR concentration was determined by HPLC, according to the procedure described 

in Section 3.3.3. The percentage cumulative drug release from a lens was calculated 

using Equation 3.3. 

%Cumulative drug release = (
𝑇𝑒𝑠𝑡𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒

𝐵𝑎𝑡ℎ 𝑣𝑜𝑙𝑢𝑚𝑒
∗ 𝑃𝑡) + 𝑃𝑡𝑐 Equation 3.3 

Where: Pt and Ptc are the percentage release at time ‘t’ and percentage release previous 

to time ‘t’, respectively; Tested volume (mL): volume of release media was withdrawn 

at a specified interval for HPLC analysis; Bath volume (mL): total volume of release 

media in a glass vial. 

3.4 Results and Discussion 

As mentioned in Section 3.1, NAR ophthalmic drops were previously shown to treat 

retinal diseases. One such study, carried out by Lin et al., demonstrated that 1 µg/mL 

NAR could increase the proliferation of retinal pigment epithelium cells while 

inhibiting the growth of human umbilical vein endothelial cells [468]. Therefore, it 

was essential to estimate the appropriate NAR concentrations to be used in this study 

that are within the therapeutic window appropriate to potentially treat posterior 

segment diseases. A required daily dose of approximately 500 µg was calculated based 

on the ocular pharmacokinetics of 1% NAR eye drops in rabbits [469]. In addition, the 

%drug clearance upon the application to the cornea and when it reached the retina, 

which was calculated to be ~99%, based on NAR pharmacokinetic study carried out 

by Lin et al. [469]. It is widely investigated that SCLs can significantly enhance drug 

residence time [220], and thus, as high as 50% ocular bioavailability could be observed 

in comparison to 1-5% ocular bioavailability in eye drops. Hence, the NAR therapeutic 

concentration range to be loaded into the developed SCLs was calculated for this study 

to be 14 – 66 µg/day. 

Given that there are several processes involved in the fabrication of the SCLs, it is 

essential to quantify the amount of drug loss through each stage of the process, and 

subsequently, the precise amount of drug uptake in the lens. This would facilitate the 

ability to precisely quantify the amount of loaded NAR in the NAR-loaded lens for the 
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in vitro release. To accurately determine the amount of NAR present in the finished 

NAR-loaded lens before carrying out an in vitro release study, the amount of NAR 

loss through each stage of the process (i.e., drug leaching) was quantified. The 

percentage of NAR uptake in a finished NAR-loaded lens was quantified with respect 

to the initial amount of added NAR into the pre-polymerized monomer mixture (for 

direct entrapped lens), and the amount of added NAR into the soaking solution (for 

‘soak and release’) lens (Table 3.1). 

Table 3.1: Summary table illustrating an actual NAR loading concentration for L1-L6 lenses, 

the percentage drug loss through the manufacturing processes, and the percentage of NAR 

uptake for each lens type (n = 3).  

Lens 

ID 

%Drug present in 

the dry lens 

%Drug loss through 

hydration, 

extraction, and 

sterilization steps 

% NAR 

uptake 

NAR 

(µg/lens) 

L1 

43.9 ± 9.0 17.65 ± 0.47 
47.08 ± 

3.32 

23.54 ± 1.66 

L2 28.45 ± 1.92 

L3 39.63 ± 1.16 

L4 51.14 ± 1.09 

L5 
N/A 33.45 ± 0.06 

18.10 ± 

1.50 

15.45 ± 1.50 

L6 55.51 ± 0.83 

3.4.1 HPLC quantitation methods for the analysis of naringenin 

A calibration curve was obtained by plotting peak area (mAu) versus concentration of 

NAR (µg/mL) giving a straight line over the entire concentration range, as presented 

in Figure 3.4. The calibration curve equation was identified to be y=56.741x + 1.6483, 

with a regression factor R2 of 0.999. As could be observed in Figure 3.4, NAR 

calibration curve showed good linearity in a range of 0.05-25 µg/mL. LOD is 

determined as the lowest analyte concentration that can be reliably distinguished from 

the analytical noise and at which the detection of such analyte is feasible [470]. While 

LOQ is the lowest concentration at which the analyte can be quantitatively detected 

with a stated accuracy and precision [470]. Equations 3.1 and 3.2 were used to 

calculate the LOD and LOQ of NAR (Figure 3.5(b)), and these values were determined 

to be 0.044 and 0.133 µg/mL, respectively. To ensure the accuracy and sensitivity of 

each individual analysis [471], as well as to eliminate possible instrumental and 

experimental variations from day-to-day, a 10 µg/mL NAR standard was included in 

each analytical run.   



136 

 

 

Figure 3.4: Calibration curve of NAR in the linear range (a) of 0.05-25 µg/mL and (b) 0.1 – 

1 µg/mL. The regression factor value on each graph is recorded. 

3.4.2 Investigating the thermal and aqueous stability of naringenin 

3.4.2.1 Thermal stability of naringenin 

It was essential to investigate the thermal stability of NAR to ensure its activity was 

maintained throughout the curing cycle, extraction, and sterilization steps. This was 

confirmed by TGA (Figure 3.5 (a)) and X-Ray Diffraction (Figure 3.5 (b)). 

(a) 

(b) 
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Figure 3.5: Naringenin thermal and crystalline profiles through (a) TGA (degradation 

temperature is recorded) and (b) XRD analysis. 

As could be observed from the generated thermal graph (Figure 3.5(a)), NAR was 

thermally stable up to 296.55 ± 2.89 °C. Thermal degradation of NAR was previously 

investigated by Latos-Brozio et al. through the use of TGA [472]. Their study 

demonstrated that NAR started degrading at 290 °C.   

XRD is commonly used to analyze the amorphous or crystalline state of materials, as 

well as their type of crystalline phase and chemical nature of a compound [473]. An 

XRD diffractogram of a number of drugs including budesonide, salmeterol xinafoate, 

ibrutinib and docetaxel showed sharp intensity peaks at 0-50°, indicating their 
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crystalline properties [144, 212, 474]. Figure 3.5(b) showed that the crystallinity of 

NAR was maintained throughout the whole curing cycle with strongly sharp peaks 

observed in the range of 2θ from 3° to 50°. A similar observation on NAR crystallinity 

was previously noted in Guan et al. work through XRD analysis [475]. 

3.4.2.1 Aqueous stability of naringenin 

NAR stability in water and release media (i.e., PBS + 0.1% Tween® 80, pH 7.4) after 

sterilization was investigated using HPLC analysis. NAR concentration at Day 1 was 

analyzed using HPLC to be 0.04 ± 0.03 µg/mL in water and 152.5 ± 2.8 µg/mL in 

release media, and after 4 weeks, the values of 0.04 ± 0.03 µg/mL and 149.8 ± 3.6 

µg/mL, respectively, were recorded (p-value > 0.05). The outcome from this analysis 

indicated NAR was stable in both water and release media at 37 °C for over 4 weeks. 

In addition, NAR stability in the lens packaging solution (i.e., borate buffered saline, 

pH 6.9-7.4) was determined to be stable for over 3 months (10.2 ± 1.4 µg/mL in Day 

1 and 9.34 ± 1.74 µg/mL in Day 90). Stability of NAR in aqueous solution at various 

pHs (3.5, 6.5 and 8.5) was investigated by Lucas-Abellan et al. which demonstrated 

that NAR concentration remained stable for 48 hours in all the three pH conditions 

[476]. 

3.4.3 Polymerization kinetics of naringenin-loaded lenses 

As mentioned in Chapter 2, a controlled and repeatable polymerisation process is 

essential in producing a commercial-quality lens. The polymerization kinetics of the 

blank pre-polymerized monomer mixture and its monomeric components were 

previously analysed in Chapter 2 (Section 2.4.3.1). In this section, the DSC data of the 

pre-polymerized monomer mixture with NAR (L1-L4 lenses) at various 

concentrations was investigated using the same method in Section 2.3.3.2, by the heat 

flow curves, where the heating rates matched the lens curing cycle. As expected to be 

seen in a radical polymerisation mechanism, the three stages included initiation (i.e., 

decomposition of an initiator to form the primary radicals), propagation (of radicals by 

reacting with monomer molecules) and termination (of two macro-radicals to form 

polymer chains) were observed in Figure 3.6 [413].  
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Figure 3.6: Polymerization kinetics of the pre-polymerization monomer mixture (without and 

with NAR, i.e., CEP/blank WM, and L1-L4 lenses) as a function of time (n = 3). 

As could be observed from Figure 3.6, the polymerization kinetics of the lens pre-

polymerization mixture with and without the presence of NAR provided similar 

thermal profiles. Following the thermal data generated from this experiment (Table 

3.2), it was suggested that the addition of NAR did not significantly alter the 

polymerization of the pre-polymerized monomer mixture of the lens monomer. For an 

example, the reaction enthalpy values evolved from the first initiation process of the 

polymerization (Peak 1) were 268.9 ± 17.1 for nesofilcon A monomer and 278.2 ± 

16.0 J/g for L1 lens. Therefore, it was suggested that the formulated NAR-loaded lens 

could potentially exhibit the lens’ critical properties that are comparable to the 

CEP/blank WM lenses.  
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Table 3.2: Thermal data on peak temperatures and reaction enthalpy derived from the 

polymerization of pre-polymerized monomer mixture with and without the presence of NAR 

(n = 3, p-value > 0.05). 

Sample 

Peak 1 Peak 2 

Temperature 

(°C) 

Reaction 

enthalpy (J/g) 

Temperature 

(°C) 

Reaction 

enthalpy (J/g) 

Nesofilcon A 

63.99 

268.9 ± 17.1 90.16 ± 0.27 260.1 ± 4.9 

L1 278.2 ± 16.0 90.28 ± 0.08 261.8 ± 10.9 

L2 302.8 ± 11.3 90.26 ± 0.10 261.2 ± 8.2 

L3 305.8 ± 10.4 90.32 ± 0.11 251.3 ± 4.0 

L4 284.2 ± 6.8 90.33 ± 0.04 245.7 ± 2.4 

3.4.4 Physicochemical and mechanical analysis of naringenin-loaded 

lenses 

3.4.4.1 Thermal analysis of naringenin-loaded SCLs 

Thermogravimetric analysis (TGA) was used to determine the degradation 

temperature of each lens type in the dry state, with and without the presence of NAR 

(Figure 3.7). 

 

Figure 3.7: TGA thermograms of CEP, WM and L1-L4 lenses, in the dry state, with 

degradation temperatures (°C) illustrated in the figure for each lens type (n = 3). 
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TGA analysis of CEP and blank WM lenses was previously reported in Section 2.4.2.2 

(Chapter 2), which had a degradation temperature at 365-368 °C. Figure 3.7 shows 

that all six lens systems maintained over 80% of their weight until 300 °C. No 

statistically significant different in the degradation temperature (i.e., weight loss) 

between all the four NAR-loaded lenses and the blank lenses could be observed (p-

value > 0.05). TGA analysis was previously used to confirm the thermal stability and 

thermoplasticity of a hydrogel material [477-479]. For example, Zhao et al. 

demonstrated that the addition of epigallocatechin gallate into the pHEMA CL, for 

inhibition of bacterial adhesion, did not significantly alter the material fusibility, which 

showed a good thermal stability up to 300 °C [478]. 

The thermotropic behaviour of dry-state (Figure 3.8) SCLs was investigated 

throughout this study. DSC determines the material’s glass transition temperature (Tg) 

by measuring material heat capacity as a function of temperature [480]. Tg correlates 

to the stiffness and flexibility of the polymer chains as it is determined by steric and 

electrostatic interactions [481]. The DSC cycle used in this study was previously used 

to determine the Tg value of a polymeric and hydrogel material [378, 420]. 

 

Figure 3.8: DSC thermograms of the CEP, blank WM, and NAR-loaded WM lenses (L1-L4 

denoting different concentrations of NAR loaded through direct entrapment). All lens systems 

were in the dry state (n = 3) and the instrumental value for Tg is reported. 
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A reduction in the Tg value (Table 3.3) of the fabricated NAR-loaded lens was 

observed following the addition of NAR, and the higher the concentration of added 

NAR, the lower the Tg value (p-value < 0.05 for L4). This was believed to be due to 

the presence of NAR in the polymer matrix, which had a plasticizing effect [482]. Tg 

of a SCL is correlated to the lens’ water content, and hence, this value can influence 

on-eye comfort, lens movement, as well as water, ion, and oxygen transport in the lens 

[483]. In polymers, the ability of a molecule to move within the matrix increases when 

the Tg of such material decreases, which is determined by the relaxation state of the 

polymer host matrix [484]. A lower Tg value indicates that there is less intermolecular 

constraint in the motion of the chain segment of the main polymer in the lens, and thus, 

the higher its water content [483, 484]. However, as can be observed from Table 3.3, 

the water content of all four concentrations of NAR-loaded lenses, prepared by a direct 

entrapment approach, showed no statistically significant difference to each other (p-

value > 0.05).  

The Tg of the fabricated lens (predominantly NVP-based) in this study was compared 

with the literature value Tg for PVP polymer of 10k Da, which falls in a range between 

66-124 °C [421]. This value is dependent on the molecular weight of PVP and can also 

vary upon interacting with the other monomer components in the pre-polymerization 

mixture [423]. It should be noted that only Tg values of a material prepared using the 

same procedure should be compared to each other because they depend on various 

experimental factors (e.g., drying method, heating rate, as well as degree of cross-

linking and MW distribution). 

The hydrated state of the developed ‘soak and release’ NAR-loaded lenses (L5 and 

L6) was also analyzed using DSC at a different heating rate, with the aim of studying 

their thermotropic behaviours (Figure 3.9). 
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Figure 3.9: DSC thermograms of the CEP, blank WM, and L5 and L6 lenses. All lens’ systems 

were in the hydrated state and the instrumental value for Tg is reported (n = 3). 

Figure 3.9 shows that the thermograms obtained for L5 and L6 lenses were similar to 

those of CEP and blank WM lenses. As described in detail in Section 2.4.2.3 (Chapter 

2), the two peaks that appeared before and after the 0 °C point are related to the fusion 

of water upon the interaction with the hydrogel network. It could be seen that there 

was no significant difference in the thermograms of the NAR-loaded lenses and the 

blank lenses (p-value > 0.05). For instance, loosely bound water appeared at -0.43 ± 

0.19 °C and -0.65 ± 0.08 °C, while peaks at 1.72 ± 1.63 °C and 2.05 ± 0.89 °C indicated 

the presence of free water molecules, for blank WM and L6 lenses, respectively. A 

broad peak at around 100 °C was observed in all four lens systems, indicating the 

evaporation of water. Tg values of a hydrated hydrogel were also previously measured 

using DSC [477, 484, 485]. Using a similar method, Lira et al. determined the Tg of 

the hydrated lens (nesofilcon A) to be 24.86 °C [484]. However, in the present study, 

the Tg peak of each lens system could not be identified in their DSC thermogram 

(Figure 3.9). This was potentially due to the high-water content of the studied lenses, 

and as a consequence, this response was possibly masked and could not be detected.   
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3.4.4.2 Equilibrium water content of naringenin-loaded SCLs 

The equilibrium water content (EWC) of a SCL is directly related to the lens comfort 

and is also closely related to their dehydration rate [218]. As discussed in the recently 

published review of the author [218], there are several limitations associated with this 

technique which could result in a significant difference between different operators. 

Hence, it should be noted that the value of the CEP lens in this test was for comparative 

purposes only; the published water content of nesofilcon A materials is 78% [398]. 

The average percentage EWC and its standard deviation for each lens type are 

tabulated in Table 3.3. The obtained data demonstrated that the %EWC values of the 

NAR-loaded WM lenses (e.g., 75.5 ± 0.6% for L1 lens) was similar to those obtained 

in the CEP and blank WM lenses, which were 76.0 ± 0.5% and 75.8 ± 0.2% at 25 °C, 

respectively (p-values > 0.05 at 25 °C), which was also within the ISO tolerance limits 

for water content of a SCL [399]. Additionally, low standard deviation in %EWC 

values implied that the WM lenses were manufactured uniformly. A statistically 

insignificant reduction in the percentage of equilibrium water content between the 

soaked timolol and HA lens (92.54% ± 3.54%), and the control lens (92.45% ± 3.76%) 

was previously observed [486]. For the treatment of glaucoma, Desai et 

al. investigated the co-delivery of timolol and hyaluronic acid from semi-circular ring-

implanted CLs, which were made of 66.9% HEMA, 0.05% EGDMA, 31% DMA, 

0.01% TRIS, 0.1% NVP and 0.05% Irgacure D [486].  

3.4.4.3 Refractive index of naringenin-loaded SCLs 

The required RI value for a commercial SCL should typically not exceed 1.55 [400]. 

An RI range of 1.37 – 1.43 was reported as reference values for commercial hydrogel 

and silicone hydrogel SCLs [302, 305]. Table 3.3 demonstrates that the fabricated WM 

NAR-loaded lenses produced similar RI values in comparison to the unloaded WM 

lens (p-value > 0.05), which was 1.373. This value agreed with previous work carried 

out on nesofilcon A lens, which showed an RI value of 1.3726 ± 0.0003 [484]. 

Additionally, following the ISO 18369-2 standard, this difference is within the 

tolerance limit (± 0.005) for RI values of SCLs [399]. Hence, the WM lenses with 

varying NAR concentrations produced a comparable RI value to the CEP lenses.  

https://www.sciencedirect.com/topics/nursing-and-health-professions/timolol
https://www.sciencedirect.com/topics/nursing-and-health-professions/hyaluronic-acid
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In addition, given that the standard deviation is low in both cases, the tests provided 

reproducible and reliable results. Even though the RI is one of the critical properties 

that commercial SCLs should be evaluated for according to the ISO 18369–1:2017 

standard [433], this property has not been investigated in therapeutic-loaded SCL 

research. 

3.4.4.4 Light transmission of naringenin-loaded SCLs 

The optical clarity of the SCLs with the addition of NAR was assessed and as per Table 

3.3, an average transmittance of over 97% (in the visible region) relative to the CEP 

lenses was observed in the fabricated NAR-loaded lenses (L1-L6 lenses) at different 

concentrations and was within the ISO tolerance limits for light transmission of a SCL 

[399]. This result indicated that the WM and NAR-loaded WM lenses produced by 

both direct entrapment and ‘soak and release’ approaches provided sufficient optical 

clarity for commercial use as ophthalmic medical devices. Similar observations were 

noted in previous works on therapeutic SCLs [374, 487]. For instance, the effect of 

loading cyclosporine A into pHEMA hydrogel on its light transmission was 

investigated by Kapoor et al. [380]. Given that there was sufficient drug solubility in 

the pHEMA matrix, the hydrogel optical clarity remained clear (>95%). 

3.4.4.5 Contact angle measurement of naringenin-loaded SCLs 

Wettability is a crucial characteristic since it determines the spreading ability of the 

tear film along the material surface as discussed in Section 1.4.6.7. From Table 3.3, it 

can be observed that the CA of the lens increased slightly with an increase in the 

amount of NAR loaded into the lens for the direct entrapment approach (p-value < 

0.05). As an example, the CA value increased from 40.35° ± 0.66° in blank WM lens, 

to 42.23° ± 0.88° and 45.76° ± 0.87° for L1 and L4 lenses, respectively, which was 

expected due to the hydrophobicity of NAR. The CA of the HEMA/PVP lenses (water 

content: 60.7 ± 0.3%) was previously determined to be 42° ± 3° using a captive bubble 

method [420], and the CA range in Silva’s work was between 40° – 46°. Lin et al. 

[338] cited that the acceptable range of CA of commercial SCLs is 11° – 83°, 

demonstrating that the produced WM lenses have a suitable hydrophilicity to be used 

as ophthalmic medical devices. The results in this work agree with several other studies 

that have also used water [337, 386, 420].   
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The wettability of the hydrated unloaded and drug-loaded CL (levofloxacin and 

chlorhexidine), with and without the addition of vitamin E (20%) was investigated by 

Paradiso et al. [488]. There was no statistically significant effect on the CA of the lens 

before and after the incorporation of drugs and/or vitamin E, with θwater in a range 

between 30° and 40° [488]. 

Although tear fluid and water have distinctive characteristics, this study was carried 

out in water rather than simulated tear fluid (STF) to investigate the raw material’s 

property. If the measurement was done in STF, the lens matrix could potentially take 

up the components that are present in the solution, which in turn could affect the 

outcome of the inherent wettability of the SCL material.  

3.4.4.6 Tensile modulus of naringenin-loaded SCLs 

As discussed in Section 1.4.6.8, it is essential to examine the modulus of a SCL upon 

incorporation of an analyte as this property is directly related to the lens’ handling and 

durability. The Young’s moduli of eight different types of lenses were investigated. 

From the generated data, calculations for mechanical properties of the material were 

carried out to determine the Young’s Modulus of the SCLs. Generally, in the case of 

stress-strain graphs in experimental cases, the slope of the curve changes between the 

origin and terminus of the graph [340]. The Young’s modulus values for the eight lens 

systems were compared (Table 3.3). All 7 types of fabricated lenses (e.g., 0.54 ± 0.06 

MPa for CEP lens, and 0.53 ± 0.06 MPa for L4 lens) showed no statistically significant 

difference in modulus in comparison to the CEP lenses (0.53 ± 0.05 MPa, p-value > 

0.05). The standard deviation was low in all cases, which implied that this technique 

is feasible for determining the hydrogel Young’s moduli, and that WM lenses were 

produced consistently. Using a similar method, Toffoletto et al. examined the modulus 

of intraocular lens (pHEMA) before and after loading bromfenac sodium or 

dexamethasone sodium phosphate using a molecular imprinting approach [91]. When 

compared with the unloaded lens, the Young’s modulus of the drug-loaded lens did 

not change significantly and were in a range of 3.5-4 MPa [91].  

 



147 

 

The Young’s modulus value for hydrogels such as pHEMA is expected to be 

approximately 0.5 MPa [435], with a range of 0.1-1.9 MPa recorded for conventional 

hydrogel lenses, depending on the lens’ components and its water content [340]. Since 

the Young’s modulus values of the NAR-loaded WM lenses from this experiment are 

within the range of other hydrogel materials with similar composition, they could be 

considered as an appropriate material for commercialized hydrogel SCLs.  
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Table 3.3: Summary table of the fabricated lens’ physicochemical and mechanical properties. 

Lens sample 
%T  

(n = 3) 

%EWC 

(n = 3) 

Refractive index  

(n = 3) 

Contact 

angle (°) 

(n = 10) 

Young’s 

modulus 

(MPa) 

(n = 10) 

Tg (°C)** 

(n = 3) 

Degradation 

temperature (°C) ** 

(n = 3) 

CEP 98.1 ± 0.7 76.0 ± 0.5 1.373 ± 0.000 41.22 ± 0.57 0.53 ± 0.05 80.2 ± 1.5 366.6 ± 2.1 

WM 98.2 ± 0.8 75.8 ± 0.2 1.373 ± 0.000 40.35 ± 0.66 0.54 ± 0.06 79.7 ± 1.6 365.5 ± 1.9 

L1 98.9 ± 0.5 75.5 ± 0.6 1.373 ± 0.000 42.23 ± 0.88+ 0.52 ± 0.04 77.5 ± 2.5 365.3 ± 0.8 

L2 98.2 ± 0.4 75.4 ± 0.5 1.373 ± 0.000 44.33 ± 0.49+ 0.51 ± 0.05 76.3 ± 1.9 365.4 ± 1.3 

L3 97.8 ± 0.3 75.1 ± 0.6 1.373 ± 0.000 46.03 ± 0.70+ 0.50 ± 0.06 75.0 ± 4.5 366.4 ± 2.1 

L4 97.6 ± 0.5 75.6 ± 0.6 1.373 ± 0.000 45.76 ± 0.87+ 0.53 ± 0.06 71.9 ± 3.6+ 365.3 ± 0.8 

L5 98.2 ± 0.8 75.8 ± 0.7 1.373 ± 0.000 45.52 ± 0.75 0.55 ± 0.08 N/A N/A 

L6 98.2 ± 0.6 75.9 ± 1.0 1.373 ± 0.000 44.47 ± 0.97+ 0.53 ± 0.07 N/A NA 

ISO tolerance 

[399] 
± 5% absolute* ± 2% absolute* ± 0.005 absolute* N/A N/A N/A N/A 

*   : values from the blank WM lens. 
+      : values exhibit a p-value < 0.05 in comparison to the CEP lens. 

** : measurement was carried out on samples in the dry state only. 
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3.4.4.7 Fourier transform infrared spectroscopic analysis of 

naringenin-loaded SCLs 

The spectroscopic characterization of hydrogel SCL and their monomer components 

was performed by Fourier-transform infrared spectroscopic analysis (FT-IR). The FT-

IR spectra of NAR, CEP, blank WM, and L1-L4 lenses, all were in the dry state, are 

shown in Figure 3.10 and Table 3.4.  

 

Figure 3.10: FT-IR spectra of blank WM, and L1-L4 lenses (all were in dry state). 

Because NVP is the main component in the nesofilcon A monomer mixture, it was 

expected that the FTIR spectra of the developed WM lenses and the CEP lens would 

exhibit the characteristic peaks of PVP (poly-vinylpyrrolidone). For the developed 

NAR-loaded lenses formed through a direct entrapment approach, all characteristic 

bands present in FT-IR spectra of CEP and blank WM lenses appeared in the FT-IR 

spectrum of the obtained hydrogel. The two characteristic peaks (C-N stretching) at 

1287 cm-1, indicative of NVP (Figure 2.22(c)) was observed in all cases. A 

characteristic NAR peak at 1711 cm-1 (C=O stretch) [467, 489, 490] could be observed 

in the L3 and L4 lenses spectra (Figure 3.10), which was not visible in the FT-IR 

spectra of CEP, blank WM, as well as L1 and L2 lenses. This observation suggested 

that due to the low drug concentration in L1 and L2 in comparison to L3 and L4 lenses 

(e.g., 23.54 ± 1.66 µg/lens in L1 vs. 51.14 ± 1.09 µg/lens in L4), their FTIR spectra 
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showed no significant difference to the blank WM lens spectrum. Similar observations 

were noted in a work carried out by Pereira-da-Mota et al. [374], which investigated 

the potential interactions of atorvastatin-loaded pHEMA hydrogel through the use of 

FTIR analysis. Their study demonstrated that this technique was not sufficient to 

characterize the intermolecular interactions between atorvastatin and the pHEMA 

hydrogel matrix of the developed drug-loaded hydrogels due to the low drug content 

(i.e., 5.81 ± 0.12 mg/g of hydrogel) [374].  

Table 3.4: Spectral band assignment of the blank WM, L1-L4 lenses, all were in a dry state. 

Ref. peak 

position  

(cm-1) 

Functional 

group 
WM L1 L2 L3 L4 

3381 [437] 

3396 [438] 
O-H stretching 3400 3400 3400 3400 3400 

2933 [437] 

2852 [438] 

Aliphatic 

carbon (-CH3, -

CH2) 

2919 2919 2919 2919 2919 

1719 [437] 

1701 [439] 

1644 [438] 

C=O stretching 

(pyrrolidone 

group) 

1721 1722 1723 1725 1726 

1711 C=O stretching - - 1711 1711 1711 

1620 [437] C=C stretching 1656 1657 1658 1659 1659 

1451 [437] 

1423 and 

1371 [438] 

 

Deformation of 

aliphatic 

carbon            

(-CH2) 

1423 1423 1423 1423 1423 

1246 [437] 

1279 [438] 
C-N stretching 1287 1287 1287 1287 1287 

1151 and 

1075 [437] 

C-O-C 

stretching 

1163-

1100 

1163-

1100 

1163-

1100 

1163-

1100 

1163-

1100 

A shift in wavenumbers of the two characteristic peaks represented C=O stretching 

and C=C stretch could be seen in NAR-loaded lenses in comparison to blank WM lens. 

An intense peak at 1721 cm-1 observed in the CEP and blank WM lenses spectra 

represented the C=O stretching from an aliphatic ketone in NVP, which was also 

observed in other FTIR analysis on NVP [437-439], shifted to 1726 cm-1 in L4 lens 

spectrum. These observations indicated the presence of NAR within the lens matrix 

with possible weak dipole-dipole interaction between the lens’ polymeric matrix and 

the drug. Based on this analysis, it was predicted that the drug release rate from the 
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developed NAR-loaded SCLs would be high, and a burst release might be observed. 

It was previously cited that the increase in crosslinker density within the hydrogel 

matrix would decrease the drug release rate, which was due to the fact that the drug 

had a strong interaction with the matrix, and thus, resulted in lesser and slower release 

[491]. 

3.4.5 In vitro release studies of naringenin-loaded lenses 

Since NAR is sparingly soluble in aqueous solution, the in vitro release study of the 

NAR-loaded lens was carried out in 0.1% Tween® 80, in PBS (pH 7.4) to increase its 

water solubility, from 20.1 µg/mL (in PBS) to 152.5 µg/mL. Solubility and dissolution 

rate are vital factors to investigate the ocular bioavailability of a drug, and thus, it is 

essential to increase the dissolution of a poorly water-soluble drug (i.e., NAR). Tween® 

80 has been commonly used in the development of ocular drug delivery [492] and in 

vitro release studies for different drug delivery systems to enhance the solubility of a 

therapeutic agent [7, 493]. Human tear film is comprised of three layers including: the 

outer lipid layer, the middle aqueous layer and the inner mucin layer that interacts with 

the corneal epithelial surface [20]. Each layer in the tear film contains different 

compounds, including proteins, polar and nonpolar lipids, electrolytes, mucins, and 

water. The most abundant lipids present in human tear fluid are phospholipids, free 

fatty acids (FFAs), triglycerides (TGs), cholesteryl esters (CEs), and wax esters [494]. 

Of those, FFAs, TGs and CEs are considered as neutral lipids. Hence 0.1% Tween® 

80 was used in this study to ensure sink conditions were maintained for the release of 

NAR.  

These drug release kinetic models were previously used in a number of studies in the 

same area [140, 143, 283, 358]. The percentage cumulative drug release (%) profiles 

for an initial daily release (24 hours) and a 7-day release for L1-L6 lenses are shown 

in Figure 3.11 below. 
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Figure 3.11: In vitro release profiles of NAR-loaded lenses in (a) 24 hours, and (b) 7 days, 

prepared by both direct entrapment and ‘soak and release’ approaches (n = 3).  

As can be observed in Figure 3.11, all six batches showed a controlled and sustained 

NAR release in the first 24 hours, followed by a stabilized release of NAR over the 

next seven days. It also shows that there was no correlation between the loaded NAR 

concentration and the lens’ release profile. The outcome demonstrated that NAR 

concentration released from the six developed NAR-loaded lens’ systems is within the 

estimated therapeutic range, which was calculated at the end of the first 24 hours of 

 

 

(a) 

(b) 

 

 

(a) 

(b)  

 

(a) 
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(a) 
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release (17.88, 19.04, 28.03, 40.46, 13.91 and 54.42 µg/day L1, L2, L3, L4, L5 and 

L6, respectively). Since this is a daily disposable SCL, the majority of drug would 

need to be released within a day for it to be therapeutically relevant. When compared 

with a different work on therapeutic SCL published previously [495], which 

investigated the in vitro release profiles of a hydrophilic drug naringin from the 

pHEMA hydrogel lenses, a different release pattern was observed. The work carried 

out by Kwak et al. demonstrated a sustained release of naringin from the hydrogel SCL 

for a month [495]. It is worth noting that the developed lens in this study is NVP-

based, while many hydrogel materials used in the development of therapeutic lens are 

HEMA-based. Hence, it was expected that there would be a difference in lens’ 

properties and behaviour upon the incorporation of a drug.  

By applying various mathematical models: zero-order, first-order, Higuchi, and 

Korsmeyer-Peppas, the release mechanism of NAR-loaded lenses at various NAR 

concentrations was investigated. The applicability of all the models was tested up to 8 

hours (i.e., 480 minutes, initial release). From the generated data, the correlation 

coefficient (R2), diffusion exponent (n), and rate parameter (k) values (Table 3.5) were 

calculated to identify the best fit model to describe the release mechanism of the NAR-

loaded lens. 

Table 3.5: Kinetic release data for the first 8 hours obtained from zero order, first order, 

Higuchi and Korsmeyer-Peppas mathematical models from the prepared NAR-loaded lenses. 

Lens 

type 

Drug release kinetic data 

Zero order 

(k unit: M/s) 

First order 

(k unit: 1/M) 

Higuchi 

(k unit: M/s1/2) 

Korsmeyer-

Peppas 

L1 
R2: 0.8114 

k = 0.1373 

R2: 0.5939 

k = 0.0015 

R2: 0.9433 

k = 3.5792 

R2: 0.9533 

n = 0.5001 

L2 
R2:0.8120 

k= 0.1182 

R2: 0.5814 

k = 0.0015 

R2: 0.9432 

k = 3.0794 

R2: 0.9451 

n = 0.4893 

L3 
R2: 0.7493 

k = 0.1257 

R2: 0.5799 

k = 0.0015 

R2: 0.9315 

k = 3.2893 

R2: 0.9447 

n = 0.4946 

L4 
R2: 0.7808 

k = 0.1426 

R2: 0.5492 

k = 0.0015 

R2: 0.9247 

k = 3.7497 

R2: 0.9292 

n = 0.5096 

L5 
R2: 0.7865 

k = 0.1650 

R2: 0.4452 

k = 0.0017 

R2: 0.9275 

k = 4.3298 

R2: 0.8330 

n = 0.5956 

L6 
R2: 0.7991 

k = 0.1624 

R2: 0.3920 

k = 0.0019 

R2: 0.9355 

k = 4.2472 

R2: 0.7727 

n = 0.6759 
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As can be observed from Table 3.5, the initial release of NAR (in the first 8 hours) 

from the fabricated lens in all six systems indicated a good fit (highest R2 values) for 

both Higuchi and Korsmeyer-Peppas models, suggesting that the mechanism of NAR 

release is mainly governed by diffusion. The diffusion exponent values ‘n’ obtained 

from the Korsmeyer-Peppas model for L5 and L6 lenses was higher than 0.5 (i.e., 

0.6759 and 0.5956, respectively), indicating a non-Fickian release type. Hence, the 

mechanism of NAR release is governed by both diffusion and swelling for this system 

[496, 497]. L1-L4 lenses showed ‘n’ values that were very close to 0.5 (i.e., L1: 0.5001 

and L4: 0.5096) or slightly less (i.e., L2:0.4893 and L3:0.4946), suggested that these 

systems are driven by diffusion mechanism through the swollen polymeric network. 

The above observation agrees with previous studies on drug-loaded hydrogels, 

suggesting that the release of drug from the hydrogel is governed by a diffusion-

controlled mechanism. Work carried out by Pereira-da-Mota et al. on atorvastatin-

loaded hydrogel (HEMA-based) demonstrated that the best fitted mathematical model 

for the developed system was Higuchi, with R2 values are above 0.98 [374]. Aiming 

to investigate the novel material to be used in the development of therapeutic hydrogel 

lens, Jeencham et al. investigated the use of chitosan and regenerated silk fibroin 

blended films as SCL materials for the delivery of diclofenac sodium [498]. The in 

vitro drug release results from all tested drug-loaded hydrogels in Jeencham’s study 

implied that Higuchi is the best fitted model. 

The kinetic data from Table 3.5 also demonstrated that L5 and L6 exhibited a faster 

release rate in comparison to those fabricated using a direct entrapment approach. 

While the k values in the Higuchi model for L1-L4 lenses are in a range of 2.8-3.8 

M/s1/2, a value of 4.2-4.3 M/s1/2 was obtained for L5 and L6 lenses. The obtained 

release patterns are as predicted from the FTIR analysis in Section 3.4.5.7 with regard 

to the impact of intermolecular interactions between NAR and polymer on in vitro 

release behavior of a drug-loaded SCL. By loading NAR into the lens using a direct 

entrapment approach, a higher crosslinking was expected in comparison to those 

prepared using a ‘soak and release’ approach. This observation was in agreement with 

a previous study by Maulvi et al. [460], which was potentially due to a loose binding 

of drug in the polymer matrix in the ‘soak and release’ lens in comparison to the lens 

prepared using a direct entrapment approach. Additionally, it has been suggested that 

the soaking duration of a lens in the drug solution could have an impact on the 
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distribution of drug throughout the lens matrix, which in turn, could potentially impact 

on the diffusivity of a drug and, therefore, its release profile [499].  

3.4.6 Dimensional analysis of naringenin-loaded lenses 

To evaluate the feasibility of commercialization of the developed drug-loaded SCLs, 

their dimensional properties were examined (e.g., lens diameter, sagittal depth, and 

centre thickness, Table 3.6). Due to the comparative nature of this test as noted in 

Section 2.4.4, it should be noted that the measured values for the CEP lens did not 

represent the true values of commercial nesofilcon A lens. The published dimensions 

for nesofilcon A lens are: 14.20 mm in diameter, sagittal depth of 3.820 mm and centre 

thickness of 0.100 mm [398].  

Table 3.6: Diameter, sagittal depth, and centre thickness values of the CEP and developed 

SCLs (n = 10). 

Lens type 
Diameter  

(mm) 

Sagittal depth 

(mm) 

Centre thickness 

(mm) 

CEP 14.18 ± 0.10 3.82 ± 0.09 0.116 ± 0.008 

WM 14.15 ± 0.09 3.79 ± 0.06 0.117 ± 0.008 

L1 14.03 ± 0.08 3.91 ± 0.07 0.116 ± 0.008+ 

L2 14.09 ± 0.10+ 3.77 ± 0.11+ 0.118 ± 0.007+ 

L3 14.12 ± 0.05+ 3.83 ± 0.08+ 0.128 ± 0.006 

L4 14.08 ± 0.09+ 3.75 ± 0.14 0.128 ± 0.009+ 

L5 14.13 ± 0.07 3.80 ± 0.08 0.122 ± 0.007 

L6 14.13 ± 0.09+ 3.86 ± 0.12+ 0.124 ± 0.007+ 

ISO tolerance 

limit [399] 
± 0.20 absolute* ± 0.05 absolute* 

± 0.010 + 0.10 

absolute* 

* : values from the blank WM lens. 
+  : values exhibit a p-value < 0.05 in comparison to the CEP/blank WM lens. 

As outlined in Section 3.3.4, this was carried out with a simple mechanical 

measurement tool, thus, the use of more sophisticated measuring devices (e.g., SNAP 

system, as outlined in Section 2.3.3.1, Chapter 2) would be required for 

commercialized measurement. The impact of drug loading on lens diameter and centre 

thickness was previously investigated by Gade et al. [500]. Using a solvent casting 

technique with stainless steel mould, an SCL, made of chitosan, polyethylene glycol 

400, and glycerol, was manufactured and had a diameter of 13.96 ± 0.17 mm with 241 

± 9 µm centre thickness.  
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An addition of moxifloxacin resulted in a reduction in both lens diameter (13.17 ± 0.25 

mm) and thickness (211 ± 4 µm), while an increase in lens diameter (14.03 ± 0.03 mm) 

and decrease in lens thickness (127 ± 5 µm) were observed for dexamethasone loaded 

SCL. The observation from that study could potentially attribute to the hydrophilic 

nature of moxifloxacin and hydrophobicity of dexamethasone, which would lead to a 

different interaction with the lens monomer mixture [500]. 

The tolerance limits for each dimensional parameter of all the measured developed 

SCLs, with and without NAR, were within the acceptance criteria according to ISO 

18369-2:2017 (E) [399]. Hence, the results (Table 3.6) demonstrated that the 

developed NAR-loaded lens exhibited what could be adequate lens dimensional 

properties for commercialization. All six developed NAR-loaded SCLs are visually 

observed to be similar to the blank WM lens, which was previously shown to be 

equivalent to the commercial CEP lens (Figure 3.12) 

 

Figure 3.12: Images of SCLs without (Blank WM) and with NAR at various concentrations 

(L1-L6), all lenses are at hydrated state.  
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3.5 Conclusions 

The development of therapeutic-loaded hydrogel SCLs for the controlled release of a 

drug has received considerable focus as an alternative approach to eye drops to treat 

various ocular diseases. This work was carried out using a commercial-standard 

process to manufacture a SCL to ensure the developed lens exhibited all the critical 

properties that are required of a commercial lens. 

Due to the favorable ocular pharmacology and pharmacokinetics of NAR in the 

treatment of posterior segment diseases, topical installation of NAR through daily 

disposable SCLs can potentially act as an effective alternative delivery system. This 

work investigated the feasibility for use of a NAR-loaded hydrogel contact lens 

fabricated using direct entrapment and ‘soak and release’ approaches to provide an 

extended release of NAR to treat diseases affecting the back of the eye. All the 

formulated NAR-lens’ batches were found to be suitable as a daily disposable SCL 

with respect to optical clarity, physicochemical, and dimensional properties when 

compared to the unloaded CEP lens (nesofilcon A). In vitro release studies under sink 

conditions showed that the loaded NAR in the lens can be released in a controlled 

manner for 24 hours within the estimated therapeutic window. Therefore, the outcome 

from this work suggested that the developed NAR-loaded SCLs can potentially be 

used as an alternative ocular drug delivery system to treat posterior segment diseases 

of the eye caused by oxidative stress.   

To improve the ocular bioavailability of NAR, which is significantly hindered by its 

low aqueous solubility, the next chapter of this work focuses on the development, 

preparation and characterization of an inclusion drug:cyclodextrin complex (i.e., 

sulfobutyl ether-ß-cyclodextrin). Additionally, with the purpose of increasing the 

controlled release and targeted delivery of NAR and to develop a more effective drug 

delivery system to treat retinal diseases, the development of NAR:CD complex in 

Chapter 4 would be incorporated into the developed SCLs of commercial quality.  
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4 FORMULATION AND OPTIMIZATION OF 

NARINGENIN:CYCLODEXTRIN INCLUSION COMPLEXES 

4.1 Introduction 

Topical administration of NAR, which had hydroxypropyl-ß-CD (HP-ß-CD) as an 

ingredient, was shown to markedly reverse NaIO3-induced retinal pigment epithelium 

degeneration and laser-induced choroidal neovascularization [469]. This was proposed 

to be due to a strong increase of ocular blood flow and its antioxidant activity. The 

results of pharmacokinetic experiments indicated that NAR penetrated both cornea and 

conjunctiva/sclera into the posterior segment (Tmax of aqueous humour-time of 

maximum concentration was 0.75 h and Cmax of aqueous humour-maximum 

concentration was 1325.69 ± 239.34 ng/mL) [469].  

The use of NAR is limited by its low water solubility and bioavailability [501]. It was 

reported that the absolute bioavailability of NAR was only 4% in rabbits when orally 

administered, where it was postulated that the low bioavailability was due to its poor 

solubility in gastro-intestinal fluid [502]. Although several studies were carried out to 

improve its water solubility and stability by using nano-dispersion [503] or enzymatic 

condensation [504] techniques, the solubility of NAR was not sufficiently improved. 

As an example, following the enzymatic hydrolysis processes at high temperature (303 

K) and pressure (160 MPa), the maximum solubility of NAR was only increased by 3-

fold to 1.5 M (in acetate buffer at 303 K) [504]. In addition, it is challenging for most 

drugs to reach therapeutic levels in intraocular tissues due to various barriers, as 

discussed in Chapter 1. Therefore, an efficient and non-toxic drug carrier merits 

investigation. The use of cyclodextrin (CD) to form an inclusion complex with the 

drug was found to be a promising approach to improve versatility, thermal stability, 

loading and controlled releasing profiles for many poorly water-soluble drugs [505-

507]. 

As mentioned in Section 1.3, derivatized CDs from the three parent groups have been 

shown to improve the inclusion capacity as well as solubility in an aqueous 

environment. SBE-ß-CD is a polyanionic ß-CD derivative composed of 7 α-D 

glucopyranose units with a molecular weight of approximately 2163 g/mol [508]. With 

an average of 7 substitutions, it possesses much greater water solubility compared to 
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its parent ß-CD. In addition, due to the hydrophobic butyl side arms that extend the 

hydrophobic cavity of SBE-ß-CD, the inclusion ability of this CD is generally greater 

than its parent CD (Figure 4.1). Compared to commercial eye drops (8558.77 ± 

2701.00 µg/mL.min), the inclusion complex formulation (15803.40 ± 2478.08 

µg/mL.min) was 1.7 to 1.8-fold higher in chloramphenicol (CHL) pharmacokinetic 

parameters in rabbit tear fluid. In addition, ocular irritation tests of the CHL:SBE-ß-

CD eye drops were also carried out, which indicated a good comfort profile [509]. 

   

Figure 4.1: Molecular structure of ß-CD (left) [207] and SBE-ß-CD (right). 

This chapter will investigate the formation of an inclusion complex of NAR:SBE-ß-

CD to increase NAR aqueous solubility, with the aim of enhancing the drug 

penetration and bioavailability of NAR (Figure 4.2). Subsequently, this developed 

inclusion complex will be incorporated into the developed WM hydrophilic soft 

contact lenses (SCLs) to develop an ODDS that can provide a targeted delivery of 

NAR, while enhancing its permeation within the eye to reach the posterior segment of 

the eye more readily than NAR alone. 
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Figure 4.2: Schematic representation of the formation of NAR:SBE-ß-CD (1:1) complex. 

A phase solubility (PS) study using both the Higuchi and Connors model and the 

Benesi-Hildebrand model was employed to establish the complex stoichiometry for 

the preparation of an inclusion complex of NAR with SBE-ß-CD. The complexes were 

prepared using a method developed by Wang et al. [212], by freeze-drying of a 

monophasic system. The formation of the drug-CD complexes was fully characterized 

using TGA, DSC and FT-IR to identify the optimum system for future study in 

subsequent chapters. Further, the solubility of the optimum complexes in water were 

also identified. Subsequently, the amount of NAR presented in 1 mg of the inclusion 

complex was determined using appropriate HPLC conditions. 

4.2 Research Aims and Objectives 

The aims and objectives of this chapter are: 

• To identify the optimum NAR:SBE-ß-CD complexation stoichiometry and 

concentration ratio to formulate NAR:SBE-ß-CD complexes. 

• To determine the optimum complexation method for the formation of NAR:CD 

inclusion complexes. 

• To fully characterize the physicochemical properties of the formed NAR:CD 

inclusion complexes. 

• To enhance NAR aqueous solubility by forming an inclusion complex with 

SBE-ß-CD. 

• To determine the amount of drug recovery in the formed NAR:SBE-ß-CD 

inclusion complexes. 
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4.3 Experimental Methodology 

4.3.1 Materials 

Naringenin (>98% purity), and acetic acid (>99% purity) were purchased from Sigma-

Aldrich Ireland (Wicklow, Ireland). Sulfobutylether-b-cyclodextrin (>98% purity) 

was purchased from Carbosynth (Ireland). Methanol (HPLC grade, 99% purity) were 

purchased from Fisher Scientific (Dublin, Ireland). Tert-butyl alcohol (>99.5%) was 

purchased from Acros (Ireland). Absolute ethanol was purchased from Lennox 

(Ireland). Ultrapure deionized water obtained from WhiteWater equipment (Dublin, 

Ireland) was used throughout the study. 

4.3.2 Phase solubility studies of the NAR:CD inclusion complex 

HPLC analysis of NAR was carried out as per Section 3.3.3 (Chapter 3). 

4.3.2.1 Higuchi and Connors model (H-C model) 

The experimental design was carried out based on the phase solubility (PS) studies of 

Higuchi and Connors [467]. Briefly, an excess amount of NAR (~8 mg) was accurately 

weighed into 1.5 mL vials. To three of those vials, 1 mL of ultrapure water was added 

to determine the intrinsic solubility of NAR. The remaining vials were used for the 

phase solubility study in triplicate. Eight concentrations of SBE-ß-CD (1-25 mM) were 

dissolved in 1 mL of ultrapure water and added to the vials. Two approaches were 

employed to mix the contents of the vial, the use of a roller (low profile roller, Stovall 

Life Science, USA) and the use of a shaker (SI500, Stuart, UK). For the shaker 

instrument, vials were placed vertically inside the shaker and the temperature inside 

the chamber was controlled and monitored. The vials were shaken at 25 °C and 36 °C 

at 150 rpm. For the roller instrument, vials were placed horizontally on top of the roller 

and the speed was set to 33 rpm. The temperature was controlled by the attached 

incubator to the system. In both methods, after mixing for 72 hours, the solutions were 

then filtered through a 0.45 µm membrane nylon filter and diluted appropriately. After 

dilution, samples were analysed using the HPLC method outlined in Section 3.3.3. 

From the linear phase solubility plot (concentrations of SBE-ß-CD vs. NAR in 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/deionized-water
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mmol/L), the apparent binding constant (K1:1), complexation efficiency (CE) and 

drug:cyclodextrin ratio (D:CD) were calculated according to Equations 4.1 – 4.3 [510]: 

      K1:1 = 
slope

[S0(1−slope)]
   Equation 4.1 

CE = S0 x K1:1 = 
[D/CD]

[CD]
 = 

Slope

(1−Slope)
 Equation 4.2 

D:CD = 1 : (1 +
1

CE
)   Equation 4.3 

Where: K1:1: the apparent stability constant (M-1), S0: intrinsic solubility of a drug 

(mg/mL), CE: complexation efficiency. 

4.3.2.2 Benesi-Hildebrand model 

To assess the possibility of SBE-ß-CD aggregation, the Benesi-Hildebrand model was 

applied to compare with the phase solubility obtained from the H-C model. The 

experimental methodology in the B-H model was similar to the H-C method. However, 

the concentration range of the SBE-ß-CD was smaller, at 20-125 µM. Based on the 

results obtained from the H-C study, only the roller method was used to carry out this 

experiment. 

4.3.3 Naringenin:cyclodextrin complex formulation 

The required stoichiometric amount of NAR and SBE-ß-CD (1:3 molar ratio, Table 

4.1) was weighed out into two separate vials. A total of four solvent systems used to 

form the complex were investigated, including: tert-butyl alcohol (TBA), EtOH, and 

water with and without heat.  

For the organic solvent systems, various concentrations of NAR (1-10 mg/mL) were 

dissolved in organic solvent. The required amount of SBE-ß-CD was dissolved in 

water and mixed with the drug-in-organic solvent solution. For water-only systems, 

various concentrations of NAR (1-5 mg/mL) were dissolved in SBE-ß-CD solution. 

The drug concentration in the co-solvent used in this study is detailed in Table 4.1. 
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Table 4.1: Various solvent/co-solvent systems and drug:CD concentrations used in the 

preparation of inclusion complexes. 

Sample Solvent system (D:CD) D:CD concentration (mg/mL) 

1 

EtOH:H2O 

10:247.05 

2 5:123.53 

3 2.5:61.75 

4 

TBA:H2O 

5:123.53 

5 2.5:61.75 

6 1:24.71 

7 

H2O 

5:123.53 

8 2.5:61.75 

9 1:24.71 

10 
H2O (heat at 60 °C for 3 hours) 

5:123.53 

11 1:24.71 

Removal of organic solvent was carried out by evaporation prior to the lyophilisation 

process. Several trials for the formulation of drug:CD complexes were carried out as 

noted in Table 4.2. 

Table 4.2: Different work-up and evaporation approaches in the formation of inclusion 

complexes. 

Trials Work-up approach 
Organic solvent evaporating 

approach 

1 After adding CD solution to 

drug solution, the mixture 

was stirred overnight or 3 

hours (for water-heat system 

only). 

Constant flow of N2 gas on the surface 

of the monophase system 

2 Rotary evaporator: 35 °C 

3 

Vacuum centrifuge (Scanspeed 32, 

Scanvac, Malaysia): 40 °C with speed 

set at 1500 rpm. 

For the complex prepared in the water system (heat and no-heat), instead of an 

evaporation step, the solvent system was filtered through a 0.45 µm nylon membrane 

filter post stirring. It was subsequently freeze-dried for further analysis. The samples 

were freeze-dried without cryoprotectant. This was because in two trial batches, when 

1% of cryoprotectant (trehalose) was used, a precipitation could be observed prior to 

freeze-drying. 
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4.3.4 Characterization of naringenin:cyclodextrin complex 

A physical mixture (PM) was prepared by homogenously mixing an accurate amount 

of NAR and SBE-ß-CD (1:3 molar ratio) in a 10 mL vial.  

The following techniques were carried out as per methodologies described in Section 

2.3.4: thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and 

Fourier-transform infrared spectroscopy (FT-IR), with the following deviations: 

• FT-IR: only the KBr disc technique was used in this analysis. 

• DSC: all samples were analysed at 10 °C/min ramp rate from 20 °C - 300 °C.  

Statistical analysis was carried out as per Section 2.3.4. 

4.3.5 Quantification of naringenin in the inclusion complexes 

For the freeze-dried sample, an investigation into the optimum solvent system to break 

the complexes to accurately quantify the amount of NAR was carried out. Full details 

of this study are shown in Table 4.3. 

The chromatographic conditions for this experiment were the same as outlined in 

Section 3.3.3. Briefly, 10 µL of each solvent system at each stage (e.g., post stirring 

and post-centrifuge/post-filtration) was withdrawn and pipetted into a HPLC vial, 

which was diluted using 990 µL of MP. 

Table 4.3: Details of experimental set-up for the analysis of the amount of drug in 1 mg of the 

complex. 

Batch # 

(n = 3) 

MeOH 

(µL) 

Water 

(µL) 

Batch # 

(n = 3) 

Water 

(µL) 

DMSO 

(µL) 

1 1000 - 8 1000 - 

2 800 200 9 900 100 

3 600 400 10 800 200 

4 400 600 11 600 400 

5 200 800 12 400 600 

6 200 800 13 200 800 

7 100 900 14 - 1000 

After preparing the stock solutions as per Table 4.3, appropriate dilutions (1:5 v/v) in 

mobile phase were prepared for chromatographic analysis.  
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4.4 Results and Discussion 

4.4.1 Phase solubility studies of the NAR:CD inclusion complex 

4.4.1.1 Higuchi and Connors model (H-C model) 

Before commencing the full study on phase solubility of NAR and sulfobutylether-ß-

cyclodextrin (SBE-ß-CD), an investigation to determine the most suitable technique 

between the roller shaker methods was carried out. Based on the linear range from 

previous studies on NAR in Section 3.4.1, three concentrations were chosen (0, 5 and 

15 mM SBE-ß-CD) to run using both approaches for comparison. The outcomes from 

this study indicated that there was a vast variation in NAR concentration in NAR:SBE-

ß-CD complexes between each run for both methods. A thermometer was placed in 

the roller and shaker chambers when the experiment was carried out to monitor 

temperature throughout the experiment. While the temperature was controlled at 25 

°C ± 1 °C inside the roller chamber, an offset (higher) of 6-8 °C was observed inside 

the shaker chamber across all three runs.  

In both approaches, the highest standard deviation was observed at 15 mM CD. NAR 

concentration was determined to be 6.822 ± 0.632 mM in the roller method, while in 

the shaker method, a concentration of 8.903 ± 1.340 mM of NAR was determined. 

Therefore, since the temperature was better controlled using the roller method and the 

variation was also less than the shaker method, the roller method was chosen to be the 

most suitable approach for the phase solubility study. It should be noted that the speed 

used in this study for the roller method was chosen to be 33 rpm (maximum speed of 

the system). The results are detailed in Table 4.4.  

Table 4.4: NAR concentration at three SBE-ß-CD concentrations generated by the roller and 

shaker methods (n = 3). 

[CD] (mM) 
[NAR] (mM) 

Roller method Shaker method 

0 0.013 ± 0.009 0.013 ± 0.008 

5 1.596 ± 0.491 2.269 ± 0.519 

15 6.822 ± 0.632 8.903 ± 1.340 
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The phase solubility diagrams of NAR:SBE-β-CD complexes prepared using the roller 

method (at 25 °C and 36 °) are shown in Figure 4.3. 

 

Figure 4.3: Higuchi and Connors phase solubility plots using the roller method (n = 3) at (a) 

25 °C, (b) 36 °C.  

The trend obtained from the graphs can be classified as type AL (linear diagram) 

according to the Higuchi and Connors classification system [214] and was observed in 

several PS studies for drug:CD systems  [212, 467, 509, 511]. As can be observed from 

the graphs, the apparent solubility of NAR increased linearly as the concentration of 

SBE-ß-CD increased across the studied concentration range. The intrinsic solubility of 

NAR was determined to be 0.0005 mg/mL at 25 °C and 0.002 mg/mL at 36 °C, which 

were in a similar range to the previously reported values, 0.0003 mg/mL at 25 °C and 

0.0006 mg/mL at 36 °C [501, 512, 513].  

(a) 

(b) 
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Due to high water solubility and the large hydrophobic cavity of SBE-ß-CD, the water 

solubility of NAR was statistically improved following the addition of SBE-ß-CD. The 

solubility study was carried out by gradually dissolving 10 mg of complex in water, 

which resulted in a concentration of 80 mg of complex per mL, equivalent to 3.24 

mg/mL of NAR. A substantial increase in NAR solubility from 0.0005 mg/mL to 3.24 

mg/mL was observed after forming an inclusion complex with SBE-ß-CD, which is 

equivalent to a 6480-fold enhancement in NAR solubility. Yang et al. [506] assessed 

the solubilizing effect of various CDs on the solubilisation of NAR. Their study 

indicated that the solubility of the NAR:ß-CD complex was dramatically increased 

from 4.38 µg/mL (intrinsic solubility) to 1.34, 1.52 and 1.60 mg/mL, which is 

equivalent to a 306-, 347-, and 365-fold increase in NAR solubility, respectively, by 

complexing with ß-CD, trimethyl-ß-CD and dimethyl-ß-CD, respectively. The 

difference in the magnitude of increase in solubility between the present study (0.5 

µg/mL) and Yang et al. (4.38 µg/mL) was due to the difference in the recorded intrinsic 

solubility of NAR.  

In addition, since the slope (Figure 4.3) was less than 1, this indicated that a 1:1 

complex between NAR and SBE-ß-CD was formed [212, 467]. Two temperatures, 25 

and 36 °C, were studied in this work to determine the apparent stability constant (K1:1) 

values of the formed NAR:CD complex. K1:1 values obtained by Zhang et al. utilizing 

experimental conditions for a PS study on NAR and SBE-ß-CD were 4427 M-1 and 

2959 M-1 at 25 and 36 °C, respectively [467]. The binding constant values from the 

present study were significantly lower (1001.76 ± 94.02 M-1 at 25 °C and 434.22 ± 

11.09 M-1 at 36 °C). As the K1:1 constant is defined by the slope and the intrinsic 

solubility (S0) of the drug in the aqueous complexation medium based on Equation 4.1, 

the intercept (Sint) of the PS diagram should ideally be the same as S0 [214]. However, 

since the K1:1 value is very sensitive to the composition of the aqueous complexation 

medium, along with high inaccuracies associated with measuring the S0 of a 

compound, these constants are often inaccurate and difficult to replicate [510].   

It is commonly believed that an inclusion complex between a molecule and CD is 

always formed as some lipophilic moiety of the molecule enters the hydrophobic 

cavity of CD [510]. Many studies have demonstrated that the most common 

stoichiometry for drug:CD complexes is 1:1, which were determined based on the 
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Higuchi and Connors model [144, 467, 505, 509]. PS studies on budesonide and 

salmeterol xinafoate in ß-CD and HP-ß-CD (2-hydroxylpropyl) aqueous solution with 

various concentrations was investigated by Wang et al. [212]. The shaker method 

approach at 37 °C was used and the PS diagrams in both cases indicated the formation 

of 1:1 complex. The PS studies at various temperatures (e.g., 30 °C, 37 ° and 45 °C) 

of flavanones including NAR and hesperetin in methylated-ß-CD solution were carried 

out by Sangpheak et al. [514] with a linear relationship in PS studies for all complexes 

(Figure 4.4).  

 
Figure 4.4: Phase solubility study of hesperetin and naringenin with ß-CD and RAMEB (the 

randomly methylated-ß-CD) in water at 30 °C, 37 °C and 45 °C [514]. 

Loftsson et al. proposed a more accurate way to determine the solubilizing efficiency 

of CD, which is to determine its complexation efficiency (CE) [510]. CE represents 

the concentration ratio between CD in a complex and free CD. Using the CE to 

determine the NAR:CD molar ratio was postulated to be more accurate since CD was 

shown to have an ability to form not only inclusion complexes but also non-inclusion 

complexes [510]. Depending on the solvent system used, various types of complexes 

can co-exist. Additionally, pure CD and CD complexes were noted to form aggregates, 

those that were able to solubilize hydrophobic molecules through a micellar-type 

mechanism [515, 516]. Further, Duan et al. [517] also cited that common 

pharmaceutical excipients like buffer salts or polymers can also be involved in the 

formation of the complex. As this value is calculated only from the slope of the PS 

plot, it is independent of both S0 and Sint.  
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From the calculated CE value in this study, the NAR:CD molar ratio that is correlated 

to the expected amount in the formulation can be calculated. Generally, the CE values 

of poorly soluble lipophilic drug forming complexes with a chosen CD are below 1.5 

with an average value of around 0.3 [518]. Based on Equation 4.2, the CE values for 

the complexes formed at 25 and 36 °C were calculated to be 0.55 ± 0.01 and 0.68 ± 

0.01, respectively. Subsequently, the corresponding NAR:CD molar ratio for each 

system was calculated (Equation 4.3) to be 1:3. This value indicated that in order to 

form a 1:1 inclusion complex between NAR and SBE-ß-CD, a molar ratio of 1:3 

NAR:CD in the complexation medium is required. Therefore, the NAR:CD complexes 

were prepared in a concentration ratio of 1:3 as detailed in Table 4.5.  

Table 4.5: Molar ratio and mass ratio calculations for NAR and SBE-ß-CD. 

  Drug 

(naringenin) 

Cyclodextrin 

(SBE-ß-CD) 

Molar ratio 1 3 

M.W (g/mol) 272.26 2242.05 

Mass ratio 272.26 6726.15 

Mass ratio between D:CD 1 : 24.71 

 

4.4.1.2 Benesi-Hildebrand model 

The phase solubility diagrams for NAR in an SBE-ß-CD inclusion complex system 

prepared using roller methods at 25 °C are shown in Figure 4.5. 

 

Figure 4.5: Benesi-Hildebrand phase solubility plots at 25 °C (n = 2). 
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As can be seen from the plot in Figure 4.5, the correlation of NAR across 11 different 

concentrations of SBE-ß-CD was poor. No correlation could be observed and so the 

binding constant K1:1 could not be calculated in this case. A study carried out by Yang 

et al. [519] cited that this method not only results in high relative error but also has a 

low success rate. As a result, the poor correlation observed through this model could 

be expected. Therefore, the B-H phase solubility model was unsuitable to be used to 

study the binding characteristics between NAR and SBE-ß-CD. 

4.4.2 Formation of the naringenin:cyclodextrin inclusion complex 

Various approaches have been implemented in the formulation of hydrophobic drug-

cyclodextrin (CD) complexes. The solvent evaporation technique requires excessive 

organic solvent use and also requires the removal of residual solvents [212], while the 

grinding and slurry approach is time-consuming [212, 520, 521], the co-precipitation 

method is not suitable for heat sensitive drugs since it needs high temperature with a 

large amount of CD [212, 521, 522]. In order to overcome these limitations, a different 

approach in preparing an inclusion complex was identified to be freeze-drying of a 

monophasic system as introduced through the study of Wang et al. [212]. Budesonide 

and salmeterol were complexed with ß-CD and HP-ß-CD, respectively using a 

TBA:water system, and utilizing a freeze-drying approach. The phase solubility 

profiles of the aforementioned study, based on Higuchi and Connors model, indicated 

that a 1:1 complex was formed in all cases [212].  

Although EtOH has a negative long-term effect on the corneal surface, it is widely 

used in ocular surface surgeries [523]. TBA is a good solvent for hydrophobic drugs 

which can also improve the stability of water labile therapeutics [212], with recorded 

vapour pressure of 26.8 mmHg at 20 °C and melting point of 24 °C [524]. Furthermore, 

TBA could also enhance sublimation rates that in turn prevented the sample from 

reaching its collapse temperature (i.e., the maximum allowable temperature of a 

sample) [525]. Together with its low toxicity profile and miscibility with water, TBA 

is considered as an ideal freeze-drying solvent. A range of NAR concentrations, from 

1 mg/mL to 10 mg/mL was investigated throughout this study (as noted in Table 4.1) 

to determine the potential maximum NAR concentration that was able to form a 

complex with SBE-ß-CD. It was observed that the high drug concentration in the 

EtOH:water system (10 mg/mL), TBA:water system (10 and 5 mg/mL), and heat and 
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no-heat water systems (10 mg/mL) did not result in a clear solution, and the 

precipitation could be seen. This observation suggested these concentrations went past 

the maximum solubility of NAR and resulted in the formation of insoluble complexes. 

Hence, these concentrations were not used for further study.  

It is essential to determine an optimal ratio between organic solvent:water to ensure 

the physical stability of both drug and CD in order to promote the formation of a 

drug:CD complex. It was determined that SBE-ß-CD was sparingly soluble in most 

organic solvents including TBA and EtOH, while NAR has a very limited solubility in 

water. To ensure an equal strength of co-solvent between water and organic medium 

to obtain a clear solution, a 1:1 v/v ratio was used. A lipophilic drug can partition into 

the cavity of CD through various intermolecular interactions, those such as hydrogen 

bonding, hydrophobic, and van der Waals interactions [212, 526].  

Due to the limitation of the available freeze-drying system (freeze-dryer, FreeZone 

2.5, Labconco, USA) that only reaches to approximately -50 °C, the organic solvent 

was evaporated off as much as possible prior to this step. This is because most organic 

solvents have a higher freezing point than -50 °C, which could be trapped in the pump 

of the freeze-dryer and damage it. A total of 3 approaches were examined to identify 

the optimum method for evaporating organic solvent in this study, which were N2 gas, 

rotary evaporator, and vacuum centrifugation (Table 4.2). While only one sample 

could be used at a time with rotary evaporator, the use of N2 gas was unfavourable due 

to the challenge of maintaining a constant flow of gas from batch to batch. 

Evaporating the solvent from the NAR:CD mixture using a vacuum centrifuge also 

resulted in a homogenous monophase solution. Therefore, it was determined to be the 

optimum approach to use in the preparation of NAR:CD complexes. The 

centrifugation temperature was determined to be 40 °C. Temperatures below 40 °C 

resulted in prolonged centrifugation time (i.e., at 30-35 °C, it took ~8-10 hours to 

evaporate ~2 mL). Higher temperature, on the other hand, could cause the sample to 

degrade. Since both EtOH and TBA have lower boiling points (78 °C and 82 °C, 

respectively) than water, they would evaporate before water. Therefore, once the 

volume in the tubes decreased by half, the system at this time should only contain 

water.  
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The formation of NAR:CD complexes was carried out using a 1:3 ratio following the 

results from the Higuchi and Connors phase solubility study. Four different systems 

included EtOH:water, tert-butyl alcohol (TBA):water and water only (with and 

without heat) were assessed in this study, as summarised in Table 4.6. These 

complexes were then characterized to identify the optimum system that would be used 

in the formulation of NAR-loaded chitosan nanoparticles (Chapter 5) and complex-

loaded SCLs (Chapter 6). 

Table 4.6: Co-solvent systems and NAR:CD concentrations used in the preparation of 

complexes. 

Co-solvent system 

Weight in 1 mL (mg) Naringenin 

concentration 

(mg/mL) 
Cyclodextrin Naringenin 

Water:TBA 
61.75 2.50 1.25 

24.71 1.00 0.50 

Water:EtOH 
123.53 5.00 2.50 

61.75 2.50 1.25 

Water (no heat) 
123.53 5.00 5.00 

24.71 1.00 1.00 

Water (heat at 60 °C) 
123.53 5.00 5.00 

24.71 1.00 1.00 

4.4.3 Characterization of NAR:SBE-ß-CD complex 

4.4.3.1 Thermogravimetric analysis  

The thermal properties of raw materials (NAR and SBE-ß-CD), a physical mixture of 

the two, and the NAR:SBE-ß-CD complexes formed under various solvent systems 
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were investigated by thermogravimetric analysis (TGA) (

 

Figure 4.6). 

 

Figure 4.6: TGA of naringenin (1, blue), physical mixture (3, pink), SBE-ß-CD (4, teal), and 

inclusion complex formed in a TBA:water co-solvent system (2, red), EtOH:water co-solvent 

system (7, green), water system (5, maroon) and water-heat system (6, purple) (n = 3). 

TGA was carried out to investigate the thermal stability of the raw materials and the 

inclusion complexes formed using various co-solvent systems. The TG curves in 
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Figure 4.6 indicate that NAR decomposed at 272.1 ± 4.7 °C. Thermal stability of 

flavanone and its derivative (6-hydroxyflavanone) was studied by Ferreira et al. [527]. 

Their work showed that the flavanone derivative exhibited a higher stability compared 

to its parent compound flavanone, which exhibited a mass loss at around 250 °C while 

in flavanone, degradation started at around 200 °C. NAR was expected to exhibit a 

higher thermal stability than both flavanone and 6-hydroxyflavanone since its 

molecular weight was higher (272 vs. 224, 240 g/mol, respectively) [527]. As for SBE-

ß-CD, the first degradation point was found to be within a wide range between 70-80 

°C, is associated with the loss of loosely bound water. Two degradation points could 

be observed at 278.5 ± 9.7 °C and 355.3 ± 12.4 °C for SBE-ß-CD. A similar 

degradation temperature of SBE-ß-CD was seen at around 270 °C in a study by 

Bettinetti et al. [528]. The physical mixture exhibited a similar trend to NAR and SBE-

ß-CD with the two degradation temperatures at 278.5 ± 7.4 °C and 360.6 ± 9.1 °C. 

 

In this study, a statistically significant increase in the first degradation point of the 

complex formed in the TBA:water co-solvent system was observed in comparison to 

NAR (281.0 vs. 272.1 °C, p-value < 0.05). This suggests that complexation of NAR 

and SBE-ß-CD results in a material that exhibits higher decomposition temperatures 

and was in agreement with previous studies [529, 530]. Following the formation of the 

inclusion of cis-jasmine in ß-CD, the thermal stability of cis-jasmine was enhanced. 

Cis-jasmine started degrading at 30 °C and the decomposition of the cis-jasmine-ß-CD 

complex began at 227.5 °C [529]. On the other hand, the first degradation temperature 

from the NAR:CD complexes formed in the remaining three systems showed a 

statistically insignificant difference (p-value > 0.05) to NAR, which indicated that the 

complexes formed were not as stable as complex formed using TBA:water system. 

4.4.3.2 Differential scanning calorimetry  

Thermal analysis by DSC has been widely applied by various research groups to 

examine the complexation of an antioxidant and CD complexes. A DSC thermogram 

of each component included in the preparation of the inclusion complex, which are 

NAR, SBE-ß-CD, and physical mixture, is shown in Figure 4.7. 
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Figure 4.7: DSC thermograms of (a) naringenin, (b) SBE-ß-CD and (c) physical mixture (n = 

3). 

It could be seen that NAR demonstrated a sharp endothermic peak at 254.43 ± 0.28 °C 

corresponding to its melting point, a property illustrative of a highly crystalline 

compound as recorded in Section 3.4.2.1. The thermal analysis of SBE-ß-CD showed 

a broad endothermic peak around 102.3 ± 6.49 °C corresponding to the liberation of 

crystalline water, and distinctive melting/decomposition peaks could be seen at 248.7 

± 0.78 and 260.9 ± 0.9 °C. Even though the SBE-ß-CD DSC thermogram varied 

between studies, it could be seen that its melting/degradation points occurred at two 

temperatures such as at 232 °C and 240 °C [467], 212 °C and 258 °C [505], 260 °C 

and 270 °C [528], and 218 °C and 230 °C [531]. As for the NAR and SBE-ß-CD 

physical mixture that was prepared using a 1:3 ratio, its thermogram was very similar 

to that of SBE-ß-CD. However, a small melting peak at around 252.3 ± 2.6 °C could 

still be seen which was not present in SBE-ß-CD thermogram, suggesting the presence 

of NAR. This observation suggested that there was no inclusion complex formed 

between SBE-ß-CD and NAR.  
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A small shift in drug melting point in the PM was previously seen in a study carried 

out by Zhao et al. [144]. The melting peak of ibrutinib was 159.2 °C, which shifted to 

155.8 °C in the PM of ibrutinib, SBE-ß-CD and chitosan.  

Figure 4.8 presents the DSC thermograms of the four NAR:CD complexes formed in 

the four co-solvent systems. DSC has been used to identify the formation of inclusion 

complex based on the disappearance of the drug endothermic peak [201, 467, 505, 

531]. As can be observed from Figure 4.8, each different co-solvent system used in the 

preparation of the inclusion complexes resulted in different thermograms. 
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Figure 4.8: DSC thermograms of the various inclusion complexes (2.5 mg/mL) prepared using 

different solvent/co-solvent systems (purple-short-dash line) with the PM (green-solid line) 

(a) water complex, (b) water-heat complex, (c) EtOH:water complex, and (d) TBA:water 

complex (n = 3). 

For water-heat system, the characteristic melting peak of SBE-ß-CD could still be 

seen, although it shifted from 245.1 °C to 260.9 °C for the first melting peak, and 260.9 

°C and 270.3 °C for the second melting peak (p-value < 0.05), respectively. A similar 

shift in both melting peaks of SBE-ß-CD was also observed in the complexes prepared 

in water system with heat. Additionally, melting peaks of NAR were still visible in the 

DSC thermograms for water with and without heat systems, which were at 264.8 ± 2.4 

°C and 266.1 ± 2.4 °C, respectively. These observations suggested that both systems 

were unsuitable to be used in the formation of stable inclusion complexes.  In the case 

of the complex formed in the EtOH:water system, a completely different curve was 
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observed, illustrating a loss of loosely bound water at 96.2 ± 0.8 °C, and two melting 

peaks at 192.9 ± 0.2 °C and 268.5 ± 0.4 °C, suggesting the formation of an unknown 

molecule in the system.  

For the NAR:CD complex formed in the TBA:water system, the peaks corresponding 

to both the melting point of NAR and the two melting/decomposing peaks for SBE-ß-

CD as seen in the PM thermogram disappeared. Instead, a new peak at 267.1 ± 2.0 °C 

was observed, which was at a higher temperature (p-value < 0.05) in comparison to 

the SBE-ß-CD degradation peaks (245.1 ± 0.8 °C and 260.9 ± 0.9 °C). This indicated 

the formation of an inclusion complex between the drug and CD, which was also 

observed in the previous studies carried out by Zhang et al. [467] and Ficarra et al. 

[532]. As an example, a disappearance of the sharp melting peak of hespertin was also 

noted in the DSC thermogram of the inclusion complex formed from ß-CD and 

hespertin [532]. Therefore, the TBA:water system was determined to be the optimum 

approach in the preparation of the NAR:SBE-ß-CD inclusion complexes for this study. 

4.4.3.3 Fourier-transform infrared spectroscopy 

The FT-IR spectra of all NAR:CD complexes were compared with those of NAR, 

SBE-ß-CD, and the PM for characteristic absorption bands (Figure 4.9). 
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Figure 4.9: Representative FTIR spectra of a) raw materials including NAR, SBE-ß-CD and 

physical mixture, and various inclusion complexes prepared using different solvent/co-solvent 

systems, b) Water-heat, c) Water-no heat, d) EtOH:water and e) TBA:water. 

The NAR spectrum showed various key peaks including: O-H stretching (3290 cm-1), 

aromatic C-H stretching (3030 cm-1), C=O stretching (1626 and 1640 cm-1), and 

aromatic C=C stretching (between 1020 cm-1 and 1500 cm-1) [467, 489, 490]. The 

SBE-ß-CD spectrum is characterized by a broad and intense peak representing O-H 

stretching (3430 cm-1), C-H vibration (2910 cm-1), CH2 vibration at 2810 cm-1, C-H 

stretching (1208 cm-1), C-O stretching vibration (1035 cm-1), and sulfoxide stretching 

(1042 cm1).  
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This observation of SBE-ß-CD spectrum was in agreement with previous studies [144, 

467, 505, 531]. The PM FT-IR spectrum showed a superposition spectrum of both 

compounds, the main functional groups bands for NAR and SBE-ß-CD were visible. 

It should be noted that the peak at position ~1041 cm-1 could represent either C-O 

stretching, or sulfoxide stretch (SBE-ß-CD), or C-O stretching (A ring in NAR 

structure). FTIR analysis has been applied widely by different research groups to 

investigate changes in characteristic functional groups in complexation studies [201, 

213, 533, 534]. The key changes in functional groups and shift of bands of individual 

component upon complexation are noted in Table 4.7. 

The FT-IR spectra of all the inclusion complexes formed using various co-solvent 

systems showed that the characteristic peaks of NAR at 1603 (C=C aromatic), 1500 

(C=C aromatic), 1179 (HCC bending from A- and B- rings), 1388 and 1083 (C-O 

stretching from B-ring) and 889 (COO bending from B-ring) cm-1 had disappeared. 

Moreover, the characteristic peak at 1206 cm-1 represented C-H stretching in SBE-ß-

CD also disappeared in the spectra of the complexes. In addition to the disappearance 

of those characteristic peaks, the absorption intensity of other peaks in the complex’s 

spectra were reduced significantly with a shift in various functional group peaks also 

observed. All of these spectral changes indicated the formation of complexes as shown 

in the work carried out by Ficarra et al. [532]. Their study showed that following the 

complexation of NAR in ß-CD, a reduction in the intensity of the aromatic bands of 

NAR at 1510 and 1601 cm-1 was observed. In this study, a shift in a peak from 1041 

cm-1, which either represented functional groups in SBE-ß-CD or NAR, to 1044 cm-1 

was observed in the TBA:water complex and to 1042 cm-1 in the other three systems. 

A shift in the characteristic C-H peak in SBE-ß-CD was also observed from 1653 cm-

1 to 1642 cm-1 (the TBA:water complex) and 1646 cm-1 for the other three complexes. 

This indicated the interaction between NAR and SBE-ß-CD, and thus, the formation 

of new non-covalent interactions between drug and SBE-ß-CD as supported from 

previous studies on the inclusion complex of CDs and drug [506, 535].  
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Table 4.7: Summary of FT-IR analysis of starting materials and complexes [201, 213, 505, 531, 533-537]. 

Ref. 

frequency 

(cm-1) 

Functional group 

Raw materials (cm-1) Complex system (cm-1) 

Naringenin SBE-ß-CD 
Physical 

mixture 
TBA EtOH Water Water-heat 

3446.4 O-H stretching - 3435 3442 3418 3430 3428 3429 

3100-2800 C-H stretching 
3000 

2937 – 

2892 
2935 2933 2936 2936 2936 

1604 C=C aromatic 1603 - 1604 x x x x 

1644-1655 H-O-H (from water) - 1653 1637 1642 1646 1646 1646 

1500 C=C aromatic 1497 - 1498 x 1498 1498 1498 

1205 C-H stretching - 1206 1205 x x x x 

1200 OH phenolic NAR 1200 - 1181 1160 1160 1160 1161 

1618-1019 C-C stretching (rings) 1618-1013 - 1604-1041 x x x x 

1183 HCC bending  

(A and B rings) 
1179 - 1181 x x x x 

1283-1161 HOC bending (A 

ring) 
1311-1155 - 1157 1160 1160 1160 1161 

1388, 

1083 and 

971 

CO stretching (B 

ring) 1388, 1083  - 1083 x x x x 

1040.7 C-O stretching - 
1042 1041 1044 1042 1042 1042 

1040 Sulfoxide stretch - 

1034 and 

824 

CO stretching(A 

ring) 
1045 - 1041 1044 1042 1042 1042 

996, 964 

and 745 

HCCC torsion (C 

ring) 
969, 759 - 890, 760 950 951 950 951 

896 COO bending (B 

ring) 
889 - 890 x x x X 
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As can be observed in Table 4.7, a bigger shift in all of the main characteristic bands 

could be observed in the TBA:water system compared to the others. Moreover, some 

of the characteristic bands present in NAR and SBE-ß-CD spectra were not observed 

in spectra of the formed complexes. Thus, this analysis implied the formation of a 

NAR:CD complex. Similar observations were made in previous research. Using a 

different drug (nintedanib) to form an inclusion complex with SBE-ß-CD, a similar 

observation on the FT-IR study was observed in the work carried out by Vaidya et al. 

[536]. The complex spectrum showed that the characteristic peaks of the drug had 

disappeared. This indicated that some functional groups of the drug were included in 

the cavity of SBE-ß-CD through the formation of a molecular complex. To examine 

the interaction within the inclusion complex formed by chrysin (a polyphenol from the 

flavonoid class, 5,7-dihydroxy flavones) and SBE-ß-CD, Kulkarni et al. [201] also 

used FTIR analysis to identify the changes in the complex spectrum compared to the 

two starting materials and physical mixture spectra. The variation in the intensities and 

the shift in peaks of the innate H-O-H and C-H absorption bands in the complex 

spectrum postulated the breaking of some hydrogen bonds, while generating of 

specific new ones in the inclusion complex. 

A schematic illustration of the formation of the inclusion complexes of NAR in SBE-

ß-CD is depicted in Figure 4.10.  
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Figure 4.10: Schematic representation of the possible inclusion mode of SBE-ß-CD and 

naringenin and significant correlations of drug-CD inclusion complexes (adapted from Yang 

et al. study [506], based on a two-dimensional nuclear magnetic resonance (NMR) 

spectroscopic study). 

4.4.4 Quantification of naringenin in complexes 

Using the same chromatographic conditions as described Section 3.3.3 (Chapter 3), 

the percentage recovery of NAR in the formed inclusion complexes was investigated. 

Since the complex was prepared using a 1:3 NAR:CD molar ratio following the phase 

solubility study, the expected amount of NAR in 1 mg/mL of inclusion complex was 

calculated to be 38.89 µg/mL, given that 1 mg of NAR and 24.71 mg of SBE-ß-CD 

were used to prepare the complex.  

Since accurately measuring the recovered amount of drug presented in a complex plays 

a vital role in the drug encapsulation efficiency study, an extensive investigation into 

the solubility of the complex formed was carried out. The optimum solvent 

combination from Table 4.3 was determined to be 200 µL MeOH : 800 µL water, 

which resulted in a 98.1 ± 2.4% of NAR quantified from 1 mg of formed NAR:SBE-

ß-CD inclusion complex, which was equivalent to 38.9 ± 0.9 µg NAR. 
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4.5 Conclusions 

In this chapter, a host-guest system containing NAR and SBE-ß-CD was successfully 

prepared and characterized. The formation of a hydrophobic drug and CD inclusion 

complex was investigated through phase solubility studies and prepared by a 

monophasic cosolvent approach. 

The LOD and LOQ values of NAR were determined by HPLC method to be 0.044 

µg/mL and 0.133 µg/mL, respectively. To identify the optimum stoichiometric ratio 

between NAR and SBE-ß-CD, a phase solubility study was carried out. This study 

utilised both the Higuchi and Connors and the Benesi-Hildebrand models. Due to the 

high variations and non-linear responses observed, the Benesi-Hildebrand model was 

concluded to be unsuitable to model this system. The impacts of process parameters 

including temperature and mixing techniques (shaker vs. roller) on the outcome of the 

phase solubility were also studied. The results from this work indicated that the 

optimum mixing approach was a roller method at 33 rpm. Intrinsic solubility of NAR 

in water was determined to be 0.0005 g/L at 25 °C and 0.002 g/L at 36 °C. With an 

increase in temperature, the binding constant decreased from 1001.7 ± 94.0 at 25 ° to 

434.2 ± 11.1 at 36 °C.  

The optimum NAR:SBE-ß-CD concentration ratio was determined to be 1:3 at 25 °C 

and the stoichiometry of the complexes was determined to be 1:1 according to the 

Higuchi and Connors model. This was followed by the preparation of complexes using 

two different approaches, one by mixing two components in water and heating at 60 

°C, and the other by lyophilisation of a monophasic solution. Freeze-drying of a 

TBA:water co-solvent system (after evaporation of TBA) was shown to be the best 

approach for the preparation of a complex through various physical characterization 

techniques including TGA, DSC, and FT-IR. The maximum solubility of the 

NAR:SBE-ß-CD complex in water was determined to be 80 mg/mL, which was 

equivalent to 3.24 mg/mL of NAR in water. The solubility of NAR increased 6480-

fold following the complexation with SBE-ß-CD when compared to its intrinsic 

solubility (0.0005 mg/L at 25 °C). By re-dissolving the formed complex in different 

solvent mixtures (MeOH, water and DMSO), HPLC analysis was performed to 

quantify the amount of drug present in 1 mg of the freeze-dried complex.  
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By redissolving the formed complex in various co-solvent systems, the NAR 

concentration recovered from 1 mg of NAR:SBE-ß-CD inclusion complex was 

determined to be 38.9 ± 0.9 µg. 

Aiming to enhance the permeation of a therapeutic and its ocular bioavailability, the 

developed NAR:SBE-ß-CD complex will be loaded into the developed soft hydrogel 

contact lens in Chapter 6. The complex will be entrapped in the lens matrix by both 

direct entrapment and ‘soak and release’ approaches as described in Chapter 3.  

Based on the successful preparation of a NAR:SBE-ß-CD complex, the next chapter 

will focus on the formulation and optimization of a novel biocompatible and 

biodegradable nanoparticle as a drug carrier. To this end, this drug-loaded nanoparticle 

system will be fully characterized to evaluate drug encapsulation efficiency/drug 

loading, and in vitro drug release behaviour of the developed nanomaterials. 

Consequently, this novel drug carrier can potentially sustain and control the release of 

NAR in the posterior segment of the eye to maintain ocular health, while preventing 

various eye diseases such as AMD.  
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5 FORMULATION AND OPTIMIZATION OF NARINGENIN-

LOADED CHITOSAN NANOPARTICLES FOR CONTROLLED 

DRUG RELEASE 

5.1 Introduction 

As mentioned in Section 1.2, advances in nanotechnology and nanoscience have 

resulted in the development of several novel, safe, patient-friendly formulations, and 

drug delivery techniques. Nanoparticles (NPs) have been investigated as a potential 

novel drug delivery system in pharmaceutical research [538-540], specifically as an 

ocular drug delivery system (ODDS) [7, 541, 542]. Several advantages of using NPs 

as ODD vehicles have been evaluated, including: improving targeted drug delivery 

into cells [543], and co-delivery of two or more drugs for combination therapy [540]. 

Biodegradable and biocompatible natural polymers such as chitosan (CS), hyaluronic 

acid (HA) and ß-cyclodextrin (ß-CD) and its derivatives (e.g., sulfobutyl ether-ß-

cyclodextrin, SBE-ß-CD) have been widely used in the preparation of novel ocular 

drug delivery systems [203, 204, 544].  

CS, as introduced in Section 1.2.1, is a non-toxic, biodegradable and biocompatible 

cationic polymer [545]. The abundant amino groups of CS make it readily available 

for functionalization [546, 547]. By cross-linking with other anionic materials such as 

SBE-ß-CD or sodium alginate to form CS NPs, the formation of nano-carriers that can 

provide controlled release and targeted delivery of a therapeutic can be facilitated 

[467]. CS NPs were shown to increase the corneal penetration of drugs, which in turn 

improves their therapeutic effects for different diseases [548]. In addition, due to the 

interaction between cationic CS and the anionic cornea and conjunctiva, an 

enhancement in the concentration and residence time of drugs can be obtained, 

Collado-Gonzalez et al. [549]. Additionally, CS has been shown to act as a penetration 

enhancer since it can transiently open the tight junctions between cells [550].  

A polyanionic derivative of ß-CD, SBE-ß-CD, has a greater water solubility as well as 

inclusion ability than the parent ß-CD, which is because of its hydrophobic butyl side 

arms and the sulphated sodium salt present in the molecule (Figure 5.1) [144]. SBE-ß-

CD, being polyanionic, can form NPs with cationic CS by ionic gelation [144].   
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Figure 5.1: Schematic diagram illustrating the potential route for formation of a CS NP 

through crosslinking with SBE-ß-CD utilising an ionic gelation method. 

In addition, SBE-ß-CD itself can act as a crosslinker. CS/SBE-ß-CD NPs were 

prepared using the ionic gelation method. The main advantage of this method has been 

reported to be the ability of forming particles under mild conditions, without the use 

of any harmful organic solvents, heat, or vigorous agitation [551].  
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The formation of CS NPs is attributed to polyelectrolyte interactions that leads to 

electrostatic cross-linking between the free amino groups of CS and the anionic 

sulfobutyl groups of SBE-ß-CD [144] (Figure 5.1). As discussed in Section 1.2.1, the 

use of polymeric NP as a drug carrier can result in an enhancement in both drug 

bioavailability and a more controlled and targeted release profile. Utilising the 

advantages of both CS and SBE-ß-CD, and combining these as a drug carrier, can 

result in several advantages such as size specificity, permeation enhancement, and 

mucoadhesive properties. In addition, such nanocarriers can also support and enhance 

the delivery of a hydrophobic drug. To this end, these drug-loaded NPs will be 

incorporated into the developed WM hydrophilic soft contact lenses (SCLs) as 

synthesised and characterised earlier in this research (Chapter 2), to develop a novel 

ODDS that can provide a sustained release and targeted delivery of naringenin (NAR). 

NAR, as previously discussed in Chapters 3 and 4, is a flavonoid and is a potent 

antioxidant [457]. 

The purpose of this chapter was to synthesize NAR-loaded CS/SBE-ß-CD NPs (i.e., 

NAR-CS NPs) via the ionic gelation method with the potential to promote eye health 

and/or prevent and treat ocular diseases such as AMD. The resulting NPs were 

evaluated by several techniques to assess their stability and physicochemical 

properties, including particle size, zeta potential, polydispersity index, as well as 

thermal and structural characterization. Drug encapsulation efficiency and loading 

capacity of the synthesized NPs was investigated by both a direct (e.g., measuring the 

amount of drug presented in the formed NPs) and an indirect (e.g., measuring the 

amount of free drug in supernatant) approaches. This study concluded with an 

investigation into drug in vitro release profiles of the formulated NAR-CS NPs. 
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5.2 Research Aims and Objectives 

The aims and objectives of this chapter were: 

• To synthesize and optimize CS/SBE-ß-CD NPs with and without drug, via the 

ionic gelation technique. 

• To characterize the physicochemical properties of the developed NPs using 

dynamic light scattering, thermal gravimetric analysis, differential scanning 

calorimetry and Fourier-transform infrared spectroscopy.    

• To determine the drug encapsulation efficiency and drug loading of the NAR-

CS NPs. 

• To investigate the in vitro release profile of the developed NAR-CS NPs. 

5.3 Experimental Methodology 

5.3.1 Materials 

Water-soluble CS (10-100 kDa, ≥90% deacetylation), and SBE-ß-CD (>98% purity) 

were purchased from Carbosynth (Ireland). CS (10-100 kDa, ≥ 75% deacetylation), 

NAR (>98% purity), acetic acid (99% purity), DMSO (dimethyl sulfoxide, 99% 

purity), and lysozyme (from egg white) were purchased from Sigma Aldrich (Ireland). 

Methanol (HPLC grade, >99.9% purity) was purchased from Honeywell (Ireland). 

5.3.2 Synthesis of polymeric nanoparticles 

CS NPs were prepared using the ionic gelation method with SBE-ß-CD [144, 204] as 

the crosslinking agent. Briefly, 50 mg of CS was dissolved in 25 mL of 0.1% acetic 

acid (adjusted to pH 5 using dilute NaOH). 22.5 mg of SBE-ß-CD was dissolved in 

2.5 mL of ultrapure water. The SBE-ß-CD solution was slowly added dropwise into 

the CS solution resulting in a 1:2 mass ratio of CS:CD, under vigorous stirring. Two 

types of low molecular weight (MW, 10-100 kDa) CS were used including 

conventional CS (≥ 75% deacetylation, CS1) and water-soluble CS (≥ 90% 

deacetylation, CS2).  
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The reaction mixture was left to stir overnight at room temperature. To optimize the 

NP yield, two centrifugation speeds at 15000 and 18000 rpm were used. The 

formulated nano-formulations were freeze-dried (FreeZone 2.5 freeze-dryer, 

Labconco, USA) with the presence of 2% trehalose as a cryoprotectant. Figure 5.2 

presents the different steps in the preparation of CS NP. 

 

Figure 5.2: Schematic illustration of the preparation of CS NP using SBE-ß-CD as a cross-

linker using centrifugation at 15000 rpm (NP 1) and 18000 rpm (NP 2).  

Drug loaded CS NPs were prepared using the same method with the following 

adjustment: 23.45 mg of the NAR:CD complex was used to cross-link with CS 

solution.  

5.3.3 Nanoparticle physicochemical characterization 

A physical mixture (PM) was prepared by homogenously mixing CS and NAR:CD 

complex at a 2.1:1 mass ratio. This mass ratio was based on the mass ratio between 

CS:complex used in the formation of NAR-CS NPs as described in Section 1.3.2. The 

following techniques were carried out as per methodologies described in Section 2.3.4: 

thermogravimetric analysis (TGA, Q50 model, TA instruments, UK), differential 

scanning calorimetry (DSC, Q2000 model, TA instruments, UK) and Fourier-

transform infrared spectroscopy (FT-IR, Varian 660-IR, Varian, USA), with the 

following deviations: 

• FT-IR: only the KBr disc technique was used in this analysis. 

• DSC:  all samples were analyzed at 10 °C/min ramp rate from 0 °C to 300 °C.  
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Statistical analysis on the changes in the particle’s average diameter and charge 

between unloaded and NAR-CS NPs was carried out as per Chapter 2, Section 2.3.4. 

The hydrodynamic diameter (Z-average size), polydispersity index (PDI), and zeta 

potential of all NPs were analysed using a NanoWave II (Microtrac) instrument. The 

refractive index of the fluid was set to 1.333 (water), and the particle refractive index 

was set to 1.526 (CS NP). Each run was carried out in triplicate with a run time of 60 

seconds per run. Prior to the measurement, samples were appropriately diluted with 

ultrapure water so that the concentration range was within 0.1 – 10 loading index. The 

electrophoretic mobility was determined at room temperature. Prior to the analysis of 

the NPs, reference standards for size (silica NPs) and zeta potential (alumina NPs) 

were run to ensure the instrument perform accurately. 

5.3.4 Naringenin encapsulation efficiency and loading capacity in 

naringenin-loaded nanoparticles 

Percentage of NAR loading (i.e., drug loading capacity) of NAR-CS NPs was 

calculated according to Equation 5.1 below: 

%Drug loading =  
Total NAR added−free NAR

Weight of added CS
 x 100   Equation 5.1 

The encapsulation efficiency of NAR was determined by both direct and indirect 

methods. The amount of NAR in the drug-loaded NPs was measured by HPLC 

analysis, using the same method as described in Section 3.3.3 (Chapter 3). 

Indirect method: the drug content of the NP was determined by the separation of 

drug-loaded NP from the aqueous solution that contained non-associated NAR. The 

nano-formulation was centrifuged twice (SIGMA 3-18 KS, Sigma Aldrich, Ireland). 

Firstly, the drug-loaded NP solution was centrifuged at 3000 rpm for 15 minutes, while 

the pellets were used to analyse the amount of non-associated NAR (unbound drug 1), 

the supernatant was used in the next centrifugation at 15000 rpm for 30 minutes. Then, 

after centrifuging the solution at 15000 rpm, the concentration of unbound NAR 

(unbound drug 2) in the supernatant was measured. The % encapsulation efficiency 

(%EE) was calculated using Equation 5.2 [467].  
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%EE = 
[Wtotal drug − Wunbound drug 1+ 2]

Wtotal drug
 x 100      Equation 5.2 

Direct method: the NAR content of the NP was determined by degrading the drug-

loaded NP (pellets after centrifugation of the solution at 15000 rpm). To identify the 

best possible solvent to break the NP, different solvent systems, along with the use of 

sonication, were investigated as detailed in Table 5.1.  

Table 5.1: Details of the experimental solvent combinations for the analysis of drug 

encapsulation efficiency from NAR-CS NPs (n = 3). 

Run 

# 

Pellets 

dispersion 

(µL) 

MeOH 

(µL) 

Water 

(µL) 

DMSO 

(µL) 

0.1M 

HCl 

Lysozyme 

(µL)+ 

1 100 300 600 - - - 

2 100 450 450 - - - 

3 100 600 300 - - - 

4 100 - - 900 - - 

5 100 450 - - 450 - 

6 100 - - - - 900 

7 100 450 - - - 450 

+: Lysozyme solution was prepared at 2.5 mg/mL in phosphate buffered saline (PBS, 

pH 7.4). 

5.3.5 In vitro release study of naringenin-loaded nanoparticles 

NAR stability in the release medium (i.e., PBS+0.1% Tween® 80, as per Section 3.3.6, 

Chapter 3) at 37 °C was investigated for three months. At specific intervals (24, 48, 

72, 96, 120 and 144 hours, weeks 2, 3, and 4, months 2 and 3), a sample of NAR was 

withdrawn and subjected to HPLC analysis.   

The drug release studies from NAR-CS NPs were carried out in the release medium. 

1 mL of release medium was distributed into 2 mL microcentrifuge tubes containing 

nanosuspension equivalent to 11 µg of NAR. These microcentrifuge tubes were placed 

in a shaker with continuous agitation at 150 rpm at 37 °C (SI500 shaking incubator, 

Stuart, Ireland). At every sampling point, a microcentrifuge tube was taken and 

centrifuged at 15,000 rpm for 15 min and the drug presented in the supernatant was 

quantified by HPLC using the method described in Section 3.3.3 (Chapter 3). The 
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percentage cumulative drug release from the NAR-CS NP was calculated following 

the below equation (Equation 5.3): 

%Cumulative drug release = (
𝑇𝑒𝑠𝑡𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒

𝐵𝑎𝑡ℎ 𝑣𝑜𝑙𝑢𝑚𝑒
∗ 𝑃𝑡) + 𝑃𝑡𝑐  Equation 5.3 

Where: Pt and Ptc are the percentage released at time ‘t’ and percentage released before 

time ‘t’, respectively; Tested volume (mL): volume of release media withdrawn at a 

specified interval for HPLC analysis; Bath volume (mL): total volume of release media 

in a glass vial. 

5.4 Results and Discussion 

5.4.1 Formation of chitosan nanoparticles 

Low molecular weight (MW) CS in a range of 10-100 kDa was chosen to be used in 

the formulation of CS NPs. The particle size of the NPs was previously cited to be 

affected by CS MW, whereas their zeta potential, overall shape and size distribution 

remained constant [552, 553]. Almalik et al. demonstrated that the NPs average 

diameter was gradually increased with a higher CS MW (Figure 5.3) [552].  

 

Figure 5.3: Size distribution of CS NPs prepared from different CS molecular weights [552].  
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Initially, CS1 was used in the formulation. However, it did not give a monodispersed 

solution. DLS data on this type of NPs resulted in only 55% of the distribution under 

365 nm with the rest in the micron-range (5 µm). When CS2 was used in the 

formulation of NPs, a more uniform size (95% of the distribution was under 360 nm) 

was obtained. Therefore, CS2 was identified to be a more suitable raw material to be 

used in the formulation of NAR-CS NPs. Moreover, by using CS2, which has a higher 

degree of deacetylation compared to CS1 (90% vs. 75%), the developed drug-loaded 

NPs were predicted to have a higher %EE. As reported by Yang and Hon, with 3.5 mg 

of 5-FU (fluorouracil) loading into CS/TPP (tripolyphosphate sodium) NPs, CS with 

a DD of 75% gave a EE of 38.57 ± 0.69%, while a substantially higher %EE, 56.47% 

± 0.81% could be seen for CS with 90% DD  [554]. CS2 was previously used in the 

preparation of CS NPs [145, 555]. For instance, using the ionic gelation method, Yan 

et al. developed puerarin-loaded CS NPs, which had a particle size of 126 ± 1 nm and 

a PDI value of 0.122 ± 0.001 [145]. Differences in CS MW and the degree of 

deacetylation (DD) were suggested to have an impact on the toxicity of the NPs [556]. 

A decrease in both factors resulted in lower NP toxicity [556].  

A molar ratio of 1:2 for CS:SBE-ß-CD was employed in this study, which resulted in 

an opaque solution, indicating a successful formation of NAR-CS NPs. This 

phenomenon was also reported in previous works [144, 467, 505].The effect of SBE-

ß-CD concentration in relation to CS for the formation of CS/SBE-ß-CD NPs was 

investigated by Mahmoud et al. [505] and Zhao et al. [144]. Both studies provided a 

similar observation. At a very low SBE-ß-CD concentration relative to CS (1:3 mass 

ratio), a clear colloidal solution was obtained which indicated that either the NPs could 

not be formed, or the quantity of the formed NPs was too low to be detected. On the 

other hand, when too high SBE-ß-CD concentration was used (e.g., the mass ratio 

0.65:1 or below for CS/SBE-ß-CD) in the formulation of NPs, aggregates could be 

seen [144]. This was suggested to be due to an increase in the shielding of free 

positively charged groups of CS, which resulted in a reduction in the NPs positive zeta 

potential values [467, 505]. Consequently, this led to a decrease in repulsive forces 

between the NPs and cross-bridge formation between NPs (the hydroxyl groups on the 

surface of NPs), resulting in NP agglomeration [557].   
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In general, higher amounts of SBE-ß-CD relative to CS is preferable since this results 

in smaller sized NPs [144, 505]. For example, at 1.5:1 CS:SBE-ß-CD mass ratio, the 

NPs size was recorded to be around 800 nm, while a size of 465.9 nm was measured 

for NPs formed at 0.85:1 ratio [144].  

A centrifugation technique has been used widely to wash and purify NPs in many 

previous studies [51, 136, 144, 543], where centrifugal force is used to increase the 

separation of nanomaterials due to the enhanced gravitational field [558]. According 

to Stoke’s law, the particle diameter can be calculated from the difference in the 

sedimentation velocities (i.e., the complete particle size distribution) [559]. Based on 

Brownian motion, particles in the CS NP solution sediment and collide with each other 

at different rates, depending on size [560]. Centrifugation speeds of 14000 and 15000 

rpm were previously used in the purification step of NPs [144, 283]. However, a higher 

speed of 18000-20000 rpm was also used in some studies in the formation of 

homogenously dispersed NPs [561, 562]. Thus, to study the effect of centrifugation 

speed on the formation of the NAR-CS NPs, specifically on their %yield, two 

centrifugation speeds were investigated in this study, 15000 and 18000 rpm 

(operational limit of the instrument). There was no statistical difference (p-value = 

0.11) in NPs %yield formed under 18000 rpm (21.0 ± 0.4%) and 15000 rpm (20.3 ± 

0.3%). Since 18000 rpm is the maximum speed of the instrument, excessive use at 

such high speed would in turn reduce the lifespan of the instrument. Hence, the 

centrifugation speed used in the formulation of NPs in this study was determined to be 

15000 rpm. Following the centrifugation step, pellets were redispersed in 10 mL of 

ultrapure water and sonicated for 10 minutes. The effect of sonication on the formation 

of NPs was assessed by Pandit et al. [562], with the optimum sonication time proposed 

to be 10 minutes.  

The final step in the formulation of NAR-CS NPs was freeze-drying, which has been 

known to give good long-term stability of colloidal NPs since it removes water/solvent 

by sublimation from the NPs [563]. A cryoprotectant, 2% trehalose, was used as part 

of this process in the NAR-CS nano-formulation, to remove excess moisture, protect 

and stabilize the colloidal system during the freeze-drying stages as extensively 

investigated by previous studies [283, 561, 564, 565].  
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Freeze-drying is based on removing of water or solvent from a frozen sample by 

sublimation (primary drying) and desorption (secondary drying) under vacuum [563, 

566]. However, samples undergo various stresses throughout the lyophilization 

process as reviewed by Fonte et al. [567]. Such stresses include: ice formation which 

leads to solute exclusion, mechanical stress (from ice formation), surface dehydration 

and pH/ionic strength modifications [568], which in turn result in NP aggregation 

[569]. Aggregates can significantly hinder the re-dispersion of NPs and affect their 

sizes [570]. Cryoprotectant has been shown to stabilize and prevent a molecule from 

degrading during freeze-drying and storage [571]. The protection mechanism of 

cryoprotectants is due to their ability to remain in an amorphous form during the 

lyophilization process [572].  

5.4.2 Physicochemical characterization of naringenin-loaded 

nanoparticles 

5.4.2.1 Particle size, charge, and PDI of naringenin-loaded 

nanoparticles 

DLS was the most commonly used sizing method by nanomedicine application (48%) 

from 1973 to 2015 [179]. DLS is also known as photon correlation spectroscopy and 

is based on elastic electromagnetic scattering of the dispersing particles [573-575]. As 

reviewed by Carvalho et al. [576], when the NP suspension is exposed to a light beam, 

the detection of the light scattered from the interaction with the particle provides 

information on the physical properties of the sample. DLS gives the average 

hydrodynamic radius (Z-average) of the particles [158, 505, 552]. The hydrodynamic 

radius is directly related to the diffusive motion of the particles [574, 577]. DLS can 

also provide a measurement of the zeta-potential of the particles. This value is 

measured at the slipping plane of a particle under an electrical field, which reflects the 

differences in potential between the electric double layer of electrophoretic mobile 

particles and the layer of dispersant around them [578].  
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The developed NAR-CS NPs had an average particle size of 333.3 ± 26.6 nm and a 

positive zeta potential of +22.0 ± 4.3 mV, while these values for unloaded CS NPs 

were 360.0 ± 9.9 nm and +38.6 ± 2.1 mV, respectively. Positively charged NPs (CS 

NPs) were reported to prolong precorneal retention time, leading to an increased in 

drug bioavailability since they can bind to negatively charged corneal mucin [144]. 

A moderate positive zeta potential value prevents particle aggregation while 

promoting electrostatic interaction between the NPs with the negatively charged 

mucus layer [144]. A similar observation was obtained in various studies on drug-

loaded CS/SBE-ß-CD NPs [467, 505, 557]. In addition, zeta-potential data provided 

information on the stability of colloidal systems, a higher zeta potential value indicates 

a higher stable state of particles [579]. Typically, zeta potential values higher than +20 

mV or lower than -20 mV indicate a stable suspension. 

The polydispersity index (PDI) value describes the NP size distribution and was used 

as an indicator for NP stability and uniformity of formation [580]. The prepared blank 

CS NPs and NAR-CS NPs exhibited a narrow particle size distribution with PDI values 

of 0.0671 ± 0.0362 and 0.0777 ± 0.0580, respectively. These values suggested that the 

method used in the preparation of NAR-CS NPs produced homogenously dispersed 

NPs. To prepare monodisperse particles with a narrow range of average particle 

diameters, many studies have produced NPs with PDI values below 0.2 [580-582]. 

Values as high as 0.4 were considered acceptable in some studies [505, 583, 584].  

As mentioned in Chapter 1 and reviewed by Hoshyar et al. [585], NPs should be small 

enough to escape the macrophages lodged in the reticuloendothelial system, while 

being big enough to prevent rapid leakage into blood capillaries. Hence, controlling 

the size of synthesized NPs for targeted drug delivery and sustained release was 

determined to be important [585]. NPs with sizes smaller than 200 nm could impact 

the isolation of the NPs from the suspension leading to a low recovery of the solid-

state NPs [144].  
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5.4.2.2 TGA analysis of naringenin-loaded nanoparticles 

DSC and TGA were used to characterize the thermal behaviour and stability of the 

drug and the NP-formulations, providing information on their hydration properties and 

their physical state [586, 587]. The TGA thermograms of raw materials CS, SBE-ß-

CD, NAR, physical mixture, blank CS NPs, and NAR-CS NPs are presented in Figure 

5.4. 

 

Figure 5.4: TGA thermograms of CS, SBE-ß-CD, NAR, physical mixture, blank CS NPs, and 

NAR-CS NPs. Degradation temperature (°C) of each material is reported (n = 3). 

TGA analysis of NAR and SBE ß-CD is reported in Section 3.4.4.1 (Chapter 3), with 

NAR exhibiting a sharp melting peak at 272.1 ± 4.7 °C, while two endothermic peaks 

at 278.5 ± 9.7 °C and 355.3 ± 12.4 °C are noted for SBE-ß-CD. As could be observed 

in Figure 5.4, CS exhibited two stages of degradation. The first one was at 48.5 ± 3.5 

°C, which was due to the evaporation of the residual water presented in the polymer 

sample, while the second one was at 220.1 ± 0.2 °C, which was assigned to the 

decomposition of CS. The observations of CS in this work agreed with previous studies 

on CS thermal behaviour [586-588]. As an example, two degradation points were also 

observed in the DSC analysis of CS, carried out by Kumar et al., which were at 47 and 

247 °C [589].  
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In the physical mixture thermogram, as expected due to the higher amount of CS 

presented, a degradation point started at the same temperature as the ones displayed in 

CS analysis, which was at 220.3 ± 0.4 °C. An increase in thermal stability of the 

formulated CS NPs in comparison to the CS itself was recorded. Blank CS NPs and 

NAR-CS NPs thermograms are comparable with each other with dehydration points 

at 34.9 ± 4.0 °C and 34.0 ± 3.3 °C, respectively, and a degradation temperature starting 

at 257.1 ± 0.9 °C and 257.2 ± 1.3 °C, respectively. Similar observations were reported 

in previous studies, in which the formed NPs exhibited enhanced thermal stability 

compared to the individual polymer (i.e., CS), which was suggested to be due to the 

interaction between CS and the crosslinker [7, 590]. For instance, Zhang et al. 

demonstrated that the %weight remaining of pure CS (2.78 ± 0.01%) was significantly 

higher in comparison to that of the formulated tea polyphenol-loaded CS NPs (40.93 

± 0.52%) in TGA analysis when the temperature was above 300 °C [591]. 

5.4.2.3 DSC analysis of naringenin-loaded nanoparticles 

The DSC thermograms of raw materials CS, SBE-ß-CD, NAR, blank CS NPs, NAR-

CS NPs, and the corresponding physical mixture are presented in Figure 5.5. In the CS 

thermogram, the peak appearing at around 92.1 ± 6.4 °C was quite broad, which 

indicated this could be due to the evaporation of the residual water in the sample [146, 

467]. A second endothermic peak at 210.4 ± 0.1 °C was also observed, which 

corresponded to the decomposition of CS [146]. As analyzed in Section 3.4.5.1 

(Chapter 3), the SBE-ß-CD thermogram included a broad endothermic peak at 96.0 ± 

6.5 °C (liberation of crystal water) and double melting/decomposition peaks at 248.6 

± 0.8 and 260.9 ± 0.9 °C, while a sharp melting peak at 254.4 ± 0.3 °C was observed 

in the NAR thermogram. Physical mixture of CS and NAR:CD complex spectrum 

includes a broad endothermic peak at 87.8 ± 4.3 °C and another peak at 207.2 ± 0.8 

°C, which is similar to those observed in the CS DSC thermogram.  

The thermogram of blank CS NPs shows a broad peak at 86.5 ± 6.3 °C, which was 

corresponded to polymeric dehydration, and an endothermic peak at 232.4 ± 6.2 °C. A 

similar observation was seen in the NAR-CS NPs thermogram with two endothermic 

peaks at 84.9 ± 1.3 °C and 236.2 ± 2.9 °C. The observed thermal behaviors of the 

unloaded and loaded NPs indicated the intermolecular interactions between CS and 

SBE-ß-CD complex, including the combination of hydrogen bonds or van der Waals 
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forces, which agreed with previous studies [144, 467]. In a study carried out by Zhao 

et al., a reduction in the melting temperature of SBE-ß-CD, from 263.3 °C to 238.3 °C 

and 241.3 °C was noted in the DSC thermogram of the formulated blank CS/SBE-ß-

CD NPs and drug-loaded NPs, respectively [144].  

 

Figure 5.5: DSC thermograms (n = 3) of (a) raw materials CS, SBE-ß-CD, NAR, and physical 

mixture, and (b) physical mixture, blank CS NP, and NAR-CS NPs. Tg temperature (°C) of 

each material is reported. 
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5.4.2.4 FT-IR analysis of naringenin-loaded nanoparticles 

Five samples were analyzed using FT-IR including: NAR, CS, SBE-ß-CD, unloaded 

and drug-loaded CS NPs. The comparative FT-IR spectra are shown in Figure 5.6. 

Table 5.2 lists the main characteristic peaks of CS, SBE-ß-CD, CS NP, and NAR-CS 

NP.  

 

Figure 5.6: Representative FTIR spectra of (a) CS, SBE-ß-CD, NAR, and physical mixture, 

and (b) physical mixture, blank CS NPs, and NAR-CS NPs. 
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The IR spectrum of CS demonstrates a strong absorption peak at around 3400 cm-1 

which corresponded to both O-H stretching and N-H stretching vibrations from 

intermolecular hydrogen bonding. –CH and –CH2 stretching vibrations could be seen 

at 2930 and 2878 cm-1. While peaks at 1656 cm-1 and 1592 cm-1 attributed to C=O 

stretching (amide) and N-H bending vibration of CS, respectively, peaks at 1240 cm-

1, 1154 cm-1 and 1075 cm-1 indicated –O-SO3
- stretching, C-O-C stretching and C-O 

stretching of SBE-ß-CD, respectively, which agreed with previous studies [143, 467, 

592]. The FTIR spectrum of SBE-ß-CD was analyzed in Section 4.4.3.3 (Chapter 4). 

Briefly, the SBE-ß-CD spectrum was characterized by a broad and intense peak 

representing O-H stretching at 3430 cm-1, C-H vibration at 2936 cm-1, CH2 vibration 

at 2810 cm-1, and C-O stretching vibration at 1040 cm-1 [505, 535]. The physical 

mixture spectrum contained all the characteristic bands from both CS and NAR:CD 

complex, those such as 1656 cm-1 (C=O stretching, in CS) and 1653 cm-1 (C-H 

stretching, in SBE-ß-CD). 

The unloaded and NAR-CS NPs spectra display a significant shift of the characteristic 

N-H bending (amide) peak of CS at 1656 cm-1 to 1638 and 1637 cm-1, respectively. 

This might be caused by a different environment (i.e., H-bonding interaction between 

different components, CS, NAR and SBE-ß-CD) around this amide group [143, 593]. 

Furthermore, various shifts can be observed in the spectra of the developed NPs, which 

was caused by an addition of intermolecular interactions, potentially due to hydrogen-

bonding and electrostatic interactions [594]. The peak at 1592 cm-1 in the CS spectrum 

and the peak at 1042 cm-1 in SBE-ß-CD spectrum moved to 1585 cm-1 and 1037 cm-1 

in blank CS NPs spectrum, respectively. All these shifts indicated the formation of 

CS/SBE-ß-CD NPs through electrostatic interactions between the ammonium group 

of CS and the anionic sulfobutyl groups of SBE-ß-CD (Figure 5.6). Moreover, NAR 

characteristic peaks cannot be observed in the formed NAR-CS NPs, which confirms 

the successful encapsulation of NAR into the cavity of the NPs. These observations 

agreed with previous works [144, 467, 505, 595].  
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Table 5.2: Summary of FT-IR analysis of the NAR-CS NP, unloaded CS NP and their raw materials. 

Ref. 

frequency 

(cm-1) 

Functional group 

Raw materials (cm-1) Nanoparticles (cm-1) 

Ref. 
SBE-ß-CD CS NAR 

Physical 

mixture 
Blank CS NP 

NAR-CS 

NP 

3400 O-H stretching 3435 3400 - 3400 3350 3350 [146] 

3100-2800 C-H stretching 2937-2892 2930-2878 3000 - 2932-2878 2930-2880 [505] 

1650 

 
C=O stretching (amide) - 1656 - - 1638 1637 [143] 

1619 
C=O stretching  

(amide II) 
- - - - - - [587] 

1644-1655 
C-H (from aromatic 

ring) 
1653 - - - - - [535] 

1604 C=C aromatic - - 1603 1603 -   

1589/1560 N-H bending vibrations - 1592 - - 1585 1588 [143, 592] 

1500 C=C aromatic - - 1497 1497 -   

1240 -O-SO3
- stretching - 1240 - - - - [596] 

1205 C-H stretching 1206 - - - 1204 1200 [535] 

1200 O-H phenolic - - 1200 1200 1204 1200  

1149/1150 C-O-C stretching - 1154 - - 1152 1150 [143, 592] 

1064/1026 C-O stretching - 1075 - - 1078 1076 [143, 592] 

1040 Sulfoxide stretch 1042 - - - 1037 1035 [144, 596] 
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5.4.3 Naringenin encapsulation efficiency and loading capacity in 

naringenin-loaded nanoparticles 

Drug encapsulation efficiency (%EE) studies have been widely used to determine the 

amount of drug present in the formulation that is successfully entrapped inside the NP 

[467]. The %EE is one of the most essential physicochemical properties of colloidal 

carrier loaded drugs [597]. Thus, it is important to accurately quantify the %EE of the 

synthesized NPs. Both indirect [51, 283, 562, 598, 599] and direct methods [136, 505, 

586, 600-602] were previously used in the measurement of drug %EE. To ensure the 

%EE of drug was determined as accurately as possible, both of those approaches were 

used in this work (Table 5.3). 

Table 5.3: Drug encapsulation efficiency and drug loading data on NAR-CS NPs (n = 3). 

Indirect approach 

Sample %Encapsulation efficiency %Drug loading 

Pellets: 3000 rpm 
33.4 ± 1.0 0.68 ± 0.03 

Supernatant: 15000 rpm 

Direct approach 1: MeOH 

Sample %Encapsulation efficiency %Drug loading 

100 µL pellets:450 µL 

MeOH:450 µL water 
12.0 ± 1.3 0.24 ± 0.06 

Direct approach 2: DMSO 

Sample %Encapsulation efficiency %Drug loading 

100 µL pellets:900 µL 

DMSO 
13.9 ± 3.2 0.28 ± 0.08 

Direct approach 3: 0.1M HCl 

Sample %Encapsulation efficiency %Drug loading 

100 µL pellets:450 µL 0.1 

M HCl:450 µL MeOH 
34.5 ± 1.6 0.70 ± 0.04 

Direct approach 4: Lysozyme 

Sample %Encapsulation efficiency %Drug loading 

100 µL pellets:900 µL 

lysozyme solution 
26.2 ± 0.5 0.54 ± 0.01 

100 µL pellets:450 µL 

lysozyme solution:450 µL 

MeOH 

37.4 ± 4.0 0.76 ± 0.09 

As mentioned in Section 5.3.2, the work up of the formulated NAR-CS NPs included 

two centrifugation steps. The formulation was first centrifuged at 3000 rpm to remove 

unbound drug, which was followed by high-speed centrifugation at 15000 rpm to 

separate NAR-CS NPs from the aqueous solution that contained non-associated NAR. 
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Besides determining the free drug in the supernatant after high speed centrifugation 

[51, 283, 562, 598, 599], few studies have used low speed centrifugation to measure 

the amount of removed non-entrapped drug [603, 604]. A low speed centrifugation at 

9100 rpm for 10 minutes was used to remove the unbound precipitated curcumin from 

exosomes [603]. By measuring the unbound curcumin from the precipitated pellet, its 

%EE was determined. Separation of non-entrapped dexamethasone from niosomes 

was also carried out using low speed centrifugation at 6000 rpm for 1 hour in a study 

carried out by Mavaddati et al. [604]. Therefore, to accurately determine NAR %EE 

using an indirect approach, the total amount of non-associated NAR from both 

centrifugation steps was measured. The %EE of NAR using this approach was 

measured to be 33.4 ± 1.0%, with 0.68 ± 0.03% loading capacity in the present study. 

These values are lower than the previously quoted figures for the drug %EE of CS 

NPs, which were 61.8 ± 3.2% (ibrutinib-loaded CS/SBE-ß-CD NPs at 10 mg/mL SBE-

ß-CD) [144] and 67.1 ± 0.3% (NAR-CS NPs) [467]. However, it should be noted that 

the complexation of NAR:SBE-ß-CD, which was reported in Chapter 4, was prepared 

differently through the implementation of lyophilisation of a monophasic solvent 

(TBA:water) approach, in comparison to forming an inclusion complex solely in water 

with filtration used in the works carried out by Zhang et al. and Zhao et al. [144, 467]. 

Thus, the encapsulation ability of the developed nano-formulation could be influenced 

due to different NP preparation methodologies. Additionally, the %EE of drug was 

shown to be influenced by the ratio of CS and SBE-ß-CD used in the formulation. In 

the study carried out by Fulop et al. [511], as the CS concentration increased in the 

formulation, the %EE of drug (hydrocortisone) decreased. The reason for this was 

postulated to be due to the changes in size of NPs, the larger the NPs, the more easily 

they released the drug. For instance, at 0.25 %wt. CS/SBE-ß-CD NPs, the %EE was 

found to be above 30%. However, when that concentration increased to 2%, the %EE 

of drug decreased to less than 10% [511].  

A direct approach to determine the %EE was previously used in several studies as 

mentioned above. In this method, different solvent systems were used to break up the 

formed NAR-CS NPs to measure the actual drug amount inside the particles. A 

combination of MeOH and water solvent systems resulted in a %EE of 12.0 ± 1.3%, 

while a value of 13.9 ± 3.2% EE was recorded when using DMSO to break the formed 
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NPs. However, these %EE values are significantly smaller than ones obtained from 

the indirect method (i.e., 33.4 ± 1.0%). Based on a work reported by Mahmoud et al. 

[505], a co-solvent of 0.1 M HCl and lysozyme was also employed, with %EE was 

determined to be 34.5 ± 1.6% which agreed with the value from the indirect method. 

To confirm the NAR %EE of the developed NPs, lysozyme was used to breakdown 

the NAR-CS NPs. CS can be degraded by enzymes that can hydrolyse linkages 

between glucosamine-glucosamine, glucosamine-N-acetyl-glucosamine, and N-acetyl 

-glucosamine-N-acetyl-glucosamine units, as cited by Loncarevic et al. [605]. 

Lysozyme, an enzyme that is available in the human body, was previously 

demonstrated to degrade CS through enzymatic hydrolysis reactions, by cleaving the 

1,4-ß-glycosidic bond in the CS backbone [606]. In human tears, the lysozyme 

concentration was determined to be 2.13 mg/mL for adults [607]. Therefore, to ensure 

that the lysozyme concentration was sufficient to break up the formed NAR-CS NPs, 

2.5 mg/mL lysozyme solution was prepared in PBS (pH 7.4). By mixing and 

incubating the nano-formulations in lysozyme solution for three days, the %EE of 

NAR in NAR-CS NPs in the present study was calculated to be 37.4 ± 4.0%.  

It could be seen that by using 0.1M HCl:MeOH and lysozyme:MeOH to break up CS 

NPs, the quantified %EE of NAR from the developed NAR-CS NPs are comparable 

to the ones obtained from the indirect method. Following the determination of the 

optimum approach in measuring the %EE, the NAR loading capacity was calculated, 

which was in a range of 0.68 to 0.76% (i.e., 59.6 ± 7.8 µg NAR/mg CS NP) (Table 

5.3). 

5.4.4 In vitro release study of naringenin-loaded nanoparticles 

Since NAR is sparingly soluble in water, the in vitro release study for NAR-loaded 

lens, which was detailed and discussed in Chapter 3, was carried out in PBS with 0.1% 

Tween® 80 to maintain adequate sink conditions. Through HPLC analysis, NAR was 

investigated to exhibit good stability for three months in the release medium at 37 °C. 

NAR concentration at Day 1 was 110 ± 2 µg/mL and remained stable at 109 ± 3 µg/mL 

after 3 months (p-value > 0.05).  
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The percentage cumulative drug release (%) profiles for a week (i.e., 168 hours) and a 

month (i.e., 720 hours) release from NAR-CS NPs in PBS with 0.1% Tween® 80 are 

shown in Figure 5.7(a) and Figure 5.7(b), respectively. 

 

 

Figure 5.7: In vitro NAR release profiles of the developed NAR-CS NPs (n = 3) at (a) 1 week 

(i.e., 168 hours) and 12 hours, and (b) 30 days (i.e., 720 hours). 

As can be observed in Figure 5.7, the formulated NPs exhibited a sustained release in 

the first 12 hours, followed by a controlled release from Day 2 to Day 30. The 

generated drug release profiles were postulated to be due to the burst release of the 

developed system due to the presence of free NAR as well as surface-binding NAR 

presented in the NP solution. These release patterns are similar to the previous 

investigations on drug-loaded CS/SBE-ß-CD NPs [144, 467, 505].  

(a) 

(b) 
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For example, econazole nitrate (ECO)-loaded CS/SBE-ß-CD NPs showed a prolonged 

drug release (in PBS at pH 7.4 at 37 °C) at approximately 50% rate over the first 8 

hours [505]. The developed NPs had a particle size in a range of 90 to 673 nm, 

positively charged values of 22 to 33 mV, with a %EE of NAR ranging from 13 to 

45% [505]. 

By applying various mathematical models: zero-order, first-order, Higuchi, and 

Korsmeyer-Peppas, the release mechanism of NAR-CS NPs in PBS with 0.1% 

Tween® 80 was investigated. The applicability of all the models was tested during the 

burst release phase (up to 2 hours). From the generated data, the correlation coefficient 

(R2) values, along with the diffusion exponent (n), and rate parameter (k) were 

calculated to identify the best fit model to describe the release mechanism of the NAR-

CS NPs (Table 5.4). 

Table 5.4: Kinetic release data from the initial release phase obtained from zero order, first 

order, Higuchi, and Korsmeyer-Peppas mathematical models from the prepared NAR-CS NPs. 

Mathematical model NAR-CS NPs 

Zero order 
R2: 0.8941 

k = 19.22 (M/s)  

First order 
R2: 0.6427 

k = 0.44 (1/M) 

Higuchi 
R2: 0.9800 

k = 34.82 (M/s1/2) 

Korsmeyer-Peppas 
R2: 0.9540 

n = 0.77 

As can be observed from Table 5.4, based on the R2 values generated from each of the 

mathematical models, the initial release of NAR (in the first 2 hours) from the 

formulated NAR-CS NPs in both release media indicated a good fit for the Higuchi 

and the Korsmeyer-Peppas models. The diffusion exponent values ‘n’ obtained from 

the Korsmeyer-Peppas model for the NPs released in PBS with Tween® 80 was higher 

than 0.5 (i.e., 0.77), indicating a non-Fickian release type. Thus, from the above 

observation, the mechanism of NAR release was postulated to be governed by 

diffusion, swelling, and dissolution. This observation agreed with previous work on a 

similar system [7, 283]. Behl et al. developed drug-loaded CS NPs (using 

dexamethasone sodium phosphate, DXP) by cross-linking with TPP, which resulted in 

NPs with a particle size of 132 ± 4 nm and 43.06 %EE of DXP.  
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The in vitro drug release of the developed NPs was carried out in PBS (pH 7.4, at 37 

°C), which demonstrated a sustained and controlled drug release for 35 days. A 

diffusion-controlled drug release mechanism was proposed to represent the kinetics of 

DXP release from the developed CS NPs [283]. In addition, by applying all of the 

above release kinetic models, the quercetin release kinetic mechanisms from different 

ratios of fucoidan/CS (F/C) NPs were investigated by Barbosa et al. (Figure 5.8) [143]. 

The average particle sizes for 1F/1C, 3F/1C and 5F/1C were determined to be 427 ± 

26 nm, 305 ± 10 nm and 355 ± 9 nm, respectively. 

 

Figure 5.8: Values of R2 obtained from fits of different mathematical models for mechanisms 

of drug release to the 1F/1C, 3F/1C and 5F/1C NPs [143]. 

Results from Figure 5.8 indicated that the Korsmeyer-Peppas model best described the 

drug release kinetics in all the three ratios used in the formation of F/C NPs. This 

outcome indicated that drug release in that work was governed by a diffusion-

controlled mechanism, described by the n-value. Since the n-values in 3F/1C and 

5F/1C formulations were larger than 0.4, a non-Fickian diffusion of the drug was 

identified [143]. This can be described as a combination of the effects of diffusion and 

erosion of the polymeric structure, thus, resulting in a controlled drug release rate, as 

reviewed by J. Siepmann and F. Siepmann [608].  

The outcome demonstrated that NAR was released from the formulated NAR-CS NPs 

at a rate of 10.9 µg/day, calculated at the end of the first 24 hours of release. However, 

this release rate was found to be lower than the estimated therapeutic concentrations 

as reported in Section 3.4 of Chapter 3, which should be in a range of 14.6 – 66.1 

µg/day. This was potentially because of the low %EE of the developed NAR-CS NPs. 

As a result, further optimization on the developed NAR-CS NPs will be carried out in 



213 

 

future work to increase its encapsulation efficiency to ensure NAR is released within 

its therapeutically relevant concentrations. 

5.5 Conclusions 

In this chapter, NAR-CS NPs were successfully prepared by an ionic gelation 

technique. Ionically crosslinked CS NPs represent an interesting CS-based nanocarrier 

system for hydrophobic drugs to the ocular mucosa. Physicochemical characterization 

carried out by DLS, TGA, DSC, and FT-IR confirmed the formation of the NPs. The 

average diameters of blank CS NPs and NAR-CS NPs were measured to be 360.0 ± 

9.9 nm and 333.3 ± 26.6 nm, respectively with zeta potential values of +38.6 ± 2.1 mV 

and +22.0 ± 4.3, respectively. PDI values indicated that the prepared NPs were 

homogenously redispersed with a narrow particle size distribution, with all the values 

below 0.2.  

Thermal studies on raw materials and NPs through TGA and DSC demonstrated the 

thermal behaviour and stability of NAR and the NP, providing information on their 

hydration properties and their physical state. DSC thermograms of CS NP suggests 

interactions including a combination of hydrogen bonds or van der Waals force 

between CS and SBE-ß-CD, resulted in an increase in NP thermal stability in 

comparison to the individual components. FT-IR analysis of the shifts in frequency of 

functional groups in CS, NAR, and SBE-ß-CD before and after forming NP, was 

carried out. The formation of CS/SBE-ß-CD NP through electrostatic interactions 

between the ammonium group of CS and the CD anionic sulfobutyl groups was shown 

through the shifts in CS peaks (from 1656 and 1592 cm-1 in CS to 1638 and 1585 cm-

1) and in SBE-ß-CD peaks (from 1040 cm-1 to 1037 cm-1).  

To identify the best solvent system to break the developed NAR-CS NP to accurately 

determine the %EE of NAR, four solvent combinations were assessed including 

MeOH:water, DMSO, 0.1M HCl:MeOH and lysozyme:MeOH. The optimum solvent 

system was identified to be 0.1M HCL:MeOH, and lysozyme:MeOH, which indicated 

the highest amount of drug encapsulation efficiency, and had a comparable %EE of 

NAR to the indirect approach, which was in a range of 33.4-37.4%. Based on this 

finding, the NAR mass per mg of formulated NP was calculated to be 59.6 ± 7.8 µg 

NAR/mg NP.   
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In vitro release of the formulated NAR-CS NP was carried out in PBS with the 

presence of 0.1% Tween® 80 at 37 °C, which demonstrated a sustained and controlled 

drug release pattern at a rate of 10.9 µg/day. The in vitro release of the developed 

NAR-CS NPs followed a non-Fickian release type, which indicated that its release was 

mainly governed by diffusion and swelling. Due to the low %EE of NAR in the 

developed NAR-loaded CS NP, which resulted in a daily drug release concentration 

less than the estimated therapeutic concentration (14.6 – 66.1 µg/day), future study 

will be required to optimize and enhance the %EE of this nanocarrier. 

The size and charge of the developed NAR-CS NP in conjunction with the 

biodegradable and biocompatible properties of this nanoparticulate system suggest it 

to be a promising approach in ocular drug delivery, which could improve patient 

comfort while reducing the need for intravitreal injections. Aiming to increase the 

controlled release and targeted delivery of NAR to develop a more effective drug 

delivery system to treat retinal diseases, the developed NPs were entrapped in the 

developed SCL (Chapter 2), which was discussed and reported in Chapter 6. To this 

end, the impact of loading such NP on lens’ critical properties was studied and the NP-

lens in vitro release behaviour was examined. 
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6 FEASIBILITY OF INCORPORATING AN INCLUSION COMPLEX 

AND POLYMERIC NANOPARTICLE INTO SOFT HYDROGEL CONTACT 

LENS 

6.1 Introduction 

To develop an effective ocular drug delivery system (ODDS) that can provide targeted 

drug delivery, as well as a controlled and sustained drug release, incorporation of an 

inclusion complex and/or NP into SCL has been investigated [542, 609, 610]. These 

systems are favourable since they encompass all the beneficial properties of a CD, NP 

and SCL in the development of an ODDS. While the use of CD and NP can result in 

an enhancement in drug bioavailability and provide a controlled release profile [203, 

204], SCL has been extensively studied to increase ocular retention time of a drug 

[611, 612]. 

Aiming to not only prolong the drug delivery of a therapeutic SCL, but also to improve 

the lens hydrophilicity to resist the deposition of tear proteins, Li et al. investigated 

the use of β-CD-HA impregnated pHEMA lens for the controlled release of diclofenac 

[610]. The optimum developed lens model showed comparable properties to 

commercial lens with >90% light transmission, 65% water content and a modulus of 

1.8 MPa. A sustainable drug release was also recorded in rabbits for 72 hours through 

an in vivo study. In addition, in vitro cell viability experiment on the pHEMA/β-CD-

crHA10 hydrogel also was determined to be non-toxic to 3T3 mouse fibroblasts. 
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Figure 6.1: (a) Diclofenac %cumulative release profiles through pHEMA without and with 

the presence of β-CD-HA in PBS at 37 oC (n = 3), and (b) viability of 3T3 fibroblast cells 

cultured in the extracts of various hydrogels for 72 h by MTT assay (n = 3) [610].  

Following the successful formation of a NAR:sulfobutyl ether-ß-cyclodextrin (SBE-

ß-CD) complex (Chapter 4), which was loaded into CS NPs (Chapter 5), these could 

lead to the development of an advantageous ODDS by impregnating them into the 

commercial-quality SCLs. The aim of this chapter was to investigate the feasibility of 

manufacturing complex- and NP-loaded SCLs, prepared by both direct entrapment and 

‘soak and release’ approaches, to act as a therapeutic lens that has comparable 

properties to an unloaded commercial lens based on the relevant ISO standards.  

(a) 

(b) 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mtt-assay
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6.2 Research Aims and Objectives 

The aims and objectives of this chapter are: 

• To manufacture NAR:SBE-ß-CD complex-loaded hydrogel SCLs by 

implementing direct entrapment and ‘soak and release’ approaches. 

• To manufacture NAR-loaded CS NP impregnated hydrogel SCLs by 

implementing direct entrapment and ‘soak and release’ approaches. 

• To fully characterize the developed complex- and NP-loaded SCLs for their 

physicochemical, mechanical, and dimensional properties. 

• To evaluate the in vitro release behavior of the complex- and NP-loaded SCLs 

and identify the best fitted mathematical model for their release kinetics.  

• To compare the lens’ performance between direct entrapped complex- and NP-

loaded SCLs versus NAR-loaded SCLs. 

• To compare the lens’ performance between complex- and NP-loaded SCLs 

versus NAR-loaded SCLs prepared by a ‘soak and release’ approach. 

6.3 Experimental Methodology 

6.3.1 Materials 

As per Chapters 3 – 5. 

6.3.2 Synthesis of complex- and NP-loaded lenses 

NAR:SBE-ß-CD inclusion complex and NAR-loaded CS NPs were prepared using the 

methodologies outline in Section 4.3.3 (Chapter 4) and Section 5.3.2 (Chapter 5), 

respectively. 

NAR:SBE-ß-CD inclusion complex and NAR-loaded CS NPs were entrapped in the 

SCL by adding either the complex or NP directly into the pre-polymerized monomer 

mixture. Six batches of complex- and six batches of NP-loaded lenses coding LC1-

LC7, and LN1-LN7, respectively, were manufactured by adding 1-5, and 10 mg/mL 

of complex or NP in the pre-polymerized monomer mixture (Table 6.1).  
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NAR:SBE-ß-CD inclusion complex and NAR-loaded CS NPs were loaded into the 

SCL by soaking a lens in a complex solution and NP solution, respectively. Two 

batches of complex- and NP-loaded lenses coded LC3 and LN3, respectively, were 

manufactured by soaking each lens in 20.4 and 72.5 mg/3 mL of complex and NP 

solutions, respectively, in 0.1% Tween® 80 in PBS, pH 7.4 for 72 hours (Table 6.1).  

The complex- and NP-loaded SCLs were prepared using the same procedure as 

described in Chapter 2, Section 2.3. 

Table 6.1: Description of lenses used in this study. 

Lens 

ID 

Loading 

approach 

Loaded 

complex 

(mg/mL) 

Loaded 

NP 

(mg/mL) 

NAR 

concentration 

(µg/lens) 

CEP Commercial Biotrue® ONEDay (nesofilcon A) lens. 

WM 
Lens produced onsite using nesofilcon A pre-polymerized 

monomer mixture. 

LC1 

Direct entrapment 

1 - 0.93 

LC2 2 - 1.86 

LC3 3 - 2.79 

LC4 4 - 3.72 

LC5 5 - 4.65 

LC6 10 - 9.30 

LC7 Soak and Release  - 44.60 – 66.10 

LN1 

Direct entrapment 

- 1 0.32 

LN2 - 2 0.63 

LN3 - 3 0.95 

LN4 - 4 1.27 

LN5 - 5 1.58 

LN6 - 10 3.17 

LN7 Soak and Release -  44.60 – 66.10 

 

6.3.3 Characterization of complex- and NP-loaded lenses 

The following characterization techniques were carried out as per methodologies 

described in Section 3.3.4 (Chapter 3): thermogravimetric analysis (TGA), differential 

scanning calorimetry (DSC), Fourier-transform infrared spectroscopy (FT-IR), light 

transmission, equilibrium water content, refractive index, wettability, tensile strength, 

and lens dimensions (diameter, centre thickness, and sagittal depth). 
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The in vitro release studies of both soaked and directly entrapped complex- and NP-

loaded SCLs (sterilized lenses stored in DI water) were performed using the same 

approach as described in Section 3.3.6 (Chapter 3). 

The concentration of NAR was determined by HPLC, according to the procedure 

described in Section 3.3.3 (Chapter 3). 

Statistical analysis was carried out as per Section 2.3.4 (Chapter 2). 

6.4 Results and Discussion 

6.4.1 Polymerization kinetics of complex- and nanoparticle-loaded 

lenses 

A comparison of the polymerization kinetics, investigated by DSC, of four different 

lens systems, including blank, NAR-, complex- and NP-loaded SCLs, is presented in 

Figure 6.2 below. As mentioned in Chapter 2, a controlled and repeatable 

polymerisation process is essential to producing a commercial-quality lens. The 

potential impact the complex and NP had on the polymerization kinetics of the studied 

SCL was assessed in this study.  

  
Figure 6.2: Polymerization kinetics of the pre-polymerization monomer mixture for blank, 

NAR- (L4), complex- and NP-loaded lenses as a function of time and temperature (n = 3). 
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As can be observed from Figure 6.2, the polymerization kinetics of complex- and NP- 

loaded SCLs resulted in a similar trend and curve to the blank and NAR-loaded lenses. 

The reaction enthalpy (J/g) at each of the two polymerization stages for CEP, NAR-, 

complex-, and NP-loaded SCLs was recorded in Table 6.2 below.  

Table 6.2: Thermal data on peak temperatures and reaction enthalpy derived from the 

polymerization of pre-polymerized monomer mixture with and without the presence of NAR 

(n = 3, p-value > 0.05). 

Sample 

Peak 1 Peak 2 

Temperature 

(°C) 

Reaction 

enthalpy 

(J/g) 

Temperature 

(°C) 

Reaction 

enthalpy (J/g) 

Nesofilcon A 63.99 ± 0.00 268.9 ± 17.1 90.16 ± 0.27 260.1 ± 4.9 

L4 63.99 ± 0.00 284.2 ± 6.8 90.33 ± 0.04 245.7 ± 2.4 

LC6 63.99 ± 0.25 277.6 ± 17.8 90.86 ± 0.43 249.9 ± 4.8 

LN6 63.95 ± 0.06 383.6 ± 4.4 90.20 ± 0.16 248.9 ± 5.6 

It can be seen from Table 6.2 that the polymerization kinetics of both LC6 and LN6 

lenses encompassed two steps at comparable peak temperatures to CEP/Blank WM 

and L4 SCLs (p-value > 0.05). This indicated that the initiation process of this radical 

polymerization was not affected by the addition of either complex or NP. Comparing 

the reaction enthalpy generated from the CEP/Blank WM lens (268.9 ± 17.1 J/g), these 

values for LC6 and LN6 lenses were statistically higher which are 277.6 ± 17.8 J/g (p-

value = 0.03) and 383.6 ± 4.4 J/g (p-value = 0.01), respectively.  

This could be due to the presence of complex and NP that could hinder the chains’ 

mobility within the polymeric matrix. On the other hand, reaction enthalpy values 

calculated in the second step of the polymerization for LC6 and LN6 SCLs showed no 

statistically significant difference in comparison to CEP/Blank WM lens (p-value > 

0.05). In addition, when comparing the polymerization kinetics of these two systems 

to that of NAR-loaded lens, L4, while no statistical difference in the reaction enthalpies 

was observed for LC6 lens, the first initiated peak of LN6 lens gave a statistically 

higher value (p-value = 0.004). It was expected that a higher reaction enthalpy would 

have been obtained for LN7 lens due to the addition of NP into nesofilcon A 

polymerization mixture. Using DSC, Achilias investigated the impact of adding nano-

compounds with different functional groups on polymerization kinetics of HEMA at 

60 °C and 80 °C [413].  
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Although a lower activation energy was observed following the addition of the studied 

nanocomposite in Achilias’s study, it was mentioned that a higher value would have 

been expected due to the extra barriers that the nano-compounds would add into the 

polymerization mixture [242, 613].  

6.4.2 Physicochemical and mechanical analysis of complex- and NP-

loaded SCLs 

6.4.2.1 Thermal analysis of complex- and NP-loaded SCLs 

Thermogravimetric analysis (TGA) was used to determine the degradation 

temperature of complex- and NP-loaded SCLs, with reference to the CEP, blank WM 

and NAR-loaded SCLs (i.e., L4), as well as NAR:CD inclusion complex and NAR-

loaded CS NPs (Figure 6.3). All samples used in this analysis were in the dry state. 

For this part of the characterization, similarly to Section 6.4.1, only LC6 and LN6 (i.e., 

highest loading concentration) were used to investigate the effect of loading complex 

and NP on the lens’ thermal properties. 

 

Figure 6.3: TGA thermograms of CEP, blank WM, L4, LC6, and LN6 lenses, as well as 

NAR:CD complex and NAR-CS NPs. All lenses were in the dry state and the instrumental 

value for degradation temperature was reported (n = 3). 
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Figure 6.3 demonstrates that all the five lens systems maintained over 80% of their 

weight up to 350 °C. Both LC6 and LN6 showed no statistically significant difference 

in the degradation temperature in comparison to both CEP, blank WM, and L4 SCLs 

(Table 6.5, p-value > 0.05). TGA analysis was previously used to confirm the thermal 

stability and thermoplasticity of a hydrogel material [477-479]. A similar observation 

was seen before in previous works on the development of NP-loaded hydrogel 

materials [614, 615]. Saygili et al. examined the influence of TGF-ß3 (transforming 

growth factor beta-3) PLGA NP on the thermal degradation of PAAm-Alg 

(polyacrylamide-alginate) hydrogel for cartilage repair and clinical application [616]. 

Following the incorporation of PLGA NP into the hydrogel matrix, no noteworthy 

differences were observed in the thermal properties of PAAM-Alg hydrogel (Figure 

6.4). 

   

                                                 

Figure 6.4: TGA thermograms of PAAM-Alg hydrogel and NP-loaded PAAM-Alg hydrogel 

[616]. 

To further study the stiffness and flexibility of the developed materials, the above 

SCLs were also analyzed using DSC to determine the lens’s glass transition 

temperature (Tg, Figure 6.5) since it is determined by steric and electrostatic 

interactions [481].  
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Figure 6.5: DSC thermograms of the CEP, blank WM, L4, LC6, and LN6 lenses. All lens’ 

systems were in the dry state and the instrumental value for Tg was reported (n = 3). 

A non-statistically significant difference in Tg between the referenced lens systems and 

LC6 lenses can be seen in Figure 6.5 (p-value > 0.05). A statistically higher Tg value 

was recorded for LN6 lens (78.7 ± 2.7 °C) in comparison to the remaining systems 

(Figure 6.5, Table 6.3). A similar trend was observed in a study carried out by Gaabour, 

which investigated the thermal behaviour of gold NP on PAM/CS hydrogel using DSC 

[615]. The first transition in the generated DSC thermograms in the aforementioned 

study was attributed to the Tg of the developed PAM/CS samples, measured to be in a 

range of 100-120 °C. This transition, also could be called as a relaxation process, was 

proposed to be due to the micro-Brownian motion of the main polymeric chain 

backbone in the hydrogel [615].  

Table 6.3: Summary table of the fabricated lens’ Tg and degradation temperature. 

Lens sample 
Tg (°C)* 

(n = 3) 

Degradation temperature 

(°C)* (n = 3) 

CEP 80.2 ± 1.5 366.6 ± 2.1 

WM 79.7 ± 1.6 365.5 ± 1.9 

L4 71.9 ± 3.6+ 365.3 ± 0.8 

L6 N/A N/A 

LC6 78.7 ± 2.7 365.4 ± 2.0 

LN6 84.6 ± 0.6+ 363.8 ± 6.2 

+: values exhibit a p-value < 0.05 in comparison to the CEP/blank WM lens. 

*: measurement was carried out on samples in their dry state only. 
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As previously discussed in Section 3.4.4.1 (Chapter 3), Tg of a SCL is directly related 

to on-eye comfort. A higher Tg value suggests that there is more intermolecular 

constraint in the motion of the polymeric chain segment in the lens matrix, which 

results in a reduction in its water content (Table 6.4) and thus, an increase in its tensile 

strength (Table 6.5) [617]. This technique was used previously by Hao et al. to assess 

the Tg behaviour of a solid lipid NP (SLN) impregnated hydrogel (poloxamer-based) 

for the delivery of Resina Draconis to the eye [618]. An increase in Tg value following 

the incorporation of SLN into the hydrogel could be observed and the disappearance 

of a characteristic peak of the drug-loaded SLN can be noted in the generated 

thermograms illustrated in Figure 6.6 [618]. This observation agreed with the reported 

outcome on NP-laden SCL, LN6 lens, developed in the present work. 

 

Figure 6.6: DSC thermograms of (A) lyophilized blank hydrogel; (B) Resina draconis; (C) 

lyophilized Resina draconis-loaded SLNs; (D) lyophilized SLNs-based hydrogel hybrid 

system; and (E) lyophilized blank SLN [618]. 

6.4.2.2 Equilibrium water content of complex- and NP-loaded SCLs 

Equilibrium water content studies were performed to investigate the influence of the 

complex and NP on the swelling behaviours of the PVP SCLs (i.e., nesofilcon A). 

Each lens was fully hydrated in DI water at room temperature for 24 hours to induce 
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maximal swelling of the lens. Table 6.4 presents the %EWC and standard deviation 

for SCLs impregnated with complex and NP at various concentrations, with reference 

to CEP, blank WM, and NAR-loaded SCLs (i.e., L4 and L6 lenses). The data showed 

that the incorporation of both complex and NP resulted in a reduction in %EWC of the 

fabricated complex- and NP-loaded SCLs in comparison to blank WM lens (75.8 ± 

0.2%, Table 6.3). Besides LC6 (72.5 ± 0.3%) and LN6 (71.2 ± 1.1%), which were the 

lenses with the highest amount of loading complex and NP, respectively, the remaining 

developed SCLs had a %EWC value within the ISO tolerance (i.e., ±2% of absolute 

value, which is 76.0% for CEP lens that was experimentally determined in Section 

2.4.2.4). 

Table 6.4: Summary table of the fabricated lens’ light transmission, water content, and 

refractive index (n = 3). 

Lens sample %T %EWC Refractive index  

CEP 98.1 ± 0.7 76.0 ± 0.5 1.373 ± 0.000 
WM 98.2 ± 0.8 75.8 ± 0.2 1.373 ± 0.000 
L4 97.6 ± 0.5 75.6 ± 0.6 1.373 ± 0.000 
L6 98.2 ± 0.6 75.9 ± 1.0 1.373 ± 0.000 
LC1 99.5 ± 0.1 73.9 ± 0.3+ 1.373 ± 0.002 
LC2 98.7 ± 0.3 74.7 ± 0.1+ 1.373 ± 0.001 
LC3 99.1 ± 0.2 74.3 ± 0.3 1.373 ± 0.002 
LC4 98.4 ± 1.3 74.1 ± 0.3+ 1.374 ± 0.005+ 

LC5 97.3 ± 0.6+ 74.3 ± 0.2+ 1.374 ± 0.004+ 

LC6 90.6 ± 0.1+ 72.5 ± 0.3+ 1.375 ± 0.001+ 

LC7 98.3 ± 0.2 73.5 ± 0.4+ 1.375 ± 0.001+ 

LN1 98.6 ± 0.7 73.9 ± 0.2+ 1.373 ± 0.002 

LN2 96.8 ± 1.4+ 74.5 ± 0.5 1.373 ± 0.001 

LN3 97.7 ± 0.3 74.3 ± 0.5 1.373 ± 0.002 

LN4 97.6 ± 0.6 74.3 ± 0.5 1.374 ± 0.003+ 

LN5 97.9 ± 0.6 73.9 ± 0.1+ 1.374 ± 0.004+ 

LN6 92.6 ± 1.1+ 71.2 ± 1.1+ 1.377 ± 0.002+ 

LN7 98.2 ± 0.8+ 74.1 ± 0.4 1.375 ± 0.002+ 

ISO tolerance 

[399] 
± 5% absolute* ± 2% absolute* ± 0.005 absolute* 

*: values from the CEP/blank WM lenses. 
+: values exhibit a p-value < 0.05 in comparison to the CEP/blank WM lens. 

The decrease in water content with an increase in the amount of complex loaded in the 

lens matrix in this study was opposite to what was previously observed in other studies. 

Li et al. cited that due to the hydrophilic nature of ß-CD-hyaluronan (crHA), when 

loaded in the hydrogel lens matrix, the fabricated lens had a water content of 65% 
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while a value of 50% was recorded for the unloaded lens [610]. In addition, an increase 

in the water content of the developed complex-loaded SCL (e.g., from 42% to 60%) 

was also observed in work carried out by Xu et al. [619]. The reason for this 

contradictory observation was postulated to be due to compatibility between the 

developed inclusion complex and the hydrogel matrix in this study. Although the 

NAR:CD complex is hydrophilic, its poor solubility in the pre-polymerized mixture 

could lead to precipitation within the matrix and thus, decreasing the swelling ability 

of the finished lens. Furthermore, the water content of the studied lens (nesofilcon A 

material) is significantly higher than those from the aforementioned studies (50% and 

42%). Hence, an addition of either complex or NP would compete with the hydrophilic 

monomers in the pre-polymerized monomer mixture, resulting in a lower swelling 

ability of the lens. 

A reduction in water content with an increase in loading amount of NP into the lens 

matrix as observed in this study agreed with previous works on NP-loaded lenses [51, 

52, 378]. The average water content of developed pHEMA lens was measured to be 

35.9 ± 0.4% as cited by Elshaer et al., which significantly decreased to 30.4 ± 0.7% 

when the lens was loaded with 0.4 g PLGA NP [378]. This trend was suggested to be 

because of an increase in physical crosslinking between polymeric NPs and the 

hydrogel matrix which potentially hindered the swelling ability of the lens, which was 

demonstrated in Section 6.4.2.1. 

6.4.2.3 Refractive index of complex- and NP-loaded SCLs 

Table 6.4 shows that the RI values of both the complex- and NP-loaded lenses 

increased with an increase in their loading concentration. In both types, the RI of LC1-

LC3 and LN1-LN3 lenses showed no statistically significant difference in comparison 

to blank WM and CEP lenses. However, when the loading concentration increased to 

4 mg/mL, both complex- and NP-lenses exhibited a higher RI value (p-value < 0.05). 

This was postulated to be due to the higher loading concentration of complex and NP 

into the lens matrix, which leads to a reduction in water content of these lenses. As 

discussed in Section 1.4.6.4 (Chapter 1), RI of a lens is inversely related to its EWC. 

Nonetheless, all of the RI values obtained in the present study on both complex- and 

NP-loaded SCLs are comparable to the CEP lens when based on the ISO 18369-2 

standard since these differences are within the tolerance limit (± 0.005) [399]. 
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A range of commercial hydrogel SCLs, along with their water content and RI, was 

previously summarized by Gonzalez-Meijome et al. [301], where an increase in RI 

value was observed with a decrease in lens water content. For instance, an RI value of 

1.38 was noted for Hilafilcon A lens that has 70% EWC, while for Alphafilcon A lens, 

which has a lower %EWC of 66% has an RI value of 1.39, this value further increases 

to 1.40 for etafilcon A lens with 58% water content.  

A change in RI value between blank silicone hydrogel (SiHy) SCL (i.e., 1.417 ± 0.02) 

and lens after being coated with hyaluronic acid/poly(L-lysine) hydrobromide (1-

ethyl-3-(3-dimethyl-amino-propyl) carbodiimide hydrochloride)+diclofenac sodium 

salt (i.e., 1.419 ± 0.02), which was also within the ISO tolerance, was previously 

observed in Silva et al. work [389]. Even though the RI is essential and one of the 

properties that commercial SCLs should be evaluated for according to the ISO 18369–

1:2017 standard [433], this property has not been extensively investigated in 

therapeutic SCL research [218].  

6.4.2.4 Light transmission of complex- and NP-loaded SCLs 

From the generated data (Figure 6.7 and Table 6.4), it could be seen that the %light 

transmission of the complex- and NP-lenses prepared at a lower concentration than 5 

mg/mL was above 96% and 93%, respectively. When compared to the blank WM lens, 

complex- and NP-lenses prepared at these concentrations showed a non-statistically 

significant difference in this property (p-value > 0.05). However, at the maximum 

loading concentrations, a statistically significant reduction in light transmission in both 

complex- and NP-lenses was observed (p-value > 0.05 in comparison to blank WM 

lens). For instance, in a range of visible light (400-800 nm), at 10 mg/mL loading 

concentration, an average of 90.6 ± 0.1 % light transmission was recorded for LC6 

while a value of 92.6 ± 1.1 % was noted for LN6. 
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Figure 6.7: Spectral transmittance of (a) complex-lens and (b) NP-lens prepared by both direct 

entrapment and ‘soak and release’ approaches in a visible region (400-800 nm), with reference 

to blank WM lens.  

The impact of NP on lens transmittance was widely reported and agree with the 

observation from this study. A reduction in light transmission of a therapeutic lens was 

previously noted in a study carried out by Elshaer et al. [378]. Their work developed 

a PLGA (poly(lactic-co-glycolic acid)) NP-loaded pHEMA lens for the delivery of 

prednisolone to reduce eye allergic reactions. The developed PLGA NPs had a size of 

294.5 ± 1.8 nm and a positive charge of 5.6 ± 1.8 mV. Light transmission of NP-loaded 

lens, at 0.2 g loading concentration, resulted in an 86.2% optical clarity in comparison 

(a) 

(b) 
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to 94.5% for unloaded lens. This value decreased to 83.1% when the loading 

concentration increased to 0.4 g [378]. A similar trend was observed by Maulvi et al. 

through the incorporation of cyclosporine-loaded Eudragit S100 NPs into the pHEMA 

SCLs [51]. The light transmission of the developed NP-loaded SCLs decreased with 

an increase in the loaded concentration of NPs. For example, the transmittance of the 

unloaded pHEMA lens significantly decreased from 99.6 ± 0.5% to 91.6 ± 0.7% to as 

low as 56.7 ± 1.8% at 2.56 and 4.29 mg/mL NP loading concentrations, respectively. 

This was postulated to be due to the appearance of nano-cavities within the hydrogel 

matrix that triggered the precipitation of drug [51].  

In the present work, 98% optical clarity was obtained for NP-lenses at a NP 

concentration of 5 mg/mL (LN5 lens, Figure 6.7). For complex-loaded SCLs, over 

97% transmittance was recorded for LC1-LC5 lenses, which was statistically reduced 

to 90.6 ± 0.1% when the loading concentration was at 10 mg/mL (LC6). A similar 

observation was cited by Li et al., which demonstrated that when 10 mg/mL of ß-CD-

hyaluronic acid (HA) was loaded in the developed pHEMA lens, over 90% of light 

transmission was measured [610]. Nevertheless, as could be observed in Figure 6.8 

below, eventhough LC6 exhibited >90% optical clarity, the lens was visibly opaque 

and so it was determined to be not suitable for use as commercial SCLs.   

On the other hand, lenses prepared under ‘soak and release’ approach, which were at 

a higher loading concentration, exhibited a better light transmissibility in both cases 

(>98 %) and visibly clear as can be observed in Figure 6.8. This observation suggested 

that ‘soak and release’ could potentially be a better approach, in terms of light 

transmission, in comparison to direct entrapment for both complex- and NP-loaded 

SCLs due to the inclusion complex and the NP low solubility in the pre-polymerized 

monomer mixture in the present study. 
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Figure 6.8: Images of blank lens (Blank WM) and lenses incorporated with NAR (L4 and L6), 

NAR:CD complex (LC3, LC6 and LC7), and NAR-CS NPs (LN3, LN6 and LN7), all lenses 

were in hydrated state. 

6.4.2.5 Contact angle of complex- and NP-loaded SCLs 

As discussed in Section 1.4 of Chapter 1, the hydrophilicity of a SCL has a significant 

influence on lens comfort, which can be characterized by CA measurement [218]. A 

CL that has a good wettability would maintain a normal and functional ocular surface. 

When comparing to blank WM lens (40.35 ± 0.66°), it was noted that the CA of both 

complex- and NP-loaded SCLs, prepared by either direct entrapment (41.48 ± 1.23° 

and 42.18 ± 1.01°, respectively) or ‘soak and release’ (42.37 ± 1.73° and 42.49 ± 1.33°, 

respectively) approaches, showed no statistical difference in comparison to blank WM 

lens (Table 6.5, p-value > 0.05). Hence, the outcome from this characterization implied 

that the incorporation of complex and NP into the hydrogel lens matrix did not alter 

its wettability.  

This observation was in contrast for NAR-loaded SCLs, where an increase in loading 

NAR concentration resulted in an increase in lens’ CA (e.g., L4: 45.76 ± 0.87°), and 

thus, a decrease in lens’ hydrophilicity. The differences between the impact of NAR 

versus complex and NP had on the lens wettability were due to the hydrophobic nature 

of NAR and hydrophilic nature of complex and NP. An enhancement on water 

absorption of hydrogel SCLs following the incorporation of an inclusion complex and 

drug-loaded polymeric NPs was previously observed in different studies [378, 610]. 
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For instance, Li et al., using a sessile drop technique, demonstrated that by decorating 

the pHEMA lens by ß-CD-HA, the water contact angle noticeably reduced, from 90° 

to 55°, due to the distribution of hydrophilic CD on the hydrogel lens surface [610]. 

Using a similar methodology, Elshaer et al. also showed that by incorporating a PLGA 

NP into the hydrogel pHEMA lens matrix, CA values of the lens also decreased from 

85° to 75°, which demonstrated an enhancement in lens wettability [378].  

6.4.2.6 Tensile modulus of complex- and NP-loaded SCLs 

The mechanical properties of the complex- and NP-loaded SCLs were characterized 

in reference to the CEP, blank WM and NAR-loaded lenses in this study (Table 6.5). 

Such values are essential to control in the development of a commercial-quality lens 

in order to optimise ease in handling and insertion onto the eye [218]. It was discussed 

previously in Section 1.4.6.8 (Chapter 1) that while a low Young’s modulus would 

result in a lens that could be prone to breakage during handling, too high a Young’s 

modulus would lead to an increase in lens stiffness, and hence, less comfort. This part 

of the characterisation included the analysis of LC6, LC7, LN6, and LN7 lenses to 

examine the impact of loading maximum concentration of complex and NP into the 

lens matrix. Furthermore, this study also investigated the possible effect of the 

different methods (i.e., direct entrapment and ‘soak and release’) on incorporating 

analytes into the lens on its mechanical properties. 

Both complex- and NP-loaded SCLs, prepared by direct entrapment and ‘soak and 

release’ approaches, showed statistically significant higher values in the Young’s 

moduli (0.72 – 0.83 MPa) in comparison to CEP, blank WM and L4 SCLs (0.53 – 0.54 

MPa). Tensile modulus of complex- and NP-loaded SCLs was previously investigated 

in various works to study the impact on the lens mechanical properties [52, 378, 610, 

619]. Xu et al. demonstrated an increase in lens modulus following the addition of 

7.68 %wt and 15.24 %wt ß-CD into the pHEMA hydrogel, from 0.542 ± 0.139 MPa 

for pHEMA lens to 0.584 ± 0.098 MPa and 0.614 ± 0.253 MPa, respectively, for 

pHEMA/ß-CD lens [619]. The reason for such an outcome was postulated to be due 

to the presence of CD in the hydrogel matrix that could lead to a formation of 

interchain junctions, and thus, decreasing the flexibility of the polymer chain [620].  
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This trend was also observed in a case of NP-loaded hydrogel lens as cited by Nasr et 

al. [52]. An increase of lens modulus from 0.51 MPa for pHEMA hydrogel to 0.92 

MPa for lens with 7.5% NP loading concentration. Similar to the proposed reason for 

complex-loaded lenses, the introduction of NP could potentially increase the 

crosslinking density of the hydrogel matrix, resulting in a higher lens modulus. 

Although both of the developed complex- and NP-loaded SCLs have higher moduli 

than CEP lens, those values are within the range of other hydrogel SCL materials with 

similar composition (0.1 – 1.9 MPa) [340, 435]. As a result, the developed loaded 

SCLs in this study can be considered to exhibit an appropriate mechanical property for 

commercialized hydrogel SCLs. 

Table 6.5: Summary table of the fabricated lens’ contact angle and Young’s modulus. 

Lens sample 
Contact angle (°)  

(n = 10) 

Tensile strength (MPa) 

(n = 10) 

CEP 41.22 ± 0.57 0.53 ± 0.05 

WM 40.35 ± 0.66 0.54 ± 0.06 

L4 45.76 ± 0.87+ 0.53 ± 0.06 

L6 44.47 ± 0.97+ 0.53 ± 0.07 

LC6 41.48 ± 1.23 0.83 ± 0.19+ 

LC7 42.37 ± 1.73 0.77 ± 0.10+ 

LN6 42.18 ± 1.01 0.73 ± 0.11+ 

LN7 42.49 ± 1.33 0.72 ± 0.11+ 

+: values exhibit a p-value < 0.05 in comparison to the CEP/blank WM lenses. 

6.4.2.7 Fourier transform infrared spectroscopic analysis of 

complex- and NP-loaded SCLs 

The spectroscopic characterization of developed complex- and NP-loaded hydrogel 

SCLs was performed by Fourier-transform infrared spectroscopic analysis (FT-IR). To 

investigate the impact of loading complex (LC6) and NP (LN6) into the hydrogel 

matrix, the FT-IR spectra of blank WM, L4, NAR:CD complex and NAR-loaded CS 

NPs are also included in Figure 6.9.  
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Figure 6.9: FT-IR spectra of blank WM, L4, LC6 and LN6 lenses (all were in dry state). 

As mentioned in Chapter 2, NVP is the main component in the nesofilcon A monomer 

mixture, thus, it was expected that the FTIR spectra of the developed LC6 and LN6 

lenses would exhibit the characteristic peaks of PVP (poly-vinylpyrrolidone Figure 

2.22). Figure 6.9 shows that L4, LC6 and LN6 presented some different absorption 

peaks in comparison to the blank WM lens FT-IR spectrum as expected. While the 

main difference between L4 and blank WM spectra contributed to the additional peak 

at 1711 cm-1 indicated the presence of NAR, LC6 spectrum contained a strong 

absorption peak at 1159 cm-1 and 1030 cm-1 that could not be observed in either L4 or 

blank WM spectra. These peaks are at similar positions as the NAR:CD complex 

spectrum, which represented the HOC bending in NAR (1160 cm-1) and C-O or 

sulfoxide stretching in SBE-ß-CD (1044 cm-1) functional groups, respectively, as 

determined in Section 4.4.3.3 (Chapter 3). This observation confirms the presence of 

the inclusion complex within the hydrogel matrix. Using the same approach, Li et al. 

demonstrated the incorporation of ß-CD-HA into the developed pHEMA hydrogel 

through the appearance of additional peaks, representing HA, in the ß-CD-HA-loaded 

hydrogel FTIR spectrum [610].  

For LN6, characteristic peaks of the NAR:CD complex at 1163 and 1045 cm-1 could 

also be observed but with less intensity, possibly due to the formation of NP through 

ionic cross-linking between the complex and CS. Moreover, a shift in wavenumbers 

1721 

1495 

1159 1030 

3400 
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of a characteristic peak represented N-H bending vibration of CS (from 1588 to 1593 

cm-1), associated with NAR-NP, could also be seen in LN6 lens, which was not visible 

in other spectra in Figure 6.9. The outcome from this analysis indicated the successful 

formation of NP-loaded hydrogel lens. Similar observations were noted in the work 

carried out by Behl et al., which investigated the potential microstructural changes and 

other potential interactions of dexamethasone-loaded CS NP-loaded hydrogel using 

FTIR analysis [283]. Their analysis demonstrated that the spectrum of the NP-loaded 

lens not only contained all the characteristic peaks of a pHEMA lens, but other main 

characteristic peaks of the developed drug-loaded CS NP could also be seen. 

The above observations suggested that there were some intermolecular interactions 

(e.g., hydrogen bonding) between the complex/NP and the polymeric matrix. As 

discussed in Section 3.4.4.7, it was predicted that the drug release rate from the 

developed complex- and NP-loaded SCLs would be lower than that of NAR-loaded 

SCL due to such interaction. 

6.4.3 In vitro naringenin release studies from complex- and 

nanoparticle-loaded SCLs 

Due to the low NAR concentration in LC1-LC5 and LN1-LN5 lenses, which was 

below the HPLC limit of detection and quantification, these lenses were not studied 

using the in vitro release studies. Furthermore, as discussed in Section 6.4.2.4, LC6 

and LN6 lenses did not exhibit commercial quality of a SCL (e.g., opaque lenses) and 

thus, these lens systems were not examined for their in vitro release behaviors.  

This study was carried out using only LC7 and LN7 lenses in PBS+0.1% Tween® 80 

at 37 °C. Figure 6.10 presents the percentage cumulative drug release (%) profiles for 

an initial daily release (24 hours) and a 7-day release (168 hours) for LC7 and LN7 

lenses with reference to L4 lens and NAR-loaded CS NP release profiles. 
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Figure 6.10: (a) 24-hour in vitro release profiles of LC7, LN7, L4 lenses, and NAR-loaded 

CS NP (n = 3); and (b) 7-day in vitro release profiles of LC7, LN7, L4 lenses, and NAR-loaded 

CS NP (n = 3).  

As can be observed in Figure 6.10(a), a controlled and sustained NAR release took 

place in the first 24 hours was followed by a stabilized release of NAR over the next 

seven days (Figure 6.10(b)). The amount of NAR released from LC7 and LN7 was 

calculated at the end of the first 24 hours of release to be 45.95 ± 2.06 and 45.96 ± 

5.18 µg/day, respectively. When comparing to the developed NAR-loaded lens 

prepared using the same methodology and NAR loading concentration (0.283 mg 

(b) 

(a) 
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NAR/mL/lens), L6 (54.42 µg/day), both LC7 and LN7 had statistically lower daily 

NAR released concentrations. However, the released amount of NAR of both LC7 and 

LN7 is still within the estimated therapeutic window of NAR as outlined in Section 

3.4 (Chapter 3). Taking into consideration of the amount of NAR released during the 

initial burst phase (i.e., 8 hours), LN7 lens had the smallest amount (39.75 µg), 

followed by LC7 lens (42.93 µg), with L6 lens having the highest amount of NAR 

released, at 48.37 µg. This suggested that LC7 and LN7 provided a more controlled 

NAR release in comparison to L6, which was attributed to the formation of a NAR:CD 

inclusion complex and NAR-loaded CS NPs, respectively. The obtained release 

patterns are in agreement with the FTIR analysis in Section 6.4.2.7 regarding the 

impact of intermolecular interactions between the complex/NP and the polymeric 

matrix on in vitro release behavior of the complex- and NP-loaded SCLs. By loading 

NAR into the lens using a direct entrapment approach, a higher crosslinking was 

expected in comparison to those prepared using a ‘soak and release approach’. 

By applying a range of possible mathematical models: zero-order, first-order, Higuchi, 

and Korsmeyer-Peppas, the release mechanism of both the complex- and NP-loaded 

lenses was investigated. The model was determined based on the initial NAR release 

phase, i.e., 8 hours. From the generated in vitro release data, the correlation coefficient 

(R2) values were calculated to identify the best fit model to describe the release 

mechanism of LC7 and LN7 lenses. The R2 values, diffusion exponent (n), and rate 

parameter (k) values are listed in Table 6.6. 

Table 6.6: Release kinetic data for initial release phase obtained from zero order, first order, 

Higuchi and Korsmeyer-Peppas mathematical models from the prepared therapeutic SCLs and 

NAR-loaded CS NPs. 

Sample type 

Drug release during initial release 

Zero order 

(k unit: M/s) 

First order 

(k unit: 1/M) 

Higuchi 

(k unit: 

M/s1/2) 

Korsmeyer-

Peppas 

L6 
R2: 0.7991 

k = 0.1624 

R2: 0.3920 

k = 0.0019 

R2: 0.9355 

k = 4.2472 

R2: 0.7727 

n = 0.6759 

NAR-loaded 

CS NP 

R2: 0.8941 

k = 0.3203 

R2: 0.6427 

k = 0.0073 

R2: 0.9804 

k = 4.4959 

R2: 0.9540 

n = 0.7745 

LC7 
R2: 0.8445 

k = 0.1459 

R2: 0.6125 

k = 0.0017 

R2: 0.9618 

k = 3.7628 

R2: 0.9613 

n = 0.5487 

LN7 
R2: 0.8397 

k = 0.1389 

R2: 0.5962 

k = 0.0017 

R2: 0.9596 

k = 3.5889 

R2: 0.9534 

n = 0.5553 
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As can be observed from Table 6.6, based on the R2 values generated from each of the 

mathematical models, the Higuchi and the Korsmeyer-Peppas kinetic release models 

were determined to provide a good fit for both LC7 and LN7 SCLs. This observation 

suggested that the mechanism of NAR release in these developed SCLs is mainly 

governed by diffusion. The diffusion exponent values ‘n’ obtained from the 

Korsmeyer-Peppas model for LC7 and LN7 lenses were higher than 0.5 (i.e., 0.5487 

and 0.5553, respectively), indicating a non-Fickian release type. Hence, the 

mechanism of NAR release in these developed SCLs is governed by both diffusion 

and swelling [496, 497]. The outcome from this in vitro release study agrees with 

previous investigations on in vitro release behaviours of complex- and NP-loaded 

hydrogel lenses [52, 378, 610, 612]. Therefore, it can be determined that the developed 

complex- and NP-loaded SCLs, prepared by ‘soak and release’ approach, in the current 

work exhibited an acceptable in vitro release behaviour. 

6.4.4 Dimensional analysis of complex- and NP-loaded SCLs 

As discussed in the previous Chapters, it is essential to assess the dimensional 

properties of the developed complex- and NP-loaded SCLs to evaluate the feasibility 

of commercialization of the developed lenses [218]. Diameter, sagittal depth, and 

centre thickness of the fabricated lenses are presented in Table 6.7. 

Table 6.7: Diameter, sagittal depth, and centre thickness values of the control and developed 

lenses (n = 10). 

Lens type 
Diameter  

(mm) 

Sagittal depth 

(mm) 

Centre thickness 

(mm) 

CEP 14.18 ± 0.10 3.82 ± 0.09 0.116 ± 0.008 

Blank WM 14.15 ± 0.09 3.79 ± 0.06 0.117 ± 0.008 

L4 14.08 ± 0.09 3.75 ± 0.14 0.128 ± 0.009+ 

L6 14.13 ± 0.09 3.86 ± 0.12 0.124 ± 0.007+ 

LC6 13.85 ± 0.13+ 3.75 ± 0.09 0.128 ± 0.004+ 

LC7 13.94 ± 0.12+ 3.81 ± 0.10 0.110 ± 0.006+ 

LN6 13.05 ± 0.20+ 3.79 ± 0.07 0.128 ± 0.004+ 

LN7 13.52 ± 0.22+ 3.79 ± 0.11 0.116 ± 0.002 

ISO tolerance 

limit [399] 

± 0.20 

absolute* 
± 0.05 absolute* ± 0.010 absolute* 

*: values from the CEP/blank WM lenses. 
+: values exhibit a p-value < 0.05 in comparison to the CEP/blank WM lens. 
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As can be seen in Table 6.7, the developed complex- and NP-loaded SCLs had 

statistically significant lower lens diameter in comparison to CEP, blank WM, as well 

as L4 lenses. The smallest lens diameter was measured for LN6 lens with an average 

of 13.05 ± 0.20 mm in comparison to 14.15 ± 0.09 mm for blank WM lens. This was 

postulated to be due to the presence of complex and NP inside the hydrogel matrix, 

which in turn affected the lens swelling ability. A non-statistical difference in lens 

sagittal depth and centre thickness was noted and are within the acceptance criteria 

when compared to those values in the CEP lenses, according to the ISO 18369-2:2017 

(E) [399].  

The published dimensions for nesofilcon A lens are: 14.20 mm in diameter, sagittal 

depth of 3.820 mm and centre thickness of 0.100 mm [398]. Additionally, it was 

previously reviewed by Jones et al. that the lens diameter of a commercialized lens is 

in a range of 13.8 to 14.5 mm [621]. It is essential for the lens to be able to fully cover 

the cornea throughout blinking to provide good lens fitting and thus, maintain in-eye 

comfort [218]. Although the produced complex- and NP- loaded SCLs did not have a 

suitable lens diameter, this can be resolved by using an alternative mould design, 

which is a common optimisation approach used in the manufacture of commercial 

SCLs. Hence, given that both LC7 and LN7 exhibited comparable physicochemical 

and mechanical properties to commercial lens of the same material, they can be 

considered as a promising ODDS to treat retinal diseases. 

6.5 Conclusions 

Following the successful formulation of NAR:CD inclusion complex and NAR-loaded 

CS NP in the previous Chapters 4 and 5, the purpose of this Chapter was to examine 

the feasibility of loading a complex and NP into the developed SCLs of commercial 

quality. The complex- and NP-loaded hydrogel SCLs were manufactured using the 

same approaches as described in Chapter 3, which are direct entrapment and ‘soak and 

release’. Complex- and NP-loaded SCLs at various loading concentrations were 

investigated to identify the optimum conditions where the developed lenses not only 

could provide a sustained drug delivery but also their lens critical properties were 

maintained. A total of 14 loading concentrations was investigated for both complex- 

and NP-loaded SCLs.  
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Based on the data from the light transmission experiment, it can be determined that 

both the developed complex and NP from the previous Chapters 4 and 5 are not 

compatible with the lens material. A statistically significant decrease in light 

transmission was observed as the amount of loading complex and NP increased, e.g., 

from 98.1 ± 0.7% in blank WM lens to 90.6 ± 0.1% and 92.6 ± 1.1% for LC6 and LN6, 

respectively. This was outside the accepted tolerance for light transmission of SCL as 

stated in the ISO standard (Table 1.2). Additionally, it was visually observed that the 

directly entrapped lens, with either complex or NP, was opaque (Figure 6.8). Although 

LC1-LC5 and LN1-LN5 SCLs produced good light transmittance with visibly clear 

lenses, the loaded amount was deemed to be too minimal to be used to assess the 

potential impacts of complex and NP on the lens thermal, physical, and mechanical 

properties. Despite that LC6 and LN6 lenses being opaque (lens with the highest 

possible amount of direct entrapped complex and NP in the hydrogel matrix, 

respectively, Figure 6.10), it is of scientific interest to assess their physical and 

mechanical properties to study the impact that complex and NP incorporation had on 

the lens properties. The polymerization kinetics of LC6 and LN6 was studied, which 

showed that the incorporation of either complex or NP did not significantly alter the 

lens DSC profiles. FTIR analysis evidenced the appearance of the complex and NP 

inside the lens matrix through the presence of additional characteristic peaks in their 

spectra, those not being observed in neither blank WM nor NAR-loaded lenses. LC6 

and LN6 showed a non-statistically significant difference in both degradation 

temperature and wettability in comparison to CEP and blank WM lenses. The presence 

of complex and NP in the hydrogel matrix, which increased the formation of interchain 

junctions within the lens, an increase in the tensile modulus for both complex- and NP-

loaded SCLs prepared by either ‘soak and release’, or direct entrapment approaches 

was observed.  

Based on the results from all the chemical and physicochemical characterizations, as 

well as the amount of loaded complex and NP that provided NAR concentration within 

the estimated therapeutic window, it can be concluded that the ‘soak and release’ is an 

optimum methodology in the fabrication of complex- and NP- SCLs of nesofilcon A 

material. In vitro release studies under sink conditions showed that the loaded NAR in 

both LC7 and LN7 lenses could be released in a controlled manner for 24 hours within 

the estimated therapeutic window.  
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7  FUTURE WORK AND THESIS CONCLUSION 

As part of the investigation on developing a suitable NP as a drug carrier to be 

incorporated into the SCLs, a preliminary study on the formation of hyaluronic acid 

(HA)-coated CS NPs was carried out. The preparation and characterisation of the HA-

coated CS NP are discussed within this section. Building on the work carried out in 

this thesis, the focus of this chapter is to detail the future work based on the successful 

development of the ODDSs including NAR-, complex-, and NP-eluting hydrogel soft 

contact lenses of commercial quality. 

7.1 Drug-loaded HA-coated CS nanoparticles 

HA, as discussed in Section 1.2.1, is known as a comfort enhancing agent when 

incorporated into CL since it can increase tear film stability, ocular hydration, and 

lubrication [382, 486]. HA can be found in the vitreous humour, the lacrimal gland, 

the conjunctiva, as well as corneal epithelium and tear film. HA’s ability to specifically 

target CD44 receptors has increased its use as a drug carrier to improve drug delivery 

to effectively inhibit tumour growth [177]. HA, when using as drug-loaded NPs [544] 

or incorporating/immobilizing on lens surface [622], was shown to reduce the 

immunogenicity of the formed protein corona (i.e., protein adsorption). 

Surface coating of CS/CD nanoparticles with HA was carried out in two parts: 

1) 15 mg of HA (0.2-0.5 mDa) was dissolved in 5 mL of 0.1% acetic acid (pH 5) 

to make up a 0.15% HA solution. This was then added dropwise into the redispersed 

solution of CS NP prepared in Section 5.3.3 under continuous magnetic stirring for 3 

hours.  

Purification of the prepared nano-dispersion was carried out using two approaches: 

• Centrifugation: the nano-dispersion was centrifuged at 16000 rpm for 20 

minutes. Then, the pellets were redispersed in 10 mL of ultrapure water and 

washed with ultrapure water three times using centrifugation to remove the 

unbound CS and HA. The final pellets were redispersed in 10 mL of ultrapure 

water using vortex and sonicating probe for 10 minutes. After adding 2% 

trehalose into the solution, the HA-coated CS-CD NP was stored in -20 °C until 

frozen, which was then moved into the freeze dryer.  
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• Dialysis: the nano-dispersion was subjected to dialysis against ultrapure water 

(molecular weight cut-off (MWCO) 1000 kDa) for 72 hours, followed by 

freeze drying processes. In order to remove the salt from the dialysis bag stored 

in 0.025% sodium azide solution, it was placed in ultrapure water for at least 

30 minutes prior to use.  

2) The same HA concentration solution as Part 1 was used here, with dialysis only 

being used to purify the prepared HA-coated CS/CD NP in this part. The investigation 

into the optimized methodology for coating CS/CD NP with HA is depicted in Figure 

7.1. 

 

Figure 7.1: Schematic illustration of the optimization of the formation of HA-coated CS NP 

by a dialysis approach. 

7.1.1 Formation of hyaluronic acid (HA)-coated chitosan 

nanoparticles 

The critical step in HA surface absorption onto CS NPs is the inversion of the NPs zeta 

potential [552]. Hence, pH was said to play a vital role in the formation of HA-coated 

NP since agglomeration is likely to take place around the isoelectric point [552]. This 

could either be because of interactions between the positive CS and negative HA, or 

the absence of electrostatic stabilisation throughout the intermediate states of 
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adsorption [623]. The optimum pH was proposed to be 5, which could maximise both 

CS positive charge (amine protonation) and HA negative charge (deprotonation of 

carboxylic acid groups) [583].  

In this study, both the CS NP solution and HA solution were controlled at pH 5. The 

coating process took place due to the interaction of ammonium ions of CS NPs and 

carboxylates of HA [552]. Figure 7.2 presents the formulation of HA-coated CS NPs 

process.  

 

Figure 7.2: Schematic diagram illustrating the synthesis of HA-coated CS NPs. 

In addition to pH, the formation mechanism of HA-coated CS NPs and their 

physicochemical properties are also influenced by the molecular weight of HA and its 

concentration [552]. The negative charge of HA provided by each macromolecule to 

the surface upon adsorption is postulated to be defined by its size/number of charges. 

Consequently, a high MW HA is required to invert the CS NP zeta potential. The same 

amount of adsorption from low MW HA (60 kDa) at a low concentration (0.1 mg/mL), 

on the other hand, could lead to the isoelectric point, thus, increasing the risk of 

agglomeration [552]. Higher HA concentration was proposed to decrease 

agglomeration since this factor also influenced the rate of adsorption and zeta potential 

inversion [552]. Nevertheless, very high MW HA (1000 kDa) was excluded due to its 

high viscosity that could lead to poor experimental reproducibility [624]. In addition, 

HA-coated NPs that formed using a HA MW of 1000 kDa was demonstrated to be 

agglomerated and flocculated regardless of the concentration used [624]. The optimum 

HA-coated CS NP formulation was proposed to be the combination of low MW CS 

(25 kDa) and high HA MW (360 kDa) and concentration (0.15% wt), which resulted 

in NPs with the lowest polydispersity and smallest size (e.g. 260 nm) [552, 623, 625]. 
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High MW HA (200-500 kDa) with a concentration of 0.15 mg/mL was used to coat 

CS/SBE-ß-CD NPs. A freshly prepared CS NP solution after redispersing was used in 

the formation of HA-coated NPs. CS/SBE-ß-CD NP pellets were redispersed in 10 mL 

of 0.1% acetic acid (pH 5) at a concentration of 0.09 %wt, which was slowly added 

under stirring to 10 mL of 0.15 %wt HA solution (pH 5) for 3 hours. The final HA-

coated NPs solution was then purified by either centrifugation at 16000 rpm for 20 

minutes, 3 times [142] or dialysis (MWCO 1000 kDa) [552]. The NP suspension was 

dialyzed against ultrapure water (dialysate), and the volume of dialysate was at least 

100 times greater than the volume of colloidal solution [626, 627], which resulted in 

an opalescent solution indicated the formation of NPs [144, 146].  

As discussed in Section 5.4.1, in centrifugation, separation is achieved by forcing 

particles to sediment into a pellet under high centrifugal force over certain 

centrifugation times until the densities of the particle and surrounding medium are 

closely matched [559]. In the preparation of polymeric NPs, a dialysis technique was 

suggested to be a simple and effective approach that resulted in a narrow particle size 

distribution [626-628]. The molecular weight cut-off (MWCO) of dialysis membrane 

used in this study was chosen to be 1000 kDa [552] for the dialysis of high MW HA 

(360 kDa, which was in the range of HA MW used in this study: 200-500 kDa). The 

pore size of membranes used in dialysis has to be adequately large to allow diffusion 

of the dispersant through the pores [629]. Since the radius of gyration is much bigger 

for highly solvated polymer MWs compared to those of protein or dextran of the same 

MW, the MWCO of membranes is commonly given for protein or dextran sizes. 

Dialysis involves a change of the nanomaterial dispersant by means of submerging a 

dialysis bag filled with the nanomaterial dispersion in a receptor solution [630]. To 

achieve an osmotic equilibrium, the liquid diffuses through the membrane from the 

more concentrated environment (sample solution) to the less concentrated one 

(dialysate) [630]. The homogenous NPs suspension is subsequently formed by the 

displacement of solvent inside the membrane followed by progressive aggregation of 

polymer due to the loss of solubility [628].  

Based on the data obtained from DLS measurement, the optimum purification 

approach for HA-coated NPs was proposed to be dialysis (MWCO 1000 kDa). Even 

after three washes using centrifugation at 16000 rpm, a poor PDI was recorded with a 
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value of 0.5392 ± 0.3722. Further, DLS data showed that there was only around 50 % 

of the total colloidal solution volume containing particles in the nano-sized range 

(317.4 ± 66.0 nm). Zeta potential value for this approach was also variable with a value 

of +10.7 ± 200.9 mV. For the dialysis approach, 100% of the NP solution was recorded 

to be in the nano-range (366.3 ± 27.7 nm), with a polydispersity index of 0.1212 ± 

0.0216, and zeta potential of -28.6 ± 1.1 mV (Table 7.1). Following the coating of HA 

on CS NPs, the average size of NPs was measured to be 366.3 ± 27.7 nm, with a 

negative zeta potential of -28.6 ± 1.1 mV.  

Table 7.1: Particle size, charge, and polydispersity index for developed NPs. 

Samples (n = 3) 
Average size 

(nm) 

Zeta potential 

(mV) 

Polydispersity 

index (PDI) 

CS NP 360.0 ± 9.9 +38.6 ± 2.1 0.0671 ± 0.0362 

Drug-loaded CS 

NP 
333.3 ± 26.6 +22.0 ± 4.3  0.0777 ± 0.0580 

HA-coated CS NP 366.3 ± 27.7 - 28.6 ± 1.1 0.1212 ± 0.0216 

7.1.2 Preliminary characterisation of hyaluronic acid (HA)-coated 

chitosan nanoparticles 

The TGA thermograms of raw materials CS, SBE-ß-CD, HA, and NAR are presented 

in Figure 7.3. 

 

Figure 7.3: TGA thermograms of CS (green-solid line), HA (red-short dash), SBE-ß-CD 

(purple-broken double) and NAR (blue-dash dot) (n = 1). 
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Thermogravimetric analysis (TGA) was carried out to investigate the thermal stability 

of the raw materials from 20 °C to 600 °C at 10 °C/min heating rate. The TG curves 

in Figure 4.9 demonstrated that NAR decomposed at 271 °C [527], while two 

degradation points for SBE-ß-CD could be observed at 269 °C and 344 °C [528]. These 

observations were similar to work carried out in Section 3.4.4.1. Degradation 

temperatures of 276 °C and 228 °C were recorded for CS and HA, respectively, which 

were in agreement with previous studies [586-588]. TGA thermal profiles of HA was 

reported to consist of three degradation stages including: water evaporation (20-223 

°C), and two-stage polysaccharide degradation at 223-269 °C and at 269-400 °C [586]. 

While the second stage was suggested to be due to a partial breakage of the molecular 

structure of HA, the third stage was due to the degradation of residues HA. 

The DSC thermograms of raw materials CS, SBE-ß-CD and HA, HA-coated NP and 

the corresponding physical mixture are presented in Figure 7.4. 

c) 
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Figure 7.4: DSC thermograms of (a) raw materials CS (blue, dash dot line), SBE-ß-CD (green, 

solid line), HA (red, short dash line) and physical mixture (purple, broken double line), (b) 

HA-coated CS NP (blue, short dash line) with CS NP (red, solid line) and physical mixture 

(green, dash dot line).  

The HA DSC thermogram demonstrated two representative peaks: a wide endothermic 

peak at 98.5 °C indicating a dehydration process, and an exothermic peak at 240.4 °C 

attributed to the degradation of the polysaccharide and formation of a carbonized 

residue [586, 587, 624, 631]. For the PM (CS, SBE-ß-CD and HA) thermogram, 

because of the ionic charge of the chitosan (cationic) and HA (anionic), these two 

compounds can potentially form a charge-transfer bond. As a result, this led to a shift 
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in degradation temperatures of SBE-ß-CD (from 248.6 and 260.6 °C to 222.8 and 

230.5 °C) and the disappearance of the exothermic peak of HA and degradation peak 

of CS. The effect of HA coating on the thermal transitions of coated CS NPs was 

shown through the disappearance of CS peaks, shifts in HA peak from 98.5 °C to 87.3 

°C, as well as flattening of the HA exothermic peak. Together with the disappearance 

of the distinctive degradation peaks of SBE-ß-CD, this outcome indicated the 

formation of HA-coated CS NPs. The DSC thermogram on HA-coated CS NPs (HA 

molecular weight 360 kDa) in a study carried out by Hashad et al. also had a similar 

observation [624]. As such, upon coating with HA, a shift in HA peak from 73 °C to 

92 °C accompanied by a disappearance of both CS and drug peaks were obtained. 

A total of four samples were analyzed using FT-IR including CS, SBE-ß-CD, HA, and 

HA-coated CS NP. The comparative FT-IR spectra are presented in Figure 7.5. 

 

Figure 7.5: Representative FTIR spectra of HA-coated CS NP with CS, SBE-ß-CD and HA.  

Analysis of the HA spectrum showed several characteristic peaks related to its 

glycosoaminoglycan structure [624]. A band at 3420 cm-1 corresponded to O-H and 

N-H stretching region (which is similar to CS). Stretching vibration of C-H could be 

seen at 2935-2900 cm-1. A peak at 1619 cm-1 was attributed to the amide carbonyl 

(C=O stretching), while the band at 1411 cm-1 is associated with the stretching of COO- 

(acidic group of HA). The saccharidic unit was shown through a broad band in the 

region of 1151-1042 cm-1 [632].  
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The construction of HA-coated CS NPs was investigated using FT-IR spectroscopy 

(Figure 5.6). The FT-IR spectrum showed a peak at 1579 cm -1, which could correlate 

to the amide bands in either CS and HA (1656 cm-1 in CS spectrum or 1619 cm-1 in 

HA spectrum). Along with a shift in the HA related peak in the NP spectrum (e.g., 

1411 cm-1 to 1415 cm-1), the presence of this peak indicated the successful amide 

bonding between the carboxylic and amino groups on the coated-layer and surface of 

the NPs. This observation suggested the formation of HA-coated CS NPs was achieved 

in this study and was in agreement with previous study [624]. The success of the HA 

surface functionalization step was shown through a shift in the amide bands and the 

intensification of HA characteristic peaks.  

7.1.3 Further potential optimisation on the developed drug-loaded NPs 

Incorporation of NPs could influence the lens’ ability to transmit light significantly 

because the nanosized particles could diffract and scatter incident light. Several studies 

indicated that the transparency of CLs was not affected when the NP size was below 

180 nm [283, 284, 390]. However, NPs of size greater than 200 nm resulted in a 

reduction in lens optical clarity. For example, the incorporation of drug-loaded NPs of 

size 294.5 ± 1.8 nm decreased the pHEMA hydrogels transmission from 94.5% to 

86.2% [378]. As a result, further study on the formation of CS/SBE-ß-CD NPs is 

expected to be carried out to potentially reduce the particle size by altering CS/SBE-

ß-CD mass ratio, pH and initial CS concentration, in a manner similar to that of Zhao 

et al. [144]. Their study postulated that the optimum drug-loaded CS/SBE-ß-CD NPs 

of size 278 nm, zeta potential 19 mV and PDI value 0.09 were produced with a mass 

ratio of 0.85/1, CS solution of pH 4.5 and a CS initial concentration of 0.5 mg/mL. In 

addition, Zhao et al. demonstrated the influence of SBE-ß-CD concentration (5-30 

mg/mL) on the drug loading capacity and encapsulation efficiency of ibrutinib. NPs 

cannot be formed (i.e., clear nano-formulation) when the SBE-ß-CD concentration is 

too low (e.g., 3 CS: 1 SBE-ß-CD, mass ratio), whereas an increase in SBE-ß-CD 

concentration resulted in a reduction in particle size (e.g., 620 and 420 nm for CS/SBE-

ß-CD NPs formed at a mass ratio of 1:1 and 0.85:1, respectively). While higher SBE-

ß-CD concentration increased the %EE from 48.5% at 5 mg/mL to 76.9% at 20 

mg/mL, excessive SBE-ß-CD (over 30 mg/mL) resulted in a reduction of %EE (72.4% 

at 30 mg/mL) [144].  
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In addition to stability of NPs under various pH conditions, it is expected that the 

stability of both uncoated and HA-coated NPs under saline conditions (presence of 

calcium [146] and sodium ions [633]) will also be carried out. It was observed that 

under NaCl condition, CS NPs with CS that have a DD-value of 91-95% were stable 

against both aggregation and dissolution up to 150 mM (0.88 %wt) NaCl [633]. This 

observation was relevant to this study since high %DD CS (>90%) was used in the 

formulation of CS NPs. However, NPs prepared using CS with lower %DD (82%, 

72% and 61-63%) were shown to be dissociated in 50 mM NaCl [633]. In a different 

study, CS/TPP NPs was shown to be immediately and completely dissolved in CaCl2 

solution regardless of concentration [146]. This was postulated to be because Ca ions 

have an ability to form stable chelates with phosphate ions, thus, prevent phosphate 

from being electrostatically complexed to CS [634]. The observations from these 

studies postulated that NPs were stable under saline conditions with the presence of 

sodium ions but not calcium ions. Nevertheless, since the contact lens storage solution 

(BBS – borate buffered saline) used in this study contained several different 

components (e.g., NaCl, sodium borate, etc.), future work should include the stability 

study of the synthesized NPs in these solutions. 

7.2 Characterisation of soft contact lens laden with drug-loaded 

nanoparticles 

Along with several SCL characterisation methodologies reported in Chapter 2, there 

is potential to develop further analytical techniques to examine the effects of drug-

loaded NPs on the formation of SCLs. The techniques that will potentially be 

investigated in the future study include scanning electron microscopy (SEM), atomic 

force microscopy (AFM), and/or transmission electron microscopy (TEM). 

Morphology assessment of the NPs and the SCLs was assessed by several techniques 

including SEM [140], AFM [389], and TEM [144]. 
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7.2.1 In vitro drug release study 

Even though in vitro released models do not represent the actual ocular environment, 

they add valuable information and knowledge on the developed ODDS with regard to 

the robustness and reproducibility of the system. Being a cost-effective approach, in 

vitro study also aids in the identification of critical elements of a drug-carrier that are 

essential for ex vivo and in vivo performances. Drug release from nanoparticulate or 

polymeric platforms (e.g. SCLs) are commonly assessed using either the conventional 

[358, 378]  or dialysis approaches [283, 467]. 

Microfluidic and 3D (i.e., blinking-mimic) devices have been explored to better 

reproduce the actual ocular environment in comparison to other techniques in in vitro 

testing of an OODS [635-637]. Pimenta et al. developed a novel in vitro eye model to 

facilitate the release study of a drug from hydrogel SCLs [635]. The model has an inner 

volume chamber of 45 µL (which would be one of the closest in vitro models to 

represent the tear film volume in the eye) and 8 outlets that meet in a common collector 

(Figure 7.6). The release profiles of diclofenac from pHEMA hydrogel SCL used this 

technology were determined to be significantly slower than using a conventional 

approach (e.g., direct entrapment, ‘soak and release’). 

 

Figure 7.6: Schematic illustration of microfluidic device for in vitro release study [635]. 
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7.2.2 Cytotoxicity study of pharmaceutical-loaded SCLs 

In vitro cytotoxicity testing of polymeric biomaterials is an essential part of the 

development of drug delivery systems and was previously examined in various studies 

[52, 311, 386]. This will be carried out using the developed MTT assay technique in 

the lab to investigate both the NAR-loaded NP and NP-loaded SCL cytotoxicity on the 

Human Corneal Epithelial Cells (HCEC). 

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test was 

used to evaluate the effects of surface modification of pHEMA discs with HA on the 

metabolic activity of immortalized human corneal epithelial cells (HCECs) [386]. This 

was achieved through the conversion of soluble yellow chromogen MTT into the 

water-soluble formazan salt via the dehydrogenases present in viable cells. The 

detailed method for this test is described in the study carried out by Korogiannaki et 

al. [386]. Immortalized HCECs were investigated to be appropriate as an in vitro 

model of human ocular surface in toxicity and inflammation studies for the biomaterial 

applications to the front-of-the eye such as SCLs [638, 639].  

7.2.3 Ex vivo studies on the pharmaceutical-loaded SCLs 

To gain a better insight on a performance of an ODDS, quantifying the rate and amount 

of drug permeation through a biological membrane plays a vital role. Moreover, due 

to the fact that in vitro testing cannot mimic biological tissue, it is imperative to 

conduct ex vivo testing in order to investigate the absorption and distribution of the 

released therapeutic agent within the ocular environment [640, 641]. Using the corneal 

layer extracted from bovine eyes, ex vivo study on timolol maleate (TM) eluting SCLs 

(PVP-based) to treat glaucoma through diffusion cells was cited by Mehta et al. [641]. 

A controlled release of TM permeated through the bovine cornea was observed over 

24 hours. This study also reported that the addition of permeation enhancer such as 

benzalkonium chloride and Brij 78 resulted in an enhancement of TM permeation 

through the corneal tissue. 
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7.2.4 In vivo studies on the pharmaceutical-loaded SCLs 

Development of a novel ODDS to deliver therapeutics to the eye has always received 

a substantial interest to effectively treat and prevent various ocular diseases such as 

AMD, infection, DED, glaucoma. As discussed in Section 1.1, the eyes, although 

being highly accessible, there are numerous challenges to deliver drugs into the 

targeted tissue due to their sophisticated anatomy. Hence, in addition to the listed 

characterisation techniques throughout this thesis, in vivo performance of the 

developed technologies should be evaluated to investigate their safety and efficacy, 

which ultimately demonstrate the feasibility of medical device for commercialisation 

[611, 642, 643]. Minami et al. analyzed and compared the in vitro and in vivo 

performances of epinastine hydrochloride (EH)-loaded pHEMA SCLs for the 

treatment of allergic conjunctivitis [611]. In vivo studies were carried out on 30 guinea 

pigs. The amount of released EH in vivo was found to be larger than that recorded in 

the in vitro study during the 6-12 hours period, which was postulated to be due to the 

difference in the tested environment between the 2 methodologies, which was 

expected.  
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7.3 Final Discussion and Conclusion 

An ability to provide a controlled, prolonged, and sustained release of a therapeutic 

agent from an ocular drug delivery system (ODDS) has received considerable attention 

from the scientific world as an innovative and effective strategy for treating various 

ocular pathologies. Moreover, such developed technology should also be able to 

overcome the limitations of the current ODDSs such as low ocular bioavailability, 

infections, retinal detachment. The present PhD work focused on the development and 

characterization of pharmaceutical-loaded hydrogel SCL for the treatment of ocular 

diseases, those that affect anterior as well as posterior segments of the eye.  

Chapter 1 of this thesis provides not only an overview on the eye anatomy and the 

common ocular diseases, but also compares and reviews the conventional and novel 

ODDSs for the treatment of various disorders that affect both anterior and posterior 

segments. As a result, from this literature review, a gap in scientific knowledge was 

identified, which was on the physicochemical, mechanical, and dimensional 

characterization of therapeutic lens for commercialization purposes. Based on this 

finding, a review article was successfully published on Contact Lens & Anterior Eye 

journal, titled “Pharmaceutical-loaded contact lenses as an ocular drug delivery 

system: A review of critical lens characterization methodologies with reference to ISO 

standards”, on the 02th August 2021 (DOI: https://doi.org/10.1016/ 

j.clae.2021.101487). 

Chapter 2 explored a commercial-standard process in the manufacturing of a SCL 

(nesofilcon A materials) which was employed to ensure the developed lens in this work 

exhibited all the critical commercialized lens properties. Following the successful 

manufacturing of hydrogel SCLs of commercial quality, the research was continued 

with the development and optimization of NAR-loaded hydrogel SCLs as an 

alternative ODDS to potentially prevent retinal diseases. The outcome from Chapter 3 

demonstrates the ability of sustained and controlled released of NAR from the 

developed SCLs (nesofilcon A) within the estimated therapeutic window, while 

maintaining their commercial lens qualities. A research article was successfully 

published as a result of this work, titled “Controlled release of naringenin from soft 

hydrogel contact lens: An investigation into lens critical properties and in vitro 

https://doi.org/10.1016/
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release”. This paper was published on the International Journal of Pharmaceutics on 

the 10th June 2022 (DOI: https://doi.org/10.1016/ j.ijpharm.2022.121793). 

Aiming to improve the ocular bioavailability of NAR, which is significantly hindered 

by its low aqueous solubility, Chapter 4 of this work focused on the development and 

optimization of a NAR:CD (sulfobutyl ether-ß-cyclodextrin) inclusion complex. The 

developed complex was fully characterized, which resulted in a substantial increase in 

NAR aqueous solubility of up to 6000-fold. With the increasing interest in the 

implementation of nanotechnology in ODD, experimental work in Chapter 5 

concentrated on the formulation of NAR-loaded CS NPs through an ionic gelation 

methodology. This was carried out by cross-linking between the cationic group in CS 

and anionic group in the NAR:CD complex. The developed NPs exhibited a positive 

charge with an average size of 333.3 ± 26.6 nm and a positive zeta potential of +22.0 

± 4.3 mV, while providing a sustained NAR release for 30 days, and thus, are deemed 

to be suitable to be used in ODD.  

Based on the successful preparation of NAR:CD complex and NAR-loaded CS NPs, 

Chapter 6 investigated the feasibility of loading these analytes inside the developed 

SCLs of commercial quality. It was identified that the developed complex and NP were 

not compatible with the lens materials and therefore, neither of them could be fully re-

dispersed within the pre-polymerized monomer without impacting the lens light 

transmission. Consequently, ‘soak and release’ was determined to be a more suitable 

approach over direct entrapment in the preparation of complex- and NP-loaded lenses, 

which resulted in lenses with comparable properties to the unloaded WM lens, while 

providing a sufficient NAR loading within the estimated therapeutic concentration. 

In conclusion, this present research has contributed to the current scientific knowledge 

on the feasibility of manufacturing pharmaceutical-loaded hydrogel SCLs for 

commercialization, those that not only can provide a more sustained and targeted drug 

delivery for treatment of ocular diseases, but also can improve on eye comfort. 

 

https://doi.org/10.1016/%20j.ijpharm.2022.121793
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