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ABSTRACT 

The decline in intracellular nicotinamide adenine dinucleotide (NAD+) is a critical risk factor for 

numerous neurodegenerative ocular diseases such as age-related macular degeneration, glaucoma, 

diabetic retinopathy, and dry eye. Such loss results in mitochondrial dysfunction, irreversible cellular 

damage and increased visual impairment. Ocular diseases are typically treated at the mid to late stages 

of their pathogeneses, which typically coincides with the development of debilitating visual conditions. 

As the eye itself contains numerous static and dynamic anatomical barriers, the efficacy of conventional 

ocular drug delivery systems (ODDs), such as eye drops and ointments, is limited by low therapeutic 

bioavailability at the target site, primarily attributed to poor ocular retention and intraocular clearance 

mechanisms. Such treatments are often administered frequently, presenting further challenges such as 

poor patient compliance and sporadic dosing, which can result in increased delocalised therapeutic 

absorption. Treatment options such as intravitreal injections offer enhanced bioavailability at the 

intraocular target site. However, continuous subjection to invasive surgical procedures poses the risk of 

adverse complications, such as  vitritis, increased intraocular pressure, and retinal haemorrhaging . This 

research aims to develop and characterise a non-invasive nanomaterial formulation composed of 

polyelectrolyte biomaterials for the intraocular delivery of NAD+, as a means of upregulating cellular 

longevity and minimising deleterious ageing effects on ocular health.  

 

NAD+-associated hyaluronic acid (HA) and poly(L-lysine) (PLL) polyelectrolyte complexes (PECs), 

and chitosan and NAD+ complexes (CH-NAD+) were formulated via polyelectrolyte complexation/ 

ionotropic gelation in aqueous medium. The biopolymers were chosen based on their inherent 

biocompatibility, tunable charge densities, mucoadhesive capabilities and biodegradation profiles. 

Critical evaluations of the physicochemical attributes of the formulations for suitability for ocular 

application were conducted, with formulations exhibiting optimal sizes, surface charges, and NAD+ 

association efficiencies (AE) being selected for further in vitro release and stability studies. Under 

microfluidic conditions, NAD+ is released in a sustained manner from the respective formulations over 

24 hours, thus indicating their suitability as a depot for NAD+ ocular delivery on a once or twice-daily 

basis. Assessment of their physiochemical behaviour in solutions mimicking that of the ocular 

environment in vivo highlighted the susceptibility of the formulations to changes in environmental 

stimuli, confirming that the final form of the nanomaterials would be a governing factor of long-term 

formulation stability.In vitro and ex vivo safety and efficacy assessments using porcine ocular tissues 

and immortalised human corneal epithelial cells confirmed that the association of NAD+, particularly 

to the PECs, resulted in formulations with high cytocompatibility that could attenuate oxidative stress-

mediated damage upon successful internalisation into the intracellular environment over 24 hours.  

 

The screening of poly (lactic-co-glycolic acid (PLGA) and lipid-based nanoformulations, initially 

investigated as depots for the more targeted delivery of NAD+ to the posterior segment, highlighted the 

suitability of NAD+-laden liposomes for the intended application, primarily based on their 

physiochemical attributes. However, due to the high degree of variability observed in the in vitro release 

profile of this formulation under microfluidic conditions, this formulation will be subject to further 

investigations to improve the lipid later stability and NAD+ retention during release.  

 

Ultimately, this research project details, for the first time, the development of an NAD+-laden 

nanoformulation for supplementary treatment of the ocular surface. Outcomes from this research 

provide justification to conduct future work on extensive in vitro efficacy trials to assess the ability of 

the formulations to prevent mitochondrial damage and promote cellular respiration, with more emphasis 

being placed on the pharmacokinetic and cellular internalisation mechanisms. 
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1. INTRODUCTION 

1.1 OCULAR DISEASE  

1.1.1 Anatomy of the Eye  

The eye is a globular, sensory organ that transmits light from our external surroundings, in the 

form of electrical impulses, to the brain. Rod and cone photoreceptors within the neural retina 

initiate the transduction of the photons of light into signalling neurotransmitters [1]. The optic 

nerve transfers the electrical impulses to the occipital lobe. Located in the cerebrum cortex, the 

occipital lobe converts such stimuli into an image [2]. Under physiological conditions, this 

process results in sharp, clear vision. As shown in Figure 1.1, the eye can be divided into two 

sections, the anterior segment, and the posterior segment.  

 

Figure 1.1: A detailed, cross-sectional diagram of the human eye. (Figure generated using 

templates available on Servier Medical Art [3]). 

The anterior segment comprises the cornea, iris, lens, and ciliary body. Aqueous humour (AH), 

a thin, clear fluid, is secreted from the ciliary epithelium within the ciliary body and flows out 
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of the anterior chamber via both the trabecular and uveoscleral pathways. The continuous 

outflow of AH at a rate of approximately 600 µL/min into venous blood circulation exerts an 

intraocular pressure of approximately 21 mmHg. This allows for both the maintenance and 

removal of excretory cellular debris and a consistent supply of nutrients to the anterior 

avascular tissues [4]. The posterior segment encompasses the choroid, retina, Bruch's 

membrane, the optic nerve, and retinal vasculature. Vitreous humour, a clear gelatinous fluid 

consisting of approximately 99% water, is contained within the vitreous cavity between the 

segments [5], [6]. In contrast to aqueous humour, vitreous humour cannot flow nor be 

replenished. The remaining 1% is comprised of a complex mesh network of collagen Type II 

fibrils, interwoven with hyaluronic acid chains and structural proteins, such as fibrillin and 

opticin, exhibiting average pore sizes of 550 nm [7]–[10]. Hyaluronic acid, however, is not 

uniformly distributed throughout the vitreous humour. Higher concentrations of hyaluronic 

acid tend to accumulate within the posterior segment (1200 µg/cm3) thus establishing a 

concentration gradient that results in lower concentrations accumulating towards the anterior 

region of the vitreous humour (250 µg/cm3). Its primary function is the attainment of both 

sufficient intraocular pressure on the retina and the overall spherical shape of the eye.  

1.1.2 A Snapshot of Recent Global Trends in Ocular Disease  

According to the latest World Health Organisation data related to the prevalence of 

moderate/severe visual impairment (MSVI) and blindness in the global population, 2.2 billion 

people worldwide have some form of visual impairment. Of these 2.2 billion, approximately 1 

billion are suffering from a visual impairment that is either preventable or is yet to be addressed 

[11]. A study conducted by the International Agency for the Prevention of Blindness estimated 

that over 295 million people were suffering from an MSVI in 2020. [12]. A further 43 million 

people are estimated to be completely blind. This equates to a 19.4% and 35.9% increase in 

blindness and MSVI cases, respectively, since 2015 [13].  

Ageing is the primary risk factor of MSVI, with the increase in MSVI cases directly correlating 

to an increase in longevity of the global population [14]. By 2050, the global population of 

people over the age of 60 is projected to reach approximately 2.1 billion [14], [15]. As such, a 

concurrent, exponential increase in MSVI cases is also expected. In accordance with the data 
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collected by Fighting Blindness in 2022, approximately 272,000 people are either blind or 

visually impaired in Ireland [16]. On a global scale, by 2050, it is estimated that over 474 

million people will be suffering from some form of MSVI, a percentage increase of almost 

60.5% from 2020 [15].  

With an increase in longevity comes a corresponding increase in the prevalence of ocular 

disease, due to the progressive decline in physiological homeostasis. However, ocular disease 

pathogeneses are also greatly influenced by lifestyle, diet, and environmental conditions. 

Therefore, it has also been predicted that ocular disease will become increasingly prevalent in 

developed countries worldwide. As an example of this, the global prevalence of age-related 

macular degeneration (AMD), glaucoma and diabetic retinopathy, specifically, is further 

illustrated in Figure 1.2. 
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Figure 1.2: Infographic map representing the percentage spread of AMD (a), glaucoma (b) and 

diabetic retinopathy (c) cases in people over 50 in each global region in 2020. (Infographic 

map created using data generated by the VLEG/GBD 2020 model and Adelson et al. [17]). 
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1.1.3 Ocular Disease Pathogeneses  

The most common examples of uncorrected refractive errors are myopia and hyperopia, 

typically referred to as short-sightedness and far-sightedness, respectively [18]. Cataracts occur 

as a result of the degeneration and aggregation of zonular fibres within the lens. Normally, the 

zonular fibres contract and relax, altering both the curvature and focal length of the lens, to 

allow us to focus on objects at varying distances. Degeneration of such fibres results in the 

opacification of small areas on the lens surface [19]. For the purpose of this literature review, 

AMD, glaucoma, diabetic retinopathy, and dry eye will be discussed in further detail. These 

diseases are among the primary causes of MSVI worldwide [20]. Although typically not 

associated with severe visual impairment, dry eye disease will also be discussed as its 

associated symptoms can significantly impact the quality of life of those who suffer from it. 

Treatments for the aforementioned diseases vary in terms of their site of administration and 

administration method. Due to the complexity of their pathogenesis and the anatomy of the 

ocular sites that they affect, the efficacy of the currently available treatment options for such 

diseases is limited. Treatments are often administered over a long period of time to attain 

adequate treatment efficacy, which can prove problematic in terms of both patient compliance 

and discomfort. Also, the majority of the treatment options that guarantee the delivery of a high 

concentration of therapeutic to a specific ocular tissue are often invasive. Several surgical 

procedures are required throughout the treatment duration. Conversely, although safer, the 

bioavailability of therapeutics administered by the patient using non-invasive methods is 

severely limited. Therefore, the development of novel, targeted, yet user-friendly treatment 

methods is greatly sought after and has become one of the primary focuses of current ocular 

therapeutics research. 

1.1.3.1 Age-Related Macular Degeneration  

Age-related macular degeneration (AMD) is the predominant cause of both MSVI and vision 

loss in the ageing population, with over 8 million reported cases in people over 50 worldwide 

in 2020 [21], [22]. 
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AMD is characterised by localised dysfunction of the macula, a highly pigmented region within 

the centre of the retina that is densely packed with both cone sensory neurons and ganglion 

cells, in response to the multifactorial interaction between metabolic, genetic, and 

environmental factors [4]. The pathogenesis of AMD can be broadly divided into two forms: 

atrophic and neovascular AMD. Atrophic, or dry, AMD is the most prevalent form of AMD, 

accounting for approximately 90% of all reported AMD cases. However, no viable treatment 

for atrophic AMD currently exists, primarily because its precise pathophysiologic progression 

is difficult to interpret [23]. As shown in Figure 1.3, atrophic AMD is characterised by the 

accumulation of drusen, a brown/yellow, degradation-resistant metabolite of lipid peroxidation, 

at the interface of the RPE monolayer and Bruch’s membrane, the basement membrane 

separating the RPE cell layer and choroidal vasculature [23].  

 

Figure 1.3: Schematic of the accumulation of drusen at the interface of the RPE layer and 

Bruch’s membrane at the onset of atrophic AMD. (Figure generated using templates available 

on Servier Medical Art [3]). 

With age, lipoproteins, typically degraded via lysosome activity within the RPE, begin to 

accumulate within Bruch’s membrane. In an aged retina, the rate of reactive oxygen species 

(ROS) formation can easily exceed the antioxidant capabilities of the eye, due to both the high 

metabolic demands of the RPE, and the photo-oxidative stress from sunlight and environmental 

factors [24]. ROS induce the peroxidation of the accumulated lipoproteins and begin to generate 

highly reactive, oxidised lipoproteins. These lipoproteins can accumulate within lysosomes and 
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hinder degradation activity or react with neutral molecules to induce a pro-inflammatory 

immune response. Proinflammatory mediators enhance inflammation by increasing blood flow 

to the inflamed area via vasodilation and activate proinflammatory signalling cascades [25]. 

This ultimately results in the dysfunction and atrophy of the RPE. 

The atrophic form of AMD often develops into neovascular AMD. Due to its fragility, Bruch’s 

membrane can be easily, and often irreversibly, damaged by choroidal neovascularisation [1]. 

Inflammation and disruptions in retinal blood flow dysregulate retinal cell metabolism. The 

metabolic activity of the cells increases, thus also increasing oxygen consumption. This 

metabolic stress can induce hypoxia-inducible factor 1 (HIF-1), which in turn, induces 

excessive vascular endothelial growth factor (VEGF) expression, predominantly within the 

inner neural layer and ganglion cell layer of the retina [24]. VEGF binds to VEGFR-1 and 

VEGFR-2 receptor sites on the RPE cells and subsequently activates the signalling pathway 

for choroidal neovascularisation. These fragile choriocapillaries proliferate through the neural 

retina and are highly susceptible to leakage and haemorrhaging, which results in loss of clear 

vision and, in severe cases, retinal detachment [26]. As shown in Table 1.1, neovascular AMD 

is currently treated via the intravitreal administration of VEGF inhibitors, designed to inhibit 

the excessive expression of VEGF molecules responsible for choroidal neovascularisation 

under pathological conditions. 

Table 1.1: A description of the more commonly used anti-VEGF therapeutics, administered via 

intravitreal injection (IVI), in the treatment of neovascular AMD [25], [27]–[30]. 

Therapeutic/ Commercial 

Brand Name 
Company 

Typical Dosage 

Concentration 
Mode of Action 

Ranibizumab Genentech, 

a subsidiary 

of Roche 

A single dose of 0.05 mL 

of a 10 mg/mL 

suspension 

Inhibition of the binding of 

VEGF-A to its complimentary 

VEGF receptors on RPE cells. Lucentis® 

Bevacizumab 

Roche 

“Off-label” use for 

chorioretinal vascular 

diseases. Typically 

administered via a single 

injection of 0.05 mL 

Avastin ® solution. 

Inhibition of the binding of all 

isoforms of VEGF-A to the 

target receptors. 
Avastin® 
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The AMD global therapeutic market is set to increase significantly within the next decade, 

reaching 18.7 billion dollars in 2028, an increase of 10.1 billion dollars from the 2018 market 

value [31]. Sustained anti-angiogenic therapeutic release is predicted to be of pivotal focus, 

primarily due to the increased financial burden and invasive nature of IVI treatments. Such 

therapies will significantly reduce the frequency of intravitreal administration [32]. A 

ranibizumab-laden, permanent, refillable port delivery system (PDS), developed by 

Roche/Genentech, has proven effective in increasing the best-corrected visual acuity score in 

patients with neovascular AMD during a Phase III clinical study [33]. Furthermore, the PDS 

implant, laden with 100 mg/mL of ranibizumab with fixed refills every 24 weeks, exhibited 

comparable efficacy to the monthly injections of 0.5 mg/mL ranibizumab over a two-year 

period. Aerie Pharmaceuticals has developed a bioerodible implant for the sustained release of 

axitinib (AR-14034) for neovascular AMD and diabetic macular edema treatment. Preclinical 

studies, conducted using in vivo rabbit and porcine models, highlighted the efficacy of the 

implant, loaded with various axitinib dosages, in significantly reducing retinal vessel leakage 

over 12 months [34]. Phase I and Phase II safety and efficacy clinical trials began on the 6th of 

December 2023, with an estimated completion date of May 2025 [35]. Two therapeutics are 

currently in the pipeline for atrophic AMD in the next decade [36]. A 0.1% topical formulation 

of MC-1101, a vasodilator therapeutic, is set to launch in the US by the end of 2028. It exhibited 

sufficient efficacy in enhancing choroidal blood flow in a Phase II/III safety and efficacy 

clinical study held in 2014. [37], [38]. However, this study was due for completion in 2016 and 

there has been no recent report of the findings. Ethamsylate, a fibroblast growth inhibitor, is 

(Solution contains 25 

mg/mL of bevacizumab). 

Aflibercept 

Bayer/ 

Regeneron 

2 mg administered every 

4 weeks for the first three 

injections. Followed by 

the administration of 2 

mg every 8 weeks. 

Dual inhibition of VEGF-A 

and VEGF-B binding. The 

affinity for VEGF-A binding 

is 94 and 120 times stronger 

than ranibizumab and 

bevacizumab, respectively. 

Eylea® 

Brolucizumab 

Novartis 

6 mg administered once a 

month for three months. 

Followed by 

administration of 6 mg 

every 8 to 12 weeks. 

Inhibition of all VEGF-A 

isoform binding 
Beovu® 
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currently under development by Dobecure as a treatment for both atrophic and neovascular 

AMD and is set to launch in Germany, Spain, France, Italy, and the United Kingdom in the 

next decade [36].  

1.1.3.2 Glaucoma  

Glaucoma is the fourth highest cause of vision loss worldwide, equating to approximately 4 

million of the 206 million reported cases of MSVI worldwide in people over 50 [39]. Glaucoma 

is caused by the accumulation of an excess volume of aqueous humour within the anterior 

chamber. Excessive production of aqueous humour, or a decrease in the outflow rate of aqueous 

humour from the anterior chamber results in an increase in the intraocular pressure (IOP) 

exerted on the optic nerve [40]. An IOP of more than 22 mmHg is said to be elevated [41]. 

However, IOP levels of up to 40 mmHg have been reported [42]. As illustrated in Figure 1.4, 

subjection to such persistent intraocular strain for long periods can irreversibly damage the 

optic nerve.  

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Photo simulating the loss of peripheral vision in glaucoma patients in comparison 

to an individual with normal vision (a) (Picture sourced from National Eye Institute website 
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[43]). Comparative schematic diagram of a glaucomic and healthy eye (b) (Picture insert 

sourced from All About Vision website [44]).  

Although there are over several types of glaucoma, there are two widely known forms: angle-

closure glaucoma (ACG) and open-angle glaucoma (OAG) [45]. ACG is characterised by the 

blockage of the canal of Schlemm, a drainage canal that transports aqueous humour to venous 

circulation, resulting in a sudden increase in IOP [46]. OAG, the more prominent form of 

glaucoma, progresses at a slower rate than ACG. Drainage canals become blocked over time, 

resulting in the slow accumulation of aqueous humour within the anterior chamber. This 

ultimately results in a gradual increase in IOP. Individuals with OAG do not typically exhibit 

symptoms and are not aware that they have developed OAG until it has reached an advanced 

stage in its pathogenesis. Common therapeutics indicated in the treatment of glaucoma and its 

secondary effects, primarily elevated IOP, are described in Table 1.2. 
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Table 1.2: A description of the commonly used therapeutics in the treatment of IOP hypertension and glaucoma [30].  

Therapeutic 
Commercial 

Brand Name 

Dosage 

Form 

Typical Dosage 

Concentration 

Therapeutic 

Classification 
Mechanism of Action 

Latanoprost Xelpros ® 
Eye drop 

suspension 

One drop of the 50 µg/mL 

suspension, once daily 

Prostaglandin derivative 

(Anti-glaucoma) 

Relaxation of ciliary body muscle enhances 

aqueous humour outflow. 

Carbachol Miostat ® 
Intravitreal 

injection 

A single injection of 0.5 

mL of a 0.01% Miostat ® 

solution 

Dual action 

parasympathomimetic 

(Anti-glaucoma) 

Acts as both an acetylcholine agonist and a 

cholinesterase inhibitor. (Acetylcholine 

stimulates pupil contraction, thus reducing 

intraocular pressure. Acetylcholine is 

enzymatically degraded by cholinesterase). 

Timolol Betimol ® 
Eye drop 

suspension 

One drop of 0.25% 

Betimol ® solution twice a 

day (1 mL contains 2.5 mg 

of timolol). 

Non-selective beta-

adrenergic blocker 

Binds to both β1 and β2 adrenergic receptors 

in the ciliary muscle, thus preventing aqueous 

humour production via norepinephrine and 

epinephrine stimulation.  

Fluocinolone 

acetonide 

Yutiq ® Intravitreal 

implant 

Intravitreal 

implant 

0.18 mg (0.25 µg a day for 

36 months) 
Anti-inflammatory 

corticosteroid 

Modification of subsequent protein synthesis 

to inhibit proinflammatory mediator activity. 

Retisert ® 
0.59 mg (0.3 – 0.4 µg a 

day for up to 30 months). 

Brimonide Alphagan ® 
Eye drop 

suspension 

One drop of 0.2% 

Alphagan ® solution twice 

daily (1 mL contains 1.3 

mg of bromidine). 

Selective α2 agonist 

Binds to and activates a2 receptors, thus 

decreasing aqueous humour production and 

enhancing uveoscleral drainage. 
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The global market for glaucoma is projected to reach $11.05 billion by 2027, a 67.7% increase 

in market size from 2019 [48]. Many novel anti-glaucoma treatments are in the pipeline and 

are set to be released by 2027. Allergan, acquired by AbbVie Pharmaceuticals, received FDA 

approval for a bimatoprost-laden, bioerodible, intracameral implant for the treatment of open-

angle glaucoma in 2020 [47]. This implant, designed to last between 4 to 6 months, is now 

commercially available under the brand name Durysta®. Kedalion Technologies is currently 

developing AcuStream™, a dispensing device for the topical delivery of IOP-lowering 

medication at a dose that is 80% less than what is required in a standard eye drop formulation. 

Following the completion of two successful Phase I clinical trials in 2017, Kedalion 

Technologies planned to conduct Phase II clinical trials in 2019, followed by the submission 

of marketing applications in 2022. However, Kedallion Technologies was acquired by Novartis 

in 2022. Bausch and Lomb now own the rights to the AcuStream™ technology as they acquired 

an ophthalmology subdivision of Novartis in 2023. Phase II dose-ranging clinical trials for a 

sustained release intracameral implant, capable of sustaining a therapeutic dose of latanoprost 

over 6 months are currently being conducted by PolyActiva Pty Ltd. Mati Technologies have 

developed a latanoprost-laden punctum plug, exhibiting sustained release of latanoprost into 

the tear film over 14 weeks. The results obtained from two multi-centre Phase II clinical trials 

suggest that the punctum plug exhibits retention rates of over 90% in the lower punctum over 

12 weeks [48]. 

1.1.3.3 Diabetic Retinopathy  

Diabetic retinopathy (DR) is an ocular disease closely associated with both Type 1 and Type 2 

diabetes mellitus [49]. Just under 3 million of the MSVI cases reported in people over 50 in 

2020 resulted from the deleterious effects of DR, with equal prevalence in Latin America, East 

Asia, North Africa and the Middle East and High-Income regions in 2020 [17]. Non-

proliferative DR typically occurs first but slowly progresses into proliferative DR. 

Hyperglycaemia in intraretinal capillaries results in inflammation of the RPE layer [50]. 

Chronic inflammation results in enhanced vascular permeability and subsequent degeneration 

of the blood-retinal barrier. The accumulation of excess fluid and blood, coupled with 

intraretinal capillary microaneurysms and haemorrhaging, results in macular edema and 
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distorted vision. Similar to the pathogenesis of AMD, disruptions to retinal blood flow and 

increasing pressure cause degradation and closure of the capillary network, resulting in retinal 

ischemia. Induction of HIF-1 and subsequent expression of VEGF stimulates 

neovascularisation [51]. These abnormal blood vessels proliferate and haemorrhage into the 

vitreous humour. Vitreal haemorrhage is indicated by the appearance of dark, blurred areas in 

the field of vision. Continuous blockage of intraretinal capillaries leads to the formation of an 

epiretinal membrane [49], a layer of scar tissue that continuously pulls on the macular surface, 

increasing the risk of macular detachment.  

Pan-retinal photocoagulation has been the primary treatment for proliferative DR for many 

years [52]. Vitrectomy surgery is also conducted in severe cases of proliferative DR where 

retinal haemorrhaging has resulted in vitreal blood pooling [53]. However, due to similarities 

in the pathogeneses of neovascular AMD and proliferative DR, treatment of DR has advanced 

to include the use of the anti-VEGF antibodies highlighted in Table 1.1 to target retinal 

neovascularisation [54].  

Due to the significant increase in reported Type 2 diabetes cases, many pharmaceutical 

companies are investing in the development of novel methods for the treatment of DR. 

Roche/Genentech are currently investigating faricimab, a bispecific monoclonal antibody, for 

the treatment of diabetic macular edema. A 6 mg/mL IVI of faricimab, administered via a 16-

week interval dosing regime, exhibited comparable efficacy, in terms of improved visual acuity, 

to aflibercept, administered every 8 weeks [55]. The RHONE-X Phase III clinical trial, 

assessing the long-term safety and tolerability of the faricimab injection, was completed in 

October 2023 [56]. Roche/Genentech have also received FDA approval for the repurposing of 

their ranibizumab-laden port delivery system for DR treatment in Q4 of 2021. The PAVILION 

study, comprising the long-term assessment of the efficacy, safety, and pharmacokinetics of the 

PDS, is due for completion in Q2 of 2024 [57]. 

1.1.3.4 Dry Eye Disease  

Dry eye disease, or keratoconjunctivitis sicca, is a highly prevalent, multifactorial ocular 

surface disease within the global adult and elderly populations [58], [59]. Postmenopausal 

women are disproportionately affected by dry eye disease in comparison to men, primarily due 
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to the decrease in estrogen levels with ageing and a higher prevalence of inflammation-

mediated autoimmune diseases [60], [61]. However, due to exposure to increased amounts of 

artificial light from electronics, the prevalence of dry eye disease in teenagers and young adults 

is also rapidly increasing.  

Eyelid laxity, coupled with the dysfunction of the meibomian glands, results in the decreased 

secretion of poor quality, unstable tear film that is prone to rapid evaporation [[62]. Meibomian 

glands secrete meibum, an oily substance that comprises one of the primary components of tear 

film. Dysregulation of tear film production can result in corneal hyperosmolarity, which evokes 

an irritated, burning sensation. Damage to the corneal surface stimulates dysregulation of the 

immune system and the initiation of inflammatory cascades, which ultimately leads to 

excessive inflammatory insult and ocular irritation [63], [64]. Corneal surface abnormalities 

drastically hinder the stimulation of the lacrimal nerve, which in turn impairs fluid secretion 

from the lacrimal glands. Increased tear evaporation, caused by tear instability or exposure to 

environmental factors such as allergens, smoke and cold weather, can also result in ocular 

irritation and dryness [58], [62]. 

Dry eye is typically treated using over-the-counter or prescription eye drop formulations that 

exhibit lubricating and/or anti-inflammatory properties. Restasis®, a topical eye drop 

formulation comprised of the immunosuppressive drug, cyclosporine, is typically prescribed 

to inhibit pro-inflammatory cytokine release from T cells, thus preventing the suppression of 

tear film production via inflammation [65]. Artificial tear (AT) solutions are one of the primary 

treatment options to alleviate the discomfort and burning sensation caused by dry eye disease 

[66]–[68]. Blink® Tears and Hyalein® contain hyaluronic acid which is capable of binding up 

to 1000 times its mass in an aqueous solution [69], [70]. Bausch and Lomb Advanced Eye 

Relief® lubricant eye drops contain glycerin, a natural humectant agent. Other common active 

ingredients in artificial tears include polyethylene glycol (Visine ®) and carmellose sodium 

(Celluvisc®). EvoTears®, composed of perfluorohexyloctane, exhibits a dual mode of action 

by lubricating the corneal surface and stabilising the meibum layer [71], [72]. 

In October 2021, Oyster Point Pharma received FDA approval for Tyrvaya®, the first nasal 

spray approved for use in dry eye disease treatment and was officially launched onto the market 
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on the 1st of July 2022. Varenicline is said to increase basal tear film production by activating 

a parasympathetic pathway in the nose, thus avoiding the application of drops to an already 

irritated corneal surface [73]. NOV03 is a water and preservative-free eye drop solution based 

on the proprietary technology used in EvoTears® and developed by Novaliq [71]. 4 doses of 

NOV03 per day were found to be well tolerated and led to a reduction in corneal fluorescein 

staining (indicative of corneal abrasions) and symptom severity during the MOJAVE saline 

controlled efficacy and safety Phase III trial [74]. The KALAHARI Phase III trial also 

demonstrated the safety and efficacy of NOV03 over 12 months [75]. The outcome of such 

studies led to Bausch and Lomb receiving FDA approval for MieboTM (formerly NOV03) in 

June 2023 [76]. tSkQ1-based eye drops are currently being developed by Mitotech. SkQ1 is an 

antioxidant capable of neutralising mitochondrial reactive oxygen species, thus preventing 

tissue degeneration resulting from chronic corneal inflammation [77]. The VISTA-2 Phase III 

trials, designed to assess the efficacy of SkQ1 for the treatment of dry eye symptoms in 

comparison to a vehicle placebo, are currently ongoing [78]. 

1.2 AGEING – THE PROTAGONIST OF OCULAR DISEASE 

Ocular therapeutic development has been primarily centred on the creation of novel drug 

formulations or treatment strategies for diseases that have already reached an advanced stage 

of their pathogeneses [79]–[82]. Although their prevalence is widespread, the repercussions of 

such ocular diseases can be severely debilitating for the elderly. Ageing, characterised by the 

progressive loss of physiological cellular homeostasis over time, is the primary risk factor for 

several ocular diseases. Imbalances in cellular redox homeostasis, mitochondrial dysfunction 

and a decline in essential enzymatic co-factors result in cell senescence and an acceleration of 

the ageing process, rendering ageing cells more susceptible to disease-mediated damage. 

Increased discomfort, severe pain, vision impairment and vision loss can particularly impact 

the ability of an elderly person to live independently. Therefore, there is potential to proactively 

treat ocular disease, i.e., by re-establishing cellular homeostasis, promoting cellular longevity, 

and decreasing the risk of patients becoming predisposed to ocular disease. This can be 

achieved by administering molecules that are typically endogenously produced but whose 

production is downregulated during the ageing process. Such molecules, such as antioxidants, 
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vitamins, amino acids etc. exhibit the additional advantage of being inherently biocompatible 

in comparison to some of the synthetic therapeutic molecules.  

1.2.1 Oxidant Accumulation in Ageing Cells 

1.2.1.1 Redox Homeostasis under Physiological Conditions 

Minimal oxidant production is an inevitable result of normal cellular respiration, innate 

immunity, and metabolism. [83], [84]. As shown in Figure 1.5, electrons can leak from the 

transport chain during the oxidation of the electron carriers, flavin adenine dinucleotide 

(FADH2) and nicotinamide adenine dinucleotide (NADH), and prematurely react with 

molecular oxygen during transport, thus generating superoxide radicals [85]. Excessive 

reduction of Coenzyme Q, or ubiquinone, the carrier enzyme that shuttles electrons from 

Complex I and II to Complex III, to ubiquinol can also result in reverse electron transfer, 

resulting in the accumulation of electrons for superoxide generation in the mitochondrial matrix 

[86]. ROS are also released during the activation of phagocytic cells via pathological stimuli. 

Pro-inflammatory cytokines and growth factors, such as interleukin-1β and tumour necrosis 

factor α (TNF-α), stimulate an oxidative burst, resulting in the production of large 

concentrations of oxidants [87], [88].  
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Figure 1.5: The migration of the electrons through the electron transport chain within the inner 

membrane of the mitochondria (Q = ubiquinone and Cyt C = cytochrome C). 

Basal concentrations of ROS such as superoxide radicals are involved in the regulation of a 

variety of cellular processes, including proliferation, redox homeostasis, and survival [89]–[91]. 

They behave as secondary signalling messengers and transduce the signal originating from an 

extracellular stimulus within the intracellular environment [87]. Two examples of such 

signalling cascades include the mitogen-activated protein kinase pathway (MAPK) and the 

KEAP 1-Nrf2-ARE pathway. Downstream signalling and extensive phosphorylation of 

MAPKs results in the activation of nuclear transcription factors that regulate the expression of 

genes responsible for a range of cellular processes, including development, proliferation, and 

apoptosis [90], [92]–[94]. ROS are also linked to the upregulation of the KEAP 1-Nrf2-ARE 

pathway, the signalling cascade primarily responsible for endogenous cytoprotective and 

antioxidant response regulation [95], [96]. Nuclear factor erythroid-related factor 2 (Nrf2) is a 

crucial element of the cellular antioxidant response as, upon detachment from KEAP-1, it is 

translocated to the nucleus to bind to antioxidant response elements within the promoter regions 

of the Nrf2 target genes. This ultimately induces the expression of genes that encode a variety 

of detoxifying and metabolic enzymes [97]. 
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Physiologically, ROS are regulated by the endogenous antioxidant defence system, thus 

minimising cellular damage caused by extensive free radical production. Antioxidants can be 

broadly divided into two sub-groups, depending on their mode of action [98], [99]. Enzymatic 

antioxidants catalyse the degradation of oxidants via redox reactions. Conversely, non-

enzymatic antioxidants behave as free radical scavengers, donating electrons to stabilise free 

radicals. Superoxide radicals undergo instantaneous dismutation into hydrogen peroxide 

(H2O2) under physiological conditions via superoxide dismutase enzymatic action. H2O2 is 

further degraded to water and molecular oxygen via catalase enzymatic degradation [89]. This 

degradation is vital as H2O2 has a molecular mass of 0.034 kilodaltons (kDa) and can readily 

permeate through the corneal and conjunctival epithelial layers as they only hinder the 

migration of molecules with masses above 0.5 kDa and 10 kDa, respectively [100]. Glutathione 

peroxidase (GPx) and glutathione reductase (GRx) work symbiotically with one another. GPx 

utilises reduced glutathione (GSH), to catalyse the reduction of lipid hydroperoxides to alcohol. 

GRx catalyses the reduction of oxidised glutathione to reform GSH. Glutathione itself behaves 

as a non-enzymatic antioxidant. GSH is present within aqueous humour at a concentration of 

2 µM and present in high concentrations in the lens and vitreous humour. Glutathione can 

scavenge free radicals directly or be used in the recycling of secondary antioxidants, such as 

ascorbic acid (AA), more commonly known as Vitamin C. AA cannot be endogenously 

produced and is delivered via dietary nutrients [98]. AA is oxidised to ascorbate free radicals 

during the detoxification of hydroxyl and superoxide anions before being extensively oxidised 

to form dehydroascorbate (DH) [89]. DH is reduced back to AA by glutathione-dependent 

enzymes or GSH. Without GSH, dehydroascorbate degrades to form diketoguloinic acid, which 

can irreversibly modify lens proteins, thus resulting in cataract formation. Similar to AA, α-

tocopherol, or Vitamin E, is exogenously produced. As it is fat-soluble, α-tocopherol disrupts 

the peroxyl radical chain involved in lipid peroxidation, which is critical in the prevention of 

lipofuscin accumulation at the onset of atrophic AMD [24], [99], [101]. The actions of AA and 

α-tocopherol are also interrelated as AA recycles the oxidised α-tocopherol radical back to α-

tocopherol.  
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1.2.1.2 An Imbalance in Oxidant/Antioxidant Equilibrium 

As we age, there is a substantial shift in the oxidant/antioxidant equilibrium in favour of oxidant 

production, primarily resulting from increased mitochondrial dysfunction. However, secondary 

risk factors, such as smoking and poor dietary habits, can also contribute to the 

oxidant/antioxidant imbalance. Increased oxidant concentrations can induce lipid peroxidation 

of the fatty acid chains of cell membrane phospholipids, resulting in a loss of membrane 

integrity and a substantial increase in cell permeability [102], [103]. Mitochondrial DNA is 

highly susceptible to damage as it is not protected by histone moieties [104]. An influx of 

oxidant species through the dysfunctional cell membrane results in mitochondrial DNA 

damage, primarily through the premature shortening of telomeres on the mitochondrial 

chromosomes [102]. When exposed to oxidative stress, telomeres, which protect the ends of 

chromosomes from aggregation and damage, begin to shorten, resulting in chromosomes 

reaching a critical length at which they can no longer replicate. Cellular senescence is induced 

as a result. Although they cannot replicate, senescent cells remain metabolically active. The 

accumulation of such cells in ageing tissues can create a vicious cycle between pro-oxidant 

production and chronic inflammation [103]. Senescent cells release senescence-associated 

secretory phenotypes (SASPs), including several pro-inflammatory cytokines, such as TNF-α, 

growth factors and chemokines. The release of such cytokines results in the expression of 

several pro-inflammatory genes via activation of the NF-κB signalling pathway. Mistaking the 

senescent cells for exogenous antigens, phagocytic immune cells, such as neutrophils, migrate 

to the inflamed area and generate large concentrations of oxidants [98]. Once released, the 

oxidants induce the expression of inflammatory cytokines via the activation of signalling 

cascades, thus repeating the cycle. Such consistent exposure to chronic inflammation results in 

increased cellular necrosis and is regarded as the starting point of several age-related ocular 

diseases. In ageing cells, the concentration of free Nrf2 is increased in response to increasing 

intracellular oxidant concentrations [105]. However, due to accelerated ageing and chronic 

inflammatory conditions, KEAP 1-Nrf2 signalling becomes impaired over time. The 

expression of Nrf2 also decreases as a function of age, primarily due to the transcriptional 

dysregulation of genes such as NFE2L2 [106].  
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High concentrations of oxidants can also impact cellular respiration. Excessive oxidant 

accumulation within the inner mitochondrial membranes results in the collapse of the 

mitochondrial membrane potential and a significant decrease in ATP production [107]. 

The difference between basal respiration, the minimum limit that cells must meet to produce 

sufficient ATP for cellular metabolic functions, and the upper respiratory limit known as 

maximal respiration is the reserve respiratory capacity. A depletion of the reserve respiratory 

capacity below basal respiration occurs in the presence of ROS, thus triggering cellular 

apoptosis. Premature apoptosis can be severely debilitating for tissues with high metabolic 

demands, such as the retinal pigment epithelium.  

1.2.1.3 Antioxidant Supplementation in Ocular Cells 

Recent studies have demonstrated the efficacy of exogenous antioxidant supplementation 

against the deleterious effects of ageing in ocular cell models. In particular, compounds such 

as omega-3 and omega-6 polyunsaturated fatty acids, vitamins and polyphenols have been 

identified as potent Nrf2 activators [106]–[119]. Johansson et al. [120] demonstrated the 

correlation between docosahexaenoic acid administration and an increase in both 

NFE2L2/Nrf2 activation and the autophagy of oxidative stress-damaged misfolded proteins 

within the retinal pigment epithelium. NFE2L2 regulates the encoding of Nrf2. Upon carrying 

out immunoblotting analysis on APRE-19 cells treated with 70 µM and 140 µM of DHA, 

sequestosome-1 (SQSTM-1), a protein that selectively targets ubiquitinated protein aggregates 

for degradation during autophagy, expression and turnover, were significantly upregulated. 

This, in turn, led to an increase in NFE2L2/Nrf2 activation. However, to elicit an antioxidant 

response, DHA causes a transient increase in reactive oxygen species (ROS) concentration. 

Pre-treatment with 5mM of N-acetyl cysteine and 150 µM of Vitamin E was required to protect 

the APRE-19 cells from excessive ROS damage during the study. This seems like a 

counterintuitive outcome, particularly when the retinal tissues are under such high metabolic 

stress at the onset of AMD. Epigallocatechin-3-gallate (EGCG), has demonstrated great 

efficacy in the inhibition of proinflammatory cytokines and Nrf2 activation in various ocular 

diseases [121]. For example, Miyagawa et al. [122] significantly reduced corneal 

vascularisation in a corneal burn model via the daily administration of an EGCG-laden 
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nanoparticle eye drop formulation over one week. EGCG administration successfully 

decreased in vivo vascular endothelial growth factor receptor phosphorylation and subsequent 

activation. Huang et al. [123] encapsulated EGCG within gelatin nanoparticles via self-

assembly of opposing ionic charges. The EGCG-laden gelatin nanoparticles administered twice 

daily for three weeks, re-established physiological tear secretion, minimised corneal damage 

and thinning post dry eye induction and significantly reduced the occurrence of premature 

corneal apoptosis. 

1.2.2 Intracellular Decline in Nicotinamide Adenine Dinucleotide (NAD+) 

Concentration 

The ageing process is also accelerated by a decline in intracellular nicotinamide adenine 

dinucleotide (NAD+) concentration [124], [125]. NAD+ is a redox coenzyme, found in 

abundance in all cellular organelles, that plays a pivotal role in the intracellular metabolism of 

glucose to ATP [126]. However, it also behaves as an essential co-substrate, initiating the 

enzymatic reactions carried out by a number of endogenous enzymes, including Sirtuins 

(SIRTs), ADP-ribosyl cyclase (CD38) and poly (ADP- ribose) polymerase 1 (PARP-1) [102]. 

1.2.2.1 Biosynthetic and Salvage Pathways of NAD+ 

De novo synthesis of NAD+ occurs via the enzymatic conversion of dietary tryptophan, or 

nicotinic acid, in the Kynurenine and Preiss-Handler pathways, respectively [127], [128]. 

Tryptophan is converted to nicotinic acid mononucleotide, which is subsequently converted to 

nicotinic acid dinucleotide (NaAD+) via nicotinamide mononucleotide adenylyltransferase 

(NMNAT) action. Amidation of NaAD+ results in the formation of NAD+. Similarly, NaAD+ 

is also formed via the three-step conversion of nicotinic acid, or niacin, in the Preiss Handler 

pathway. 

Intracellular NAD+ concentration is also maintained by the salvage pathway. As shown in 

Figure 1.6, through the enzymatic action of nicotinamide phosphoribosyltransferase 

(NAMPT), nicotinamide (NAM) is converted to nicotinamide mononucleotide (NMN), which 

is subsequently converted to NAD+ [129]. NAM is a by-product of NAD+ consumption, 
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formed upon degradation of the glycosidic bond between NAM and ADP-ribose. NMNAT 

catalyses the binding of the adenylyl group of ATP to NMN, thus forming NAD+ [130], [131].  

 

 

 

 

 

Figure 1.6: The synthesis of NAD+ via the intracellular salvage pathway [102], [129]. 

1.2.2.2 NAD+ Consumption and Mitochondrial Dysfunction 

The intracellular NAD+ pool is attained by a balance between the activities of cellular NAD+-

synthesising and NAD+-consuming enzymes. CD38 enzymes regulate several cellular 

functions under physiological conditions, including cell proliferation, inflammatory responses, 

and the synthesis of NAD+ precursors. However, hyperexpression of CD38 can lead to the 

rampant activation of several proinflammatory pathways and a severe decline in the 

reformation of NAD+ precursors such as nicotinamide mononucleotide (NMN) [125]. The 

expression of key NAD+ salvage pathway enzymes, such as NAMPT, is also downregulated 

under these conditions. PARP-1, a secondary NADase, is also upregulated in response to 
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cellular DNA damage caused by oxidant action [102], [124]. PARP-1 cleaves ADP-ribose from 

NAD+, forming nicotinamide, and catalyses the polymerisation of poly (ADP-ribose), a 

signalling molecule used in DNA repair mechanisms. PARP-1 and SIRTs compete for 

intracellular NAD+ pools. Increased PARP-1 activation with age results in increased NAD+ 

depletion, which ultimately results in significant inhibition of sirtuin function. SIRTs are a 

family of histone deacetylates that maintain cellular longevity through the mediation of 

mitochondrial biogenesis (SIRT-1, SIRT-3), chromosome stability (SIRT-6) and transcription 

regulation (SIRT-1) [132], [124], [133]. Regarding ocular tissues, SIRT-1 has been primarily 

detected in the nuclei of cells such as the retinal ganglion cell layer, the corneal and conjunctival 

epithelial layer, and fibrous lens cells. SIRTs deacetylate histones after sensing intracellular 

NAD+, thus enhancing the enzymatic activity of the deacylated target protein. ADP ribose from 

NAD+ binds to the acyl group, liberating nicotinamide. For example, SIRT-1 regulates the 

deacylation of BMAL1, the transcription factor responsible for the formation of circadian 

CLOCK:BMAL1 complex [130]. SIRT-3 regulates the permeability of the mitochondrial 

membrane transition pore, therefore hindering the migration of cellular organelles into the 

cytoplasm. If the intracellular NAD+ levels decline, SIRTs will not remove the acyl groups 

from the target mitochondrial proteins, resulting in augmented mitochondrial dysfunction, 

reduced NAD+ regeneration and impaired cellular metabolism, all of which are the hallmarks 

of age-related disease progression [134]. 

1.2.2.3 Cellular Restoration via NAD+ Supplementation in Ocular Disease 

The replenishment of intracellular NAD+ pools with exogenous NAD+ supplements, or NAD+ 

precursors, could potentially minimise the deleterious effects that occur at the early onset of 

several ocular diseases, such as glaucoma, dry eye, and AMD [135]. In 2017, Williams et al. 

[136] demonstrated the protective effects of the NAD+ precursor, vitamin B3, or nicotinamide 

(NAM), during the pathogenesis of glaucoma. By administering 550 mg/kg/day of NAM via 

drinking water, mice at various stages of glaucoma were all protected against deleterious effects 

such as mitochondrial dysfunction, retinal ganglion cell (RGC) loss, retinal nerve layer 

thinning and optic nerve degeneration. NAM also protected RGCs from damage caused by 

localised inflammation, induced upon injection of a TNF-α solution into the eyes of the murine 
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model. A higher dose (2000 mg/kg/day) exhibited superior neuroprotective effects and 

successfully alleviated high IOP in the eyes of mice with late-stage glaucoma. However, 

although endogenously produced, large concentrations of intracellular NAM have been known 

to cause increased vasodilation, leading to skin flushing [134], [137]. High doses of alternative 

NAD+ precursors, such as NAMPT and NMN, have been known to cause augmented 

proinflammatory cytokine and SASP release and axon degeneration [138]. Also, as the rate of 

NAD+ synthesising enzymes decreases as we age, the intracellular concentration of such 

enzymes may not be sufficient to effectively recycle high concentrations of NAD+ precursors. 

By inverting schedules in groups of Sprague-Dawley albino rats, Bai et al. [139] demonstrated 

that day-fed rats possessed higher levels of NAD+ at the onset of light exposure in comparison 

to those fed at night, and were less susceptible to light-induced retinal damage as a result. 

Retinal damage following light exposure was attributed to the accumulation of zinc within RPE 

and photoreceptor cells. The protective effects of higher levels of NAD+ in day-fed rats were 

attributed to the preservation of NAD+ intracellular concentration pools as opposed to a 

decrease in zinc accumulations. Intraperitoneal injection of 500 mg/kg of NAM immediately 

before light-induced retinal damage or H2O2-mediated oxidative stress also restored retinal 

NAD+ levels and prevented retinal cell death. Similarly, following analysis of RPE cells 

exposed to 300 µM of H2O2 via a cell counting kit-8 (CCK-8) assay, Zhu et al. [140] 

demonstrated the efficacy of a 0.1 mM NAD+ solution in preventing RPE cell death. Treatment 

with 0.1 mM of NAD+ also inhibited PARP-1 activation in H2O2-stressed RPE cells, thus 

preventing oxidative stress-induced necrosis, one of the primary pathological factors in AMD. 

Hui et al. [141] demonstrated that, compared to patients receiving a placebo, oral 

supplementation of 1.5 and 3 g of NAM over 12 weeks in patients receiving treatment for 

glaucoma led to a concurrent improvement in visual function and attainment in inner retinal 

function. Ren et al. [142] utilised an in vitro cell model to highlight the significant reduction in 

the expression of three senescence biomarkers following incubation of ARPE-19 cells with 

1000 µM of NMN. 300 mg/kg/day of NMN, administered via intraperitoneal injection, 

successfully prevented sodium iodate-induced retinal pigment epithelial cell senescence in a 

murine model. NMN supplementation was found to restore basal intra-RPE NAD+ 
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concentrations and quench the migration of immune cells and subsequent activation of 

inflammatory pathways in RPE cells. 

1.3 BARRIERS TO EFFECTIVE NAD+ OCULAR DELIVERY  

Due to the complexity of both its structure and physiology, the eye is quite well protected and 

difficult to penetrate [41]. The multifactorial interaction between several dynamic and static 

anatomical barriers within the eye protects against the intraocular permeation of exogenous 

debris and microbes. However, the restrictive nature of such barriers is non-selective. The 

physicochemical attributes of the therapeutic have a significant impact on its pharmacokinetic 

profile following administration. This, in turn, may limit bioavailability and therapeutic 

efficacy at the desired target area [143]. NAD+ is inherently biocompatible and possesses a 

molecular weight of 0.663 kDa and as such, may exhibit enhanced permeation upon ocular 

administration. However, as discussed in the following sections, its physicochemical attributes, 

such as surface charge and hydrophilicity, may not be suitable for overcoming the barriers 

associated with certain routes of administration. 

1.3.1 Conventional Routes of Administration 

As shown in Figure 1.7, there are a number of routes in which a therapeutic can be transported 

to the desired intraocular target site [144], [145]. The chosen route and method of administration 

is not only dependent on the locality and the severity of the ocular disease, but also on the 

specific needs of the end user. 
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Figure 1.7: The various routes of ocular therapeutic administration [146]. 

The transcorneal absorption route, primarily intended for topical drug delivery to the anterior 

chamber, begins with either the paracellular or transcellular [147]. Upon reaching the aqueous 

humour within the anterior chamber, the drug can be readily distributed to the anterior uvea or 

be eliminated via trabecular and uveoscleral outflow. 

Migration through the second pathway, the conjunctiva–sclera route, involves the permeation 

of the therapeutic through the conjunctiva via the precorneal tear film. The therapeutic then 

diffuses through the sclera before migrating further into the posterior segment via the choroid 

to reach the retinal pigment epithelium, the neural retina, the vitreous humour and surrounding 

intraocular tissues. Targeted absorption through the conjunctiva–sclera route is a suitable route 

for drugs that are both intended for posterior segment delivery and that exhibit poor corneal 

permeability [144]. 

When a therapeutic is administered via intravitreal administration, it is directly distributed into 

the vitreous humour for further diffusion into the neural retina. Regarding periocular 

administration, therapeutics are administered onto the external surface of the sclera, typically 
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via subconjunctival (beneath the conjunctiva), peribulbar (space on the periphery of the 

eyeball), retrobulbar (space directly behind the eyeball) and posterior juxtascleral (near-scleral) 

administration. Therapeutics can then migrate towards the posterior retinal tissues through the 

sclera, choroid, and retinal pigment epithelium cell layer [148]. Conversely, suprachoroidal 

administration involves the administration of the therapeutic in the space between the scleral 

endothelium layer and the choroid, providing more direct access to the posterior tissues [132]. 

Therapeutics can also reach the intended intraocular target site using a more delocalised 

approach. The administration of therapeutics into systemic circulation via gastrointestinal 

absorption or intravenous/subcutaneous injection has been previously utilised for ocular drug 

delivery [149]–[152]. However, only 2% of the concentration of the drug typically arrives at the 

target site, particularly within the posterior segment, predominantly due to the retinal blood 

barriers that will be discussed in Section 1.3.3.4 [144], [153]. However, as many ocular 

therapeutics exhibit a non-selective mode of action, the total concentration at the target site is 

also decreased by the delocalised absorption and use of the drug in other body tissues [154]. 

Such non-selective absorption can have several moderate to severe side effects. The 

administration of ocular therapeutics via intranasal routes, such as Tyrvaya®, has also been 

investigated due to the proximity of the olfactory region and the cribriform plate separating the 

nasal and ocular cavities [155]. 

1.3.2 Primary Barriers to Effective Anterior Segment Delivery  

Topical administration has been the cornerstone treatment option for diseases affecting the 

anterior segment in recent decades [156], [157]. Ease of administration, user convenience and 

safety are the primary advantages of topical administration. As highlighted in Table 1.2 and 

Section 1.1.3.4, there are a wide variety of commercially available topical formulations for 

anterior segment diseases such as glaucoma and dry eye, 90% of which are in the form of eye 

drop solutions [100]. Alternative formulations include ointments, gel and ocular inserts [144], 

[153]. Despite its advantages, the efficacy of topical administration, particularly regarding drug 

bioavailability, is limited, predominantly due to the anatomical barriers within the anterior 

segment. Reduced bioavailability often leads to an increase in dosing frequency to illicit a 

therapeutic effect. Patient compliance is often challenged, thus leading to the sporadic dosing 
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of fluctuating therapeutic concentrations and an increased risk of disease progression and 

adverse effects. 

1.3.2.1 Tear Film  

Tear homeostasis is achieved by the regulation of the lacrimal functional unit, encompassing 

the lacrimal and meibomian glands, conjunctival goblet cells and the corneal and conjunctival 

surface [158]. Tear film turnover and precorneal drainage are the first and most prominent 

physiological barriers to ocular drug delivery, particularly when administered via the topical 

route. Stimulation of the corneal surface by exogenous particles, such as drug molecules, 

activates a sensory pathway that induces lacrimal fluid secretion from cells within the lacrimal 

glands. Lacrimal fluid then drains to the palpebral conjunctiva where it combines with mucin 

excreted from conjunctival goblet cells before migrating across the corneal surface into the 

nasolacrimal duct. This mechanism provides adequate clearance of corneal irritants via 

nasolacrimal drainage at a rate of 1.2 µL/min and allows for the attainment of an approximately 

constant volume of 7-10 µL of precorneal tear film in the conjunctival sac [144], [145], [159]. 

One drop of an eye drop solution typically equates to a volume of 50 µL [144], [145], [100], 

[160]. Therefore, upon administration of an eye drop, blinking, tear turnover and nasolacrimal 

drainage are all upregulated to re-establish the equilibrium volume. This ultimately results in 

the loss of approximately 75-90% of the administered volume of therapeutic solution [161], 

[162]. Also, tear film has a high turnover rate of approximately 3 µL/min with a restoration 

time of between 2 to 3 minutes [159], [163], thus severely limiting the residence time of the 

therapeutic molecules on the corneal surface and increasing the need for frequent application 

to achieve a therapeutic dose. Based on its inherent hydrophilicity, it is likely that NAD+ would 

be rapidly cleared via tear turnover. As such, a depot with mucoadhesive, cell-penetrating, or 

controlled release capabilities may be required to ensure sufficient retention on the corneal 

surface. The three distinct layers of tear film are depicted in Figure 1.8. 
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Figure 1.8: Schematic of the mucoaqueous layers of tear film (Figure generated using 

templates available on Biorender.com [164]. Information used to draw the resulting diagram 

was sourced from [144], [159], [163]). 

The outermost lipid layer, composed of free phospholipids, triglycerides, and fatty acid 

molecules from the meibomian glands, prevents tear evaporation upon migration. Lacrimal 

fluid, an 8 µm thick layer in the centre of tear film secreted from the lacrimal glands, is 

primarily responsible for the hydration and supplementation of the avascular corneal surface 

and removal of extracellular debris. Electrolytes such as K+ and Na+, intercellular proteins such 

as glycoproteins and albumin, and enzymes such as lysozyme, are secreted in conjunction with 

lacrimal fluid [144], [161], [163]. Lastly, the transmembrane mucins secreted from the 

conjunctival goblet cells form the innermost layer and interact with the corneal epithelium to 

stabilise the tear film during spreading and prevent microbial contamination [165]. Mucins are 

negatively charged macromolecules and can hinder the migration of positively charged 

therapeutic molecules, such as the nicotinamide moiety of NAD+, via electrostatic binding. 

Carbonic acid within the aqueous layer and dispersed electrolytes may also modify the extent 

of ionisation of the therapeutic via electrostatic binding [100], [159], [160], [166]. Also, proteins 

and enzymes within the tear film may partially hydrolyse and bind to therapeutic molecules on 
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the corneal surface [167]. Such reactions will ultimately decrease the available concentration 

of free drug [168]. For example, a study conducted by Sebbag et al. [169] in 2020 demonstrated 

the impact of albumin binding on tropicamide activity in a canine model. The administration 

of 30 µL of a 0.4% or 1.5% canine albumin solution directly before the administration of 30 

µL of 1% tropicamide reduced the extent of pupillary dilation, or mydriasis, by 1 mm (11.8 

mm) in comparison to those treated with artificial tears and tropicamide (12.75 mm). 

Conversely, a small yet non-significant decrease in the extent of pupil constriction was found 

between eyes instilled with 0.005% latanoprost and canine albumin and those treated with 

artificial tears and latanoprost at any time post-instillation. Although some competitive 

inhibition of albumin binding via ligand-receptor interactions was evident, preservation of 

pupil constriction was attributed to the administration of a dose of latanoprost that was six 

orders of magnitude higher than the dose needed to illicit a therapeutic response (10-10 M) 

within the iris sphincter. 

1.3.2.2 Selective Inhibition by Corneal Layers 

As depicted in Figure 1.9, the cornea, a transparent, avascular tissue within the anterior 

segment, can be divided into five distinct layers: an epithelial cell layer, Bowman’s layer, 

stroma, Descemet’s membrane, and an endothelial cell layer [4], [165]. The thickness of the 

cornea increases from 500 µm in the centre to approximately 700 µm towards the periphery. 

Figure 1.9: The distinct layers of the cornea [153]. (Figure generated using templates available 

on Biorender.com [164]). 
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Due to the amphiphilicity and varying thicknesses of these layers, the trans-corneal ingression 

of microbes, exogenous debris and therapeutic molecules alike is highly dependent on their 

physicochemical properties [165]. The epithelium cell layer, composed of 90% epithelial cells 

organised into layers, is naturally lipophilic and is considered the rate-limiting barrier to 

effective transcorneal permeation. Mucin is secreted from the apical epithelial layer, resulting 

in the epithelium layer being negatively charged at physiological pH (pH 7.3-7.4), above its 

isoelectric point of 3.2 [170]. As such, cationic molecules exhibit enhanced retention on the 

corneal epithelium whereas anionic molecule migration is hindered due to electrostatic 

repulsion [171]. Liaw et al. [172] demonstrated the ten-fold increase in in vitro corneal 

permeation of cationic lysine in comparison to anionic L-glutamic acid at physiological pH 

using excised New Zealand white rabbit cornea. Similarly, the permeability coefficient of 

salicylic acid, a negatively charged beta hydroxy acid, was 3 times less than that of positively 

charged benzylamine. Liu et al. [173] also demonstrated that penetratin, a cell-penetrating 

peptide, exhibited a permeability through excised rabbit cornea that was 87.5 times higher than 

its anionic counterpart, poly(serine)8. In vivo distribution of 5-carboxyfluorescein-penetratin 

within the corneal and retinal tissues of a murine model was also visible for up to 6 hours post-

administration. Fluorescent decay in the anterior and posterior segment was visible in the 

poly(serine)8 treated group within 2 hours post-instillation. 

The transcellular diffusion of lipophilic drug molecules across the lipoidal cellular membrane 

is favoured with compounds with a log P value of between 2 and 4 exhibiting enhanced 

transcellular permeation [174]. Toropainen et al. [175] demonstrated the enhanced apical to 

basolateral corneal epithelial cell permeation of β-blockers with high log P values in 

comparison to those with low log P values. The rate of transcellular permeation of bextaxolol 

(log P = 3.44) was approximately 13 times higher than that of sotalol, a hydrophilic β-blocker 

with a log P value of – 0.62. However, therapeutics exhibiting lipophilicity above log P values 

of 4 will exhibit poor desorption into the hydrophilic stroma layer [176]. The molecular weight 

of the therapeutic can also affect its extent of transcorneal permeation [177]. Epithelial cells 

limit the transmembrane diffusion of molecules with molecular weights above 400 Dalton (Da) 

[178]. A schematic diagram of transcorneal drug permeation, via transcellular and paracellular 

pathways, is shown in Figure 1.10. 
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Figure 1.10: A schematic diagram of a typical migration pathway for drug molecules intended 

for transcorneal permeation. 

Superficial corneal cells are joined to one another by junctional complexes to prevent the 

intraocular ingression of tear film and exogenous debris [167]. These tight junctional complexes 

are composed of assemblies of transmembrane proteins that create a seal around the junctions 

and dynamically regulate their structural integrity [179], [180]. Lipophilic drugs with 

physicochemical properties exceeding those required for transcellular diffusion, and 

hydrophilic drug molecules, can more readily undergo paracellular diffusion through the tight 

junctions. The paracellular pores have an average diameter of approximately 2 nm rendering 

the tight junctions impermeable to drug molecules with molecular weights of above 500 Da 

[100], [181]. Edwards et al. [182] demonstrated the molecular radius-dependent paracellular 

diffusion of molecules of inherently low lipophilicity. Molecules with a molecular weight of 

100 Da exhibited increased transcellular diffusion compared to 500 Da molecules of similar 

distribution coefficient values. Ultimately, the bioavailability of lipophilic and hydrophilic drug 
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molecules within the aqueous humour, post transcorneal permeation, is estimated to be 

approximately 5% and 0.5% respectively [144], [183]–[185]. 

The stroma is a transparent layer composed of approximately 200 to 250 lamellar arrangements 

of Type I collagen fibrils and accounts for approximately 80% of the total thickness of the 

cornea [165]. Due to its inherent hydrophilicity, the stroma acts as a rate-limiting barrier for 

highly lipophilic molecules. Due to its biphasic nature, a drug must demonstrate dual 

amphiphilicity to achieve adequate transcorneal diffusion [186]. 

The endothelium, a 5 µm thick monolayer of cells residing at the interface of the cornea and 

the anterior chamber, regulates the hydration of the corneal membranes with aqueous humour 

[165]. Tight junctions between the endothelial cells limit the flow of aqueous humour into the 

stroma and, through the use of ionic fluid pumps, expel excess fluid back into the anterior 

chamber [187], [188]. The endothelium behaves as a reservoir, allowing for the gradual release 

of drug molecules into the aqueous humour. However, the diffusion of lipophilic molecules 

through the endothelium layer is also favoured.  

If NAD+ were to successfully penetrate the corneal layer, the continuous turnover of aqueous 

humour at an approximate rate of 180 µL/h, coupled with the high vascularisation of the 

anterior uvea, may limit its total concentration available for subsequent diffusion [162], [167]. 

Therapeutics exhibit high clearance rates of between 1200 – 1800 µL/h via uveal blood flow 

due to permeation through the endothelial cells of uveal blood vessels [189]. 

1.3.2.3 Barriers within the Conjunctival-Scleral Pathway  

Topically applied drugs that exhibit poor corneal permeability should be preferentially 

administered via the conjunctiva-sclera route [190]. As shown in  Figure 1.11, intercellular tight 

junctions exist only at the apical layer of the conjunctival epithelial layer, thus increasing the 

likelihood of paracellular diffusion due to the absence of a permeation barrier [181], [191]. 
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Figure 1.11: Schematic of the conjunctival epithelial cell layer. 

The permeability of the conjunctiva is also 230 times greater than that of the cornea, primarily 

due to the 16% increase in paracellular pore density and the increased available epithelial 

surface area for absorption (16-18 cm2) [100], [148], [192]. On average, the diameter of the 

intercellular pores of the bulbar and palpebral conjunctival cells is 3 nm and 5 nm, respectively. 

The pores allow for the enhanced permeation of hydrophilic drug molecules and drugs of a 

higher molecular weight, typically within the range of 5 to 10 kDa [100]. For example, Ramsay 

et al. [193] compared the ex vivo corneal and conjunctival permeability of 25 various 

therapeutic molecules in porcine eyes. In particular, pilocarpine (molecular weight (MW): 

208.3 Da, log P: - 0.39) and aztreonam (MW: 435.4 Da, log P: -4.32) exhibited conjunctival 

permeation rates of 7.73 x 10-6 and 1.19 x 10-6 cm/s, respectively, approximately one order of 

magnitude higher than the corneal permeabilities recorded (1.79 x 10-6 and 1.02 x 10-7 cm/s). 

In a similar study, the paracellular conjunctival permeability of mannitol (MW: 182 Da) was 

found to be 55 times higher than its paracellular corneal permeability. The molecular size-

selective permeability of the conjunctiva was also demonstrated, with 20 kDa fluorescein 

isothiocyanate (FITC)-dextran exhibiting adequate conjunctival permeability whereas the 

permeability of 40 kDa FITC-dextran was inhibited completely [194]. However, due to the 

vascularisation of the conjunctival sac, drug molecules may also be rapidly absorbed into 

systemic circulation and subsequently removed from the target area [162]. Approximately 34 
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to 79% of the administered therapeutics dose is removed to systemic circulation via 

conjunctival vasculature clearance [148].  

Primarily consisting of a 0.5 to 1 mm thick extracellular matrix containing collagen fibrils 

interwoven with negatively charged proteoglycans, the sclera is highly impermeable to 

lipophilic drug molecules [159], [195], [196]. Although hydrophilicity is not a limiting factor, 

the surface charge and molecular radius of the drug can also significantly impact its trans-

scleral permeation. Positively charged molecules may bind to the negatively charged 

glycosaminoglycan chains of the proteoglycans via electrostatic complexation, thus hindering 

deeper intraocular permeation [197]. Scleral pores are estimated to be between 10 and 40 nm 

in diameter [198]. Although the pores are larger than those of the conjunctiva and the cornea, 

the trans-scleral permeation of some macromolecules, such as anti-VEGF agents, dextrans and 

proteins can be hindered, depending on their molecular weight [85], [199]. An inversely 

proportional correlation exists between trans-scleral permeation and molecular weight [133]. 

The ability of a molecule to effectively permeate through the sclera is also dependent on its 

morphology [85]. Flexible molecules, such as polysaccharides, that can alter their molecular 

radii exhibit enhanced trans-scleral permeation in comparison to compact, rigid molecules 

[200]. 

Based on its characteristics, the conjunctival-scleral route may be more suitable for NAD+ 

ocular administration. However, its hydrophilicity will render it more susceptible to rapid 

systemic clearance via conjunctival vascularisation. This provides further justification for the 

encapsulation or association of NAD+ with a depot that can limit its exposure to physiological 

conditions following administration. Secondly, therapeutics are often administered via 

injection to the sub-conjunctival area to deliver a high concentration directly to the target site. 

Based on its supplementary nature, administration of NAD+ via injection may not be 

favourable in terms of patient compliance due to the fragility of the ocular tissues and the 

potential risks of severe adverse effects. 

1.3.2.4 The Blood-Aqueous Barrier 

The blood-aqueous barrier (BAB) presents another static, anatomical barrier to successful 

anterior segment drug delivery. The tight junctions between the non-pigmented ciliary 
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epithelium cells are the primary constituents of the BAB [201]. Selective inhibition of 

macromolecule migration from the circulatory system through the anterior segment of the eye 

occurs at the BAB. Tight junctions between the vascular endothelial cells of the iris and ciliary 

processes also limit macromolecule paracellular diffusion [202]. Selective paracellular 

diffusion of ions and fluids across the gap junctions between the pigmented and non-pigmented 

ciliary epithelium layers occurs [203]. These ionic gradients pull fluid through the extracellular 

space surrounding the ciliary epithelium from the ciliary stroma, thus producing aqueous 

humour [202]. The BAB also prevents the backflow of aqueous humour from the anterior 

chamber. 

1.3.3 Primary Barriers to Effective Posterior Segment Delivery 

1.3.3.1 The Suprachoroid  

If successful trans-scleral permeation of NAD+ is achieved, it would then have to permeate 

through the barriers within the retina. The suprachoroid, the external 35 µm thick layer of the 

choroid bound to the outer sclera via lamellar fibres [132], behaves as a static barrier regulating 

both the diffusion of nutrients from the choroid to the RPE and outflow of metabolic degradants 

via osmosis. Facilitated by the energy supplied by the pumping activity of Na, K-ATPase ionic 

gradients, the RPE pumps water out of the subretinal space and into systemic circulation via 

the choriocapillaris [204]. 

1.3.3.2 Choriocapillaris and Bruch’s Membrane 

The vascularisation of the choriocapillaris layer facilitates the influx of high volumes of oxygen 

and nutrients into the retina via the outer blood-retinal barrier (OBRB). This poses a significant 

dynamic barrier to retinal bioavailability due to high blood flow within the choriocapillaris (~ 

43 mL/h), coupled with the presence of 70-80 nm-sized pores within the choriocapillaris 

endothelium results in a high percentage of therapeutic clearance from the retinal tissues [205]. 

Successful intraretinal permeation is therefore highly dependent on the extent of therapeutic 

permeation through the OBRB. The transcellular diffusion of lipophilic compounds of small 

molecular radii across the retinal pigment epithelial (RPE) layer is favoured in comparison to 

hydrophilic compounds and macromolecules. As demonstrated by Pitkänen et al. [206], the 

permeation of small lipophilic molecules was highly dependent on the molecular radius as a 
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376 Da carboxyfluorescein exhibited enhanced intra-RPE permeation in comparison to an 80 

kDa dextran molecule. Similarly, lipophilic molecules exhibited a permeation rate that was 8 

times faster than that of a hydrophilic molecule of similar size. However, although retinal 

permeation of small molecules is favoured, such molecules will also be more susceptible to 

vasculature uptake. 

1.3.3.3 Melanin Binding  

Aside from the anatomical retinal barriers, retinal bioavailability can also be influenced by 

melanin, the polyanionic polymer present in granules within the peripheral regions of the RPE 

cell layer and the choroid [141]. Melanin is known to complex and sequester both free radicals 

and cationic, lipophilic molecules, thus decreasing the total free drug concentration available 

for subsequent intraretinal diffusion yet simultaneously prolonging the ocular residence time 

of the therapeutic [186], [208]. In 2016, Rimpela et al. [207] demonstrated the superior ability 

of the basic compounds, timolol and chloroquine, to bind to melanin isolated from porcine RPE 

and choroid samples. Acidic compounds, such as methotrexate, exhibited decreased melanin 

binding, highlighting that electrostatic interaction is the predominant binding force. 

Chloroquine exhibited superior uptake into porcine RPE cells (~99%) as a result of melanin 

binding in particular, equating to an intracellular concentration (μM):medium concentration 

(μM) ratio of over 22,000:1. This is an order of magnitude larger than the ratio calculated for 

chloroquine in non-pigmented cells. Cheruvu et al. [209] also highlighted the significance of 

melanin binding in effective retinal therapeutic delivery upon demonstrating the ex vivo 

accumulation of celecoxib, a lipophilic non-steroidal anti-inflammatory drug, in various ocular 

tissues of albino Sprague-Dawley and pigmented Brown-Norway rats. The area under the curve 

(AUC) obtained post periocular injection of 3 mg of celecoxib in the retina and vitreous humour 

(55.5 and 35.3 µg/g) in pigmented rats was significantly lower than that obtained for the same 

tissue samples in the non-pigmented rats (159.8 and 116.3 3 µg/g). This was attributed to the 

sequestration of celecoxib via binding to melanin in the pigmented tissues, thus hindering 

deeper intraretinal permeation. 
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1.3.3.4 The Blood-Retinal Barriers  

The OBRB and IBRB within the retina are the most prominent barriers to effective posterior 

segment drug delivery, particularly via systemic or intravitreal administration [186]. Retinal 

pigment epithelial cells are the primary components of the OBRB whereas the IBRB is 

composed of retinal capillary endothelial cells [4]. The OBRB, behaving as both a regulator 

and a filter, facilitates the two-way transport of nutrients and waste between the choroid and 

the photoreceptor cell layer to attain retinal homeostasis [4], [179]. Tight junctions, existing 

between neighbouring endothelial cells and epithelial cells within the IBRB and OBRB, restrict 

the paracellular diffusion of macromolecules from both the vitreous humour and the highly 

permeable choriocapillaris vasculature, respectively, to the inner retina [179]. Similar to the 

limitations of transcorneal diffusion, the paracellular diffusion of hydrophilic and large 

molecular weight drug molecules is also hindered by the tight cellular junctions of the blood-

retinal barrier (BRB) [186]. Intraretinal diffusion of highly lipophilic drug molecules, 

administered into systemic circulation, is favoured. However, this is also problematic due to 

delocalised absorption into other tissues, resulting in a substantial decrease in localised retinal 

bioavailability [210]. 

1.3.3.5 Vitreous Humour    

Although relatively stagnant within the posterior chamber, vitreous humour poses a significant 

barrier to therapeutic diffusivity following IVI. The establishment of a concentration gradient 

within the posterior chamber results in therapeutic diffusion from the injection site. However, 

the rate of vitreal diffusion and subsequent absorption into the neural retina is highly dependent 

on the interplay between the physicochemical attributes of the therapeutic and the vitreal 

network. As demonstrated by Rattanakijsuntorn et al. [211] using a bovine vitreous humour 

model, anionic molecules exhibited a much larger diffusivity coefficient in comparison to a 

neutral counterpart of similar molecular weight, primarily due to electrostatic repulsion from 

the anionic glycosaminoglycan vitreal meshwork. Upon comparing an anionic molecule of a 

much larger molecular weight (74 kDa) to the aforementioned anionic molecule (0.938 kDa), 

a significant decrease in diffusivity coefficient from 2.739 x 10-6 cm2/s to 2.271 x 10-7 cm2/s 

was observed. Penkova et al. [212] also summarised the diffusivity coefficients of various 
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therapeutic molecules in ex vivo vitreal models and observed an inverse correlation between 

molecular weight and diffusivity. This further highlights that the viscosity of vitreous humour 

hinders the diffusion of larger molecules whereas smaller molecules can successfully 

interpenetrate the meshwork with pore sizes of approximately 550 nm. Due to its small size, 

and the presence of two anionic phosphate groups on the pyrophosphate bridge moiety, NAD+ 

may be a suitable candidate for intravitreal delivery. Although this administration technique 

would bypass both the metabolic and anatomical intraocular barriers, enhance localised NAD+ 

bioavailability within the posterior segment and minimise premature clearance, frequent 

injections over a prolonged period can increase the risk of adverse effects. With IVIs being 

associated with an increased risk of endophthalmitis, retinal detachment and haemorrhaging, 

and intraocular pressure fluctuations, the benefit does not outweigh the risk in regards to the 

delivery of a supplementary molecule. 

 

1.4 POLYELECTROLYTE COMPLEX NANOPARTICLES – POTENTIAL 

CANDIDATES FOR NAD+ OCULAR DELIVERY  

The development of novel drug delivery systems (DDS), and alteration of the physicochemical 

attributes of existing delivery systems, have been at the forefront of ophthalmic research in 

recent years. DDS for ocular drug delivery are typically designed with one purpose; to 

ameliorate the known pitfalls of conventional dosage forms, such as poor anterior and posterior 

bioavailability, decreased barrier permeation, decreased therapeutic stability, short ocular 

residence times and the invasiveness of the treatment method itself. Such developments include 

but are not limited to; the addition of viscosity and permeation enhancers to eye drops and in 

situ gel formulations [213]–[216], bioerodible implants for long-term administration [217]–

[219], therapeutic and nanoparticle-laden contact lenses, formulated via film embedment, soak 

and release methodologies and molecular imprinting [220]–[224], and the formulation of 

therapeutic-laden nanoformulations such as nanoparticles, nanowafers and nanogels [225]–

[229]. For the purpose of this literature review, nanoparticles, particularly those synthesised via 

the self-assembly of natural polymers, will be discussed in greater detail.  
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1.4.1 Nanoparticle Characteristics for Ocular Drug Delivery 

Nanoparticle formulations offer a versatile and reliable approach to ocular drug delivery. With 

mean particle sizes between 1 and 1000 nm, the physicochemical properties and functionality 

of such formulations can be easily tailored to in vivo environmental conditions to improve the 

pharmacokinetic profile of conventional therapeutic solutions [230], [231]. As such, enhanced 

therapeutic bioavailability and solubility, increased ligand-mediated adhesion and retention, 

prolonged stability, and stimuli-triggered therapeutic release, can be achieved [232]–[235]. 

Nanoformulations with sizes ranging from 20 to 250 nm have exhibited enhanced permeability 

and retention (EPR) effects through various ocular tissues within both the anterior and posterior 

segments [236]–[238]. Koo et al. [239] observed that the biodistribution of polymeric 

nanoparticles within the vitreous humour was not only dependent on size but also the surface 

charge. Cationic polyethyleneimine (PEI) based nanoparticles (zeta potential: +33.4 ± 5.1 mV) 

accumulated within the vitreous humour and were retained even up to 72 hours post-IVI, 

primarily due to ionic interaction with the negatively charged glycosaminoglycan moieties in 

the vitreous meshwork. Size-selective retinal permeation was observed following confocal 

microscopy analysis of the glycol chitosan nanoparticle-treated retinal tissues. With a mean 

size of 229.1 ±18.7 nm, the migration of these nanoparticles through the 10 to 25 nm pores of 

the inner limiting retinal membrane was severely hindered. Conversely, as shown in Figure 

1.12, anionic hyaluronic acid (HA) and human serum albumin nanoparticles (HSA) (zeta 

potential: -26.2 ± 4.0 mV and -20.9 ± 2.0 mV) exhibited enhanced retinal permeation 72 hours 

post-injection, despite their size (213.4 ± 10.3 and 326.3 ± 9.7 nm, respectively). However, 

although nanoparticles do not elicit increased ocular irritability upon administration due to their 

size, they may illicit a cytotoxic or inflammatory response over time due to their prolonged 

intraocular residence time in comparison to larger particles [240]–[242].  
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Figure 1.12: Confocal microscopy images of the migration of red fluorescent labelled PEI (a), 

HA (b) and HSA (c) nanoparticles within the retinal tissues 72 hours post-injection. (Blue – 

DAPI stained retinal cell nuclei [239].)  

Controlled and sustained release of the drug at the intraocular target site can also be achieved 

via nanomaterial encapsulation. This is particularly important in cases where patient 

compliance with the dosing regimen may be low or where frequent administration can be 

invasive. The percentage cumulative release of bromidine from chitosan and alginate 

nanoparticles, incorporated into three different topical formulations (eye drops, in-situ gelling 

system composed of hydroxymethyl cellulose and preformed gel composed of methylcellulose) 

was significantly lower in all cases than bromidine release from Alphagan ® commercial eye 

drops [243]. Almost 100% of the theoretical bromidine concentration in Alphagan ® eye drops 

was released after 8 hours. Conversely, the nanoparticle-laden formulations minimised burst 

release kinetics. The in situ gelling systems exhibited the lowest in vitro bromidine release, 

reaching 47.9 and 54.5% release from the alginate and chitosan nanoparticle-laden systems 

over 24 hours, respectively. The alginate and chitosan nanoparticle-laden eye drops exhibited 

a higher rate of bromidine release, equating to 66.4 and 71.2% within the same timeframe, 

respectively. The in situ gel systems provided an additional polymeric matrix, which the 

bromidine molecules must diffuse through upon release from the nanoparticulate systems. 

Natarajan et al. [244] developed a latanoprost-laden egg-phosphatidylcholine liposomal 

formulation, demonstrating a sustained in vitro latanoprost release of 60% over a two-week 

period. A single subconjunctival injection (100 μL), equating to a dose of 100 μg of latanoprost, 

exhibited statistically equivalent therapeutic efficacy over 120 days to 50 μg/mL Xalatan ® eye 

(a) (b) (c) 
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drops, administered once daily. Therapeutic efficacy was quantified by the reduction in 

intraocular pressure in a non-human primate model. Timolol maleate (TM)-laden glycerol 

monoolein and poloxamer 407 cubosomes, with an average size of 142 nm and a zeta potential 

value of -6.27 mV exhibited significant ex vivo corneal penetration compared to commercial 

TM eye drops [245]. Cubosomes are liquid crystalline nanoparticles, comprised of bicontinuous 

lipid bilayers organised into a three-dimensional structure, which exhibit higher physiological 

stability than conventional liposomes due to the larger lipid bilayer ratio [246]. 542 µg of TM 

was detected within the cornea 6 hours after cubosome application. A cumulative ex vivo 

penetration of just 154 µg of TM had penetrated through the rabbit cornea 6 hours post-eye 

drop administration. 

 

Several nanomaterial formulations also exhibit mucoadhesive and bioadhesive properties, 

particularly if the primary constituent is electrostatically charged or capable of hydrogen bond 

formation. Mucoadhesive nanoparticles can reversibly bind to the mucin secreted by the 

corneal and conjunctival epithelium cells, thus prolonging the intraocular residence time of the 

drug, without causing a loss in visual acuity during administration [247]. Alternative 

mucoadhesive formulations, such as ophthalmic gels, are macroscopic and highly viscous, 

which may cause blurred vision and temporary visual impairment post-application. Surface 

modifications, such as the attachment of surface-bound ligands or coatings, can also impart 

some degree of adhesive or release barrier functionality to the resulting nanoparticle 

formulation. Natural polymers have been used extensively in nanomaterial formulation as 

coating materials to enhance the intraocular absorption of nanomaterials with unfavourable 

absorption properties [248]–[251]. Mahaling et al. [252] evaluated the spatiotemporal 

intraocular distribution of poly (lactic-co-glycolic acid) (PLGA) nanoparticles coated with 

chitosan, gelatin or Pluronic F68 following instillation of fluorescent labelled nanoparticles via 

eye drop in a C57BL/6J murine model. The addition of a coating influenced the bioavailability 

of the nanoparticles in various ocular tissues, particularly within the posterior segment of the 

eye. Whilst all of the coatings increased the bioavailability of the nanoparticles in the 

conjunctiva – sclera – choroid – retina pathway, attributed to the increased hydrophilicity and 

mucoadhesive capabilities of the coatings, chitosan-coated particles exhibited superior 
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bioavailability. Exhibiting zeta potential values of between +35 to 40 mV, chitosan is positively 

charged and can therefore facilitate ionic interaction with the negatively charged phospholipid 

bilayers of the corneal and conjunctival cell membranes, thus increasing the likelihood of 

intraocular retention. However, it was noted that this biodistribution study was conducted using 

enucleated eyes and therefore, particle biodistribution was unaffected by dynamic flow barriers 

in the posterior segment, such as lymphatic flow and choroidal blood flow. As the uncoated 

and coated nanoformulations were all relatively small in size (< 200 nm), they may be subject 

to rapid elimination to systemic circulation. Therefore, it is inconclusive as to whether the 

polymeric coatings can effectively enhance the biodistribution of the nanoparticles under true 

physiological conditions. Cheng et al. [253] demonstrated the increased bioavailability of 

chitosan-coated triamcinolone acetonide-laden phosphatidylcholine liposomes within the 

posterior segment in comparison to uncoated liposomes. Using a model fluorescent drug 

(coumarin-6), a significant increase in cellular transduction into human corneal epithelial 

(HCECs) and spontaneously arising retinal pigment epithelium (ARPE-19) cells was observed 

in the chitosan-coated liposome group. Coating apatinib-laden bovine serum albumin 

nanoparticles with hyaluronic acid resulted in a significant reduction in in vitro apatinib release 

from 98% to 66.7% at the 24-hour time point [254]. HA possesses the unique ability to 

selectively bind to amino acid residues within the link module domain of the hyaladherin 

glycoprotein receptor, CD44 [255], [256]. As the expression of CD44 is significantly 

upregulated in tumour and cancer stem cells, HA has been used as the primary component of 

cancer-targeting nanocarriers to enhance the intracellular targeting and endocytosis of the 

oncology drug [257]–[259]. Moreover, the overexpression of CD44 has also been observed upon 

induction of oxidative stress within the RPE [260]. CD44 receptors are also expressed on the 

corneal and conjunctival cells under physiological conditions [261]. Therefore, coating 

nanoformulations with HA could enhance the receptor-mediated delivery of ocular therapeutics 

to dysfunctional RPE cells. Huang et al. [262] demonstrated the enhanced in vitro cellular 

uptake and ex vivo retinal permeation of HA-modified HSA nanoparticles in comparison to the 

uncoated formulation. As shown in Figure 1.13, a statistically significant increase in 

fluorescence intensity was observed upon incubation of fluorescent-labelled HA-modified 

HSA nanoparticles with ARPE-19 cells in comparison to the uncoated nanoparticles.  
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Figure 1.13: Confocal micrographs of ARPE-19 cells incubated for 4 hours with fluorescent-

labelled uncoated HSA nanoparticles (a) and HA-coated HSA nanoparticles (b). ARPE-19 cells 

pre-incubated with HA for 1 hour prior to incubation with HA-coated HAS nanoparticles are 

shown in (c) [262].  

Competitive binding analysis, conducted via the pre-treatment of ARPE-19 cells with free HA 

chains prior to incubation with HA-modified HSA nanoparticles, confirmed that endocytosis 

of such nanoparticles was mediated by HA-CD44 receptor interaction. 

1.4.2 Pitfalls of Nanoparticle Preparation Methods 

Numerous preparation methods, such as the top-down’ or ‘bottom-up’ approach, have been 

utilised to formulate polymeric and lipoidal nanoparticles [263], [264], [265]. The bottom-up 

approach involves the self-assembly of monomeric units into nanoparticles via polymerisation. 

Such polymerisation techniques include emulsion polymerisation, interfacial polymerisation 

and atom transfer radical polymerisation [266], [267]. However, residual monomer aggregates, 

transition metal catalysts and free radical initiators from polymerisation reactions can cause 

significant toxicity issues. Conversely, top-down approaches involve the assembly of 

preformed polymers into nanoparticles [226]. Such methods include dialysis, solvent 

evaporation, nanoprecipitation, emulsion diffusion, etc. [263], [268]. These methods are 

typically based on the incompatibility and insolubility of the polymer within the solvent 

comprising the continuous phase during emulsification. Despite avoiding the issues associated 

with residual monomers, a number of the ‘top-down’ techniques require the use of large 

volumes of organic solvent [263]. The removal of such solvents from the final formulation, 

often via extensive dialysis, lyophilisation, or evaporation, is time-consuming and is not always 

(a) (b)

) 

(c)

) 
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entirely effective in removing all of the residual solvents present. The addition of surfactant 

and stabilising molecules to reduce the surface tension and stabilise the nanoparticle 

formulation can also pose toxicity risks. 

Although some of the preparation methods used to formulate lipoidal nanoparticles involve the 

use of organic solvents, alternative methods have been adapted to minimise the residual toxicity 

of the final formulation [263], [269]. For example, solid lipid nanoparticles are often prepared 

using hot homogenisation. Here, nanoparticles are formed by forcing a mixture composed of 

drug molecules dissolved within a molten lipid through a heated homogeniser under high 

pressure. However, despite the lack of residual, toxic substituents, hot homogenisation is not 

suitable for use when utilising thermolabile compounds. The high experimental temperatures 

required can result in temperature-induced degradation. Microemulsions can also be 

formulated [270], where the lipid phase is heated and subsequently mixed with a surfactant 

solution. The mixture is then dispersed in an excess volume of aqueous solution, thus resulting 

in the precipitation and solidification of the lipoidal nanoparticles. Although microemulsions 

are often produced at ambient temperatures to prevent a decrease in interfacial tension between 

respective emulsion droplets, exposure to temperatures above the phase transition temperature 

of the lipid renders this method unsuitable for the encapsulation of thermosensitive, lipophilic 

compounds. Also, high levels of surfactants are often required to produce stable 

microemulsions, thus posing a potential toxicity risk [271]. Finally, upon formation, the lipoidal 

nanoparticle formulations are heavily diluted, and several purification steps are often required 

to concentrate the formulation. Broadly speaking, several of the formulation methods used for 

lipid nanoparticles are not suitable for hydrophilic drug compounds. Although the 

encapsulation of hydrophilic compounds within the aqueous core encompassed within the 

phospholipid bilayer structure is possible, leakage can be an issue due to the fragility and 

fluidity of the bilayer [272]. As such, extensive trials involving the optimisation of a number of 

formulation parameters, such as the method itself, cholesterol content, lipid composition and 

lipid:drug ratios, are often required [273]–[275]. In most cases, hydrophilic drugs will 

accumulate on the surface of lipoidal nanoparticles and will readily diffuse into the aqueous 

medium, thus resulting in substantial drug loss during lipoidal nanoparticle formulation [276]. 

Double emulsion and inverse miniemulsion methods are often used to encapsulate sufficient 
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quantities of highly hydrophilic drug molecules [277]. A schematic diagram of a double 

emulsion is shown in Figure 1.14. 

 

 

 

Figure 1.14: A double emulsion process that is typically used in nanoparticle formulations. 

However, large volumes of organic solvents are required in both preparation methods to form 

the water in oil emulsions. This, in turn, both increases the number of purification steps required 

to remove the solvent and increases the risk of residual solvent toxicity. 

1.4.3 Polyelectrolyte Complexation - A Greener Approach 

The limitations associated with the preparation methods described in Section 1.4.2 have 

directed research in favour of the formulation of nanoparticles via self-assembly mechanisms 

[278]. Self-assembly occurs due to the association of polymers via non-covalent interactions 

such as Coulomb, or electrostatic, interactions, hydrogen bonding, van der Waals forces and 

hydrophobic interactions. Harsh organic solvents and surfactants are not required as self-

assembled nanoparticles are produced under mild formulation conditions, with aqueous media 

typically being used as the reaction medium. Amphiphilic polymers will spontaneously self-

assemble in aqueous medium via intramolecular and intermolecular interactions between the 

hydrophobic moieties that are in close proximity to one another [279]. To alleviate interfacial 

surface tension, the hydrophilic components will assemble around the hydrophobic aggregates 

at the polymer–medium interface. Both hydrophilic and hydrophobic polymers can be rendered 
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amphiphilic for self-assembly using chemical conjugation and graft chemistry [279]. 

Carbodiimide conjugation has often been used to graft a hydrophobic polymer to a hydrophilic 

polymer backbone by the formation of an amide bond between a carboxylic acid and primary 

amine functional group [259], [280], [281]. This reaction is typically carried out in the presence 

of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS). 

However, for this literature review, the self-assembly of natural polyelectrolytes via 

electrostatic complexation will be primarily discussed. Aside from the inherent 

biocompatibility and biodegradability of the polyelectrolytes themselves, electrostatic 

complexation does not typically require an extensive purification step post-formation, 

rendering this method a more cost-effective and environmentally friendly approach to 

nanoparticle preparation. 

1.4.3.1 Polyelectrolyte Complex (PEC) Assembly Mechanism 

Polyelectrolyte complexation is predominantly driven by two phenomena; the formation of 

Coulomb’s interactions between oppositely charged polyelectrolytes and the increase in 

entropy resulting from counter ion and solvate displacement upon disruption of the respective 

electrical double layers (EDL) surrounding the individual polyelectrolyte chains [282], [283]. 

Both of these processes result in favourable enthalpic and entropic contributions, which 

ultimately lead to a reduction in the total Gibb’s free energy of the system [284]. Polyelectrolyte 

complexation can be broadly summarised in three steps. Firstly, primary complexes are formed 

via mutual entanglement of the polyelectrolyte chains via Coulomb’s interaction. Philips et al. 

[285] defined the mechanism of initial PEC formation as the combined effect of two countering 

processes: 

• The supermolecular ordered packing of two oppositely charged polyelectrolytes, driven 

primarily by electrostatic charge compensation, followed by the conformational 

adaptation of such polyelectrolytes to favour charge compensation. (Follows the ladder-

like structure model [286]). 

• Chaotic interpolyelectrolyte aggregation with partial charge compensation and a 

significant number of free ionic sites (Follows the “scrambled egg model”). 
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Correction of conformational distortions occurs via the establishment of secondary 

supramolecular or non-covalent interactions. Intercomplex aggregation of the structurally 

organised secondary complexes composes the final step in the complexation process. 

Polyelectrolyte complexes, or PECs, are not thermodynamically stable and exhibit higher 

surface free energy in comparison to the bulk medium [287], [288]. A detailed description of 

PEC thermodynamics is summarised by Casey-Power et al. [289]. Briefly, dispersed 

polyelectrolyte complexes within the bulk will tend towards aggregation to decrease interfacial 

area, resulting in macroscopic thermodynamically stable phase separation and a further 

reduction in total Gibb’s free energy. Kinetic stabilisation, typically imparted by the formation 

of polyelectrolyte complexes with residual opposing surface charges, is required to preserve 

the stability of the polyelectrolyte complex dispersed phase. Due to the dynamic and reversible 

nature of polyelectrolyte complexation, the resulting morphologies of the complexes formed 

are highly dependent on a number of formulation conditions, including pH, ionic strength, 

mixing order, polyelectrolyte molecular weight, molar charge ratio and polyelectrolyte 

concentration [290], [291]. A schematic of the more common morphologies of PECs is shown 

in Figure 1.15. 
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Figure 1.15: The potential, attribute-dependent, complex morphologies arising from the 

complexation of an anionic and cationic polyelectrolyte.  

Water-soluble PECs tend to form when a large difference in molecular mass exists between 

two weak polyelectrolytes at a non-stoichiometric charge ratio (molar ratio between negative 

and positive polyionic charges (n-/n+ < 1 or > 1) [286], [292]. The respective polyelectrolytes 

tend to complex via a “zip mechanism”, leading to the formation of a ladder-like structure, 

consisting of both unpaired hydrophilic, single-stranded blocks and neutralised, hydrophobic, 

double-stranded blocks. Populations of insoluble PECs can also co-exist with water-soluble 

PECs in solution under these reaction conditions. However, the formation of the latter is 

dependent on the charge ratio of the weak polyelectrolytes [293]. The complexation of highly 

concentrated, strong polyelectrolytes of similar molecular weights at stoichiometric charge 

ratios (n-/n+ = 1) results in high electroneutralisation [292], [294]. Under these conditions, 

macroscopic phase separation is favoured, stemming from the formation of charge-neutralised 

polyelectrolyte aggregates [295]. Such aggregates tend to form via the “scrambled egg” model 

of complexation, in which a large number of polyelectrolyte chains are incorporated into the 

resulting particles. Under dilute conditions and non-stoichiometric charge ratios, colloidally 
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stable PECs can form, which are kinetically stabilised by residual ionic charges imparted by 

the surface-bound polyelectrolyte in excess [287], [291], [296], [297]. Such electrostatic 

stabilisation is imperative to prevent aggregation in vivo, thus ultimately reducing size-

exclusion during intraocular transport and subsequent delocalised, uncontrolled therapeutic 

release [195]. 

1.4.3.2 Polysaccharide-Based PEC Systems 

To attain biocompatibility, many PEC systems for biomedical applications have been designed 

using polysaccharides as the primary component. Aside from having lower mechanical strength 

and variable molecular weights in comparison to their synthetic counterparts, polysaccharides 

exhibit enhanced biocompatibility, cell receptor recognition, site-specific enzymatic 

degradation and tunable mucoadhesive and viscoelastic capabilities [298]–[300]. Also, as they 

are found in abundance from a variety of plant, animal and microbial sources, polysaccharides 

are a sustainable and relatively cost-effective excipient in biomedical applications. Many 

polysaccharides have been investigated for use in PEC formulations, including chitosan, 

hyaluronic acid, dextran, alginate, xanthan gum, pectin etc. Of these, both chitosan and 

hyaluronic acid have gained significant traction. 

HA is a linear, hydrophilic natural polysaccharide consisting of repeating β-1,4 glucuronic acid 

and β-1,3 acetylglucosamine disaccharide units that are joined by β-1,3- and β-1,4-glycosidic 

bonds [289], [301], [302]. Chitosan, a polysaccharide derived from the deacetylation of chitin, 

is composed of D-glucosamine and N-acetyl-D-glucosamine units that are also linked by β-

1,4-glycosidic bonds [303]. The structures of both chitosan and HA are shown in Figure 1.16. 
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Figure 1.16: A schematic of the molecular structure of HA (a) and chitosan (b). The functional 

groups primarily involved in polyelectrolyte complexation are highlighted in green. 

HA is inherently hydrophilic and is capable of increasing its initial solid volume by a thousand-

fold upon hydration [304]. This, combined with its tunable viscoelasticity as a function of both 

molecular weight and concentration, renders hyaluronic acid an ideal ophthalmic lubrication 

and comfort agent, particularly in the formulation of artificial tears for the treatment of aqueous 

deficient dry eye [216], [305]–[307]. Also, as outlined in Section 1.4.1, receptor-mediated 

endocytosis is upregulated in formulations containing HA as an excipient due to an increase in 

HA to CD44 receptor binding. Mucoadhesion is enhanced via the electrostatic interaction 

between the anionic carboxyl groups of HA and the cationic amino moieties present and 
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hydrogen bond formation between the hydroxyl groups of HA and the glycosylated region of 

the mucin polypeptide backbones [308]. Chitosan also exhibits excellent mucoadhesive 

capabilities, primarily due to the electrostatic interaction between its cationic amino groups and 

both the anionic oligosaccharide-bound ester sulfate moieties and carboxyl groups within the 

sialic acid termini of mucin chains [309]. Paracellular permeation of chitosan-derived 

formulations through ocular epithelial cells is also enhanced in both a molecular weight and 

degree of deacetylation-dependent manner via the interaction between chitosan and the 

complex of transmembrane proteins within the tight junctions [310]. Namely, chitosan induces 

the redistribution and subsequent degradation of claudin-4, resulting in a loss in both 

transepithelial-electrical-resistance and tight junction integrity [311]. 

Due to the inherent lack of hydrophobic moieties, HA cannot spontaneously self-assemble in 

aqueous medium to form nano complexes [312]. However, as its carboxylic acid group is 

negatively charged at physiological pH, HA possesses a negative charge due to deprotonation 

of the carboxylate anion (pKa 3-4) and can readily complex with cationic species [313], [314]. 

Such polycations include chitosan and chitosan derivatives, polypeptides such as poly(L-

lysine), poly(arginine) and colistin, [315]–[320]. The protonation of the primary amine groups 

of chitosan is highly dependent on both pH and the degree of deacetylation. The higher the 

percentage conversion of acetylamine groups to primary amine groups, the more positively 

charged the chitosan chains become. Possessing a pKa of approximately 6.5, the primary amine 

groups tend towards deprotonation at physiological pH and therefore need to be maintained 

under slightly acidic conditions to ensure sufficient electrostatic interaction with their anionic 

counterparts [321]. As its protonation and aqueous solubility are highly susceptible to the 

extrinsic attributes of the formulation medium, chitosan is often quaternised to yield more 

highly positive, aqueous soluble derivatives such as N,N,N-trimethyl chitosan [322]. Aside from 

its proven electrostatic crosslinking with tripolyphosphate via ionotropic gelation, chitosan has 

also been complexed to anionic polyelectrolytes such as hyaluronic acid, alginate, salecan, 

carboxymethylcellulose, okra gum, heparin, chondroitin sulfate etc. to yield PEC 

nanoformulations [294], [323]–[328].  
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Despite their favourable physicochemical attributes, and their proven ability to form PECs with 

suitable characteristics for drug delivery, limited research has been conducted into the use of 

chitosan and HA, both together and individually, in the design of PECs specifically for 

ophthalmic applications. Therefore, studies which evaluate the potential of chitosan and HA-

based PECs for biomedical drug delivery applications will also be discussed. 

Although exhibiting a lower percentage mucoadhesion in comparison to the cationic 

(chitosan:alginate – 2:1 - +12.4 ± 2 mV) and anionic formulations (chitosan:alginate – 1:2 - -

7.4 ± 4 mV) Kimna et al. [329] demonstrated that a near stoichiometric chitosan and alginate 

PEC (+4.6 ± 1 mV), exhibited superior efficacy in prolonging the corneal retention of timolol 

maleate (TM) in an ex vivo porcine model. The PECs also facilitated the transportation of over 

89% of the theoretical concentration of TM across the corneal barrier. Sustained in vitro release 

of approximately 70% of the loaded TM concentration was achieved from this formulation 

over 48 hours. However, although the ex vivo permeation of a free TM control solution was 

evaluated, the in vitro release profile of this control was not obtained. Therefore, it is difficult 

to interpret whether the PECs are providing a sufficient diffusion barrier to protect TM from 

ion-mediated exchange when exposed to a physiological buffer. For example, Battistini et al. 

[211] reported an approximate 10% increase in the cumulative release of TM from sodium 

hyaluronate-TM ionic complexes over 6 hours in 0.9% NaCl solution in comparison to that 

obtained when water was used as the receptor medium. A similar trend was observed by 

Dubashynskaya et al. [330] in which over 70% of the loaded colistin concentration complexed 

to HA was released in 0.01 M phosphate buffer saline (PBS) at pH 7.4 after one hour, whereas 

no release was detected from the same formulation when placed in deionised water. However, 

upon comparing the cumulative release of TM from the complexes to that of a TM reference 

solution, a decrease of approximately 40% was observed. This delayed effect was also evident 

in the in vivo pharmacokinetics study, with the complex achieving a longer time to peak 

concentration than a 0.5% TM commercial eye drop (Zopirol®). Increased TM bioavailability 

in rabbit aqueous humour over 4 hours, evidenced by a significantly higher area under the curve 

(607.7 ± 53.4 µg·h/mL) was also observed for the NaHA-TM formulation in comparison to 

Zopirol® (400.5 ± 12.2 µg·h/mL). Although a delayed therapeutic release was evident in this 

study, other studies have highlighted the burst release of charged therapeutics when associated 
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with PEC formulations, potentially arising from competitive binding between the therapeutic 

and the polyelectrolyte of equivalent charge. Although maximal complexation between two 

polyelectrolytes is necessary to form discreet sub-micron-sized particles, care must be taken to 

ensure there is a sufficient number of residual, charged groups remaining for both therapeutic 

association and kinetic electrostatic stabilisation. Carton et al. [331] highlighted this burst 

release phenomenon when investigating the potential of HA and poly(arginine) PECs for drug 

delivery applications. Due to its hydrophilicity and cationic nature at physiological pH, 

pentamidine (PTM) may have associated with the corona formed via the residual, anionic HA 

chains within the complexes with high HA:poly(arginine) molar charge ratios, thus resulting 

in a release of over 50% of the loaded PTM concentration in just 8 hours. Pilipenko et al. [332] 

also observed that anionic oligonucleotide release was faster from chitosan and heparin PECs 

in comparison to those synthesised from chitosan alone under in vitro physiological conditions. 

An in vitro burst release of erythropoietin, equating to approximately 70% of the loaded 

erythropoietin concentration, from chitosan and HA PECs was also observed by Silva et al. 

[333] within the first half-hour post-exposure to physiological buffer. When placed in a high 

ionic strength release medium, such as simulated tear fluid, released counter ions can 

effectively screen and disrupt the charge-to-charge interactions between respective 

polyelectrolytes [334]. As this study was conducted at a physiological pH in simulated tear 

fluid, the combined effect of chitosan deprotonation and interpolyelectrolyte charge screening 

may have facilitated ion-mediated destabilisation, thus resulting in rapid erythropoietin release. 

However, enhanced ex vivo erythropoietin permeation through porcine conjunctiva (0.71± 

0.04%), sclera (0.52 ± 0.08%) and cornea (0.17 ± 0.04%), was achieved via HA-chitosan 

complex encapsulation when compared to the percentage ex vivo permeation values obtained 

for erythropoietin alone (0.52%, 0.35% and 0.07%), further highlighting the ability of chitosan 

to disrupt the integrity of protein complexes within the epithelial tight junctions [335]. The 

inherent hydrophilicity of HA explains the increased penetration through the hydrophilic 

collagen fibrils of the sclera. Chaharband et al. [318] also highlighted the complete retinal 

penetration of trimethyl chitosan and HA nanopolyplexes after one-hour post-IVI in an in vivo 

rabbit model. Retinal distribution of the nanopolyplexes was still detected 120 hours post-IVI. 

VEGFR-2 siRNA release from the nanopolyplexes was delayed until 24 hours post-
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administration. This demonstrated the protective effects of nanopolyplexes against VEGFR-2 

siRNA degradation, resulting in a significant reduction in the area of laser-induced corneal 

neovascularisation in the nanopolyplex-treated group as compared to the groups treated with 

hyaluronic acid and free VEGFR-2 siRNA. Enhanced TM corneal permeation via association 

with chitosan and sodium alginate PECs was also demonstrated by Ilka et al. [336]. Cumulative 

TM penetration through a rabbit cornea reached approximately 40 µg/mL after 6 hours, 

approximately double of what was achieved upon analysis of a TM eye drop solution. 

Interestingly, neither the charge ratio nor the zeta potential of the chosen chitosan-sodium 

alginate formulation was reported. Therefore, it was inconclusive as to whether the enhanced 

ex vivo corneal permeation observed was due to the presence of excess chitosan primary amine 

groups in the formulation. 

 

1.5 RESEARCH PROJECT GOALS AND SCOPE 

The aforementioned literature detailed in this section highlights the ever-growing need for 

ocular drug delivery systems (ODDs) that are capable of delivering a therapeutic with high 

bioavailability to the intraocular target site, whilst minimising ocular discomfort, reducing the 

need for frequent administration via invasive methods and maximises patient compliance. 

Nanoformulations, particularly those synthesised from natural, polymeric biomaterials, are 

advantageous due to their inherent biocompatibility, biodegradability, cell receptor recognition, 

and mucoadhesive capabilities. Nanoparticles may also exhibit enhanced permeation through 

the static anatomical ocular barriers in comparison to free therapeutic molecules due to their 

sub-micron size. 

Many ODDs are developed for the treatment of age-related, neurodegenerative ocular diseases 

in the mid to late stages of their pathogeneses. Therefore, there is scope to develop ODDs for 

the preventative or supplementary treatment of such diseases. Such ODDs could provide a 

solution to the progressive, age-related decline in ocular cell viability by supplementing the 

intraocular tissues with endogenously produced co-factors that may potentially upregulate the 

processes involved in cellular longevity, thus prolonging cellular homeostasis, and protecting 

ocular cells from the deleterious effects of ageing.  
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This research project aims to develop nanomaterial formulations, formulated via the self-

assembly of polyelectrolytes, either by polyelectrolyte complexation or ionotropic gelation, 

under mild, aqueous formulation conditions. Such polyelectrolyte complexes will be 

formulated to serve as a carrier for the ocular delivery of NAD+. The entrapment of NAD+ in 

a nanomaterial formulation intended for ocular administration provides a novel aspect to this 

project. These nanoformulations could provide a promising platform for the supplementary 

treatment of ocular cells before the onset of age-related ocular disease pathogenesis. 

 

1.6 THESIS OUTLINE 

The thesis is organised into six chapters outlined as follows: 

• Chapter 1 includes an extensive literature review detailing current trends and advances 

in ocular drug delivery systems. A gap analysis, in which the novel aspect of the 

research project has been identified, has also been conducted. 

• Chapter 2 is predominantly focused on the development of the hyaluronic acid (HA) 

and poly(L-lysine) (PLL) PEC formulation method. The selection of the optimal PEC 

prototype for NAD+ loading is also detailed. 

• Extensive physicochemical characterisation of the NAD+-associated PECs, including 

an assessment of in vitro NAD+ release under microfluidic physiological conditions 

and formulation stability under set storage conditions, is outlined in Chapter 3.  

• Chapter 4 is focused on the development of chitosan and NAD+ complexes via 

ionotropic gelation to investigate the physicochemical attributes of an alternative 

formulation in comparison to those of the PECs. 

• In vitro and ex vivo safety and efficacy assessments of the HA and PLL PECs and the 

chitosan and NAD+ complexes, utilising both immortalised human corneal epithelial 

cells and porcine corneal and scleral tissues, are presented in Chapter 5. 

• Chapter 6 details screening studies conducted for the development of both polymeric 

and lipoidal nanoparticle formulations intended for NAD+ delivery to the posterior 

segment. 

• Chapter 7 includes a brief synopsis of future work for further investigation based on the 

completion of the studies conducted in previous chapters and final remarks. 
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CHAPTER 2: 

OPTIMISATION OF CRITICAL FORMULATION ATTRIBUTES FOR 

POLYELECTROLYTE COMPLEX FORMATION 
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2. OPTIMISATION OF CRITICAL FORMULATION ATTRIBUTES FOR 

POLYELECTROLYTE COMPLEX FORMATION 

2.1 INTRODUCTION  

Supplementation of cells to ameliorate mitochondrial dysfunction and impaired cellular 

metabolism before the onset of ocular disease is a promising alternative to treating such 

diseases after the development of debilitating and painful symptoms. However, as discussed in 

Chapter 1, intravitreal or periocular administration of supplements is unfavourable, primarily 

due to the disparity between the invasiveness of the administration method and the potential 

benefit of the treatment itself. Additionally, topical supplementation is limited by poor 

therapeutic bioavailability at the target site, resulting from the multifactorial interaction 

between a number of anatomical, physiological, and biochemical intraocular barriers. 

Nanoparticles, particularly those synthesised from natural polysaccharidic biopolymers, have 

gained significant traction in the field of ophthalmology research due to their superior 

capabilities in comparison to conventional ocular drug delivery systems (ODDS) [230], [234], 

[337], [338]. Previous research on nanoparticles for ODDS has demonstrated an enhanced 

permeation and retention (EPR) effect through the static intraocular anatomical barriers within 

the anterior and posterior segments [339], [340]. Nanoparticles can also improve the residence 

time of therapeutics at an intracellular or extracellular target site by passive or ligand-mediated 

binding mechanisms [337], [341]–[343].  

Many reviews have highlighted the increasing popularity of hyaluronic acid (HA), a 

hydrophilic glycosaminoglycan, for use as an excipient in nanoformulations intended for ocular 

applications, primarily due to its inherent hydrophilicity, mucoadhesion, biodegradability via 

hyaluronidase enzymatic action and wound healing capabilities [344]–[346]. Native HA, with 

a molecular weight of 1 x 106 Da, is present in abundance within the vitreous humour (250 

µg/cm3 – 1,200 µg/cm3), rendering it highly biocompatible [9]. At physiological pH, 

carboxylate anions (pKa 3-4) present on the repeating subunits of HA can readily complex with 

cationic species [313], [314]. As discussed in Section 1.4.3.2, HA cannot form stable 

complexes via self-assembly due to its limited hydrophobicity. As such, many combinations of 

biocompatible cationic polyelectrolytes with HA have been studied for the production of stable 
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polyelectrolyte complexes, including chitosan, poly(arginine) and poly(L-lysine) [303], [319], 

[331], [333], [347], [348]. The complexation of poly(L-lysine) (PLL) with HA is of particular 

interest in the current study, as, not only is it a natural antimicrobial polypeptide but its inherent 

cationic nature allows for enhanced permeabilisation of the negatively charged phospholipid 

bilayer of cellular membranes [349]–[352]. At physiological pH, PLL adapts a positive charge 

due to protonation of the α amino group (pKa 11). This, combined with the ability of HA to 

undergo endocytosis by binding to the extracellular hyaluronic acid-binding domain of the 

CD44 receptor, could yield a nanoparticulate system capable of the targeted intracellular 

delivery following ocular administration [255], [259], [353].  

Defined as the starting point for polyelectrolyte complexation, Coulombic forces of attraction 

should drive the association of the carboxylate anion of HA to the α amino group of PLL, 

followed by conformational adaptation to form PEC molecules [293], [354], [355]. This initial 

electrostatic interaction between HA and PLL is depicted in Figure 2.1. 

 

Figure 2.1: The initial formation of HA and PLL PECs, driven by Coulombs forces of 

attraction. (Blue anions – HA, green cations – PLL, red counterions – sodium cations, yellow 

counterions – chloride anions). 
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The complexation of HA and PLL, and the structure of the resulting polyelectrolyte complex, 

are highly dependent on a number of intrinsic and extrinsic formulation parameters. For 

example, as highlighted in Section 1.4.3.1, the complexation of polyelectrolytes with a large 

difference in molecular weight at a non-stoichiometric charge ratio results in the formation of 

water-soluble PECs [356]. Such PECs tend to be much larger in size in comparison to their 

colloidally stable counterpart, as the entrapment of water molecules via interaction with single-

stranded, hydrophilic PEC segments prevents the formation of a densely packed polyelectrolyte 

meshwork. The formation of either highly aggregated gelatinous aggregates or turbid colloidal 

PECs is not only dependent on molecular weight but also the molar charge ratio and 

concentration of the polyelectrolytes in solution [357], [358]. In the absence of electrostatic 

stabilisation via residual surface charges, hydrophobic interactions between the charge-

neutralised hydrophobic regions of the PECs can predominate, thus decreasing the surface-to-

surface separation distance and increasing the formation of attractive Van der Waal’s forces 

[359]–[361]. The higher the polyelectrolyte concentration in the bulk medium, the higher the 

likelihood of interparticle aggregation [362]. However, the molar charge ratio must also be 

fine-tuned to allow for maximal complexation without comprising stability via electrostatic 

repulsion. As HA and PLL are considered weak polyelectrolytes, the pH of the bulk medium 

must be carefully controlled to ensure that their respective charge densities, and the charge ratio 

of the resulting PECs, are maintained. The ionic strength of the medium can also significantly 

impact the electrostatic stabilisation of PECs [363]. Although a low concentration of counter 

ions can aid the thermodynamic rearrangement of the primary PEC structures during secondary 

complexation, higher counter ion concentrations can result in shrinkage of the counter ion 

cloud surrounding neighbouring PECs and screening of the interparticulate electrostatic 

repulsive forces, thus promoting aggregation via predominating forces of attraction. Loss of 

intrinsic ion pairs and subsequent dissociation of the charge-neutralised, insoluble PECs can 

occur above a critical ionic strength, resulting in the reformation of the polyelectrolytes [364], 

[365].  

The primary aim of this body of work was to investigate and optimise the critical formulation 

parameters required for the formation of HA and PLL-based PECs. Complexation pH was 

determined using potentiometric titrations. The addition method was selected based on the 
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minimal formation of gel aggregates. PEC purification via both centrifugation and dialysis and 

the optimal method was chosen based on PEC stability and yield. Fourier transform infrared 

spectroscopy (FT-IR) and dynamic light scattering (DLS) analysis were utilised to determine 

the optimum complexation time. DLS analysis, in combination with ultraviolet-visible (UV-

Vis) spectroscopy, was used to assess the effect of molar charge ratio on PEC size and turbidity. 

Complex stoichiometry and enthalpic and entropic changes, both in the presence and absence 

of ionic medium, were assessed via isothermal titration calorimetry (ITC). Finally, the effect 

of lyophilisation on PEC size was assessed by measuring physicochemical size parameters 

using DLS analysis following freezing and lyophilisation of PECs, with and without 

cryoprotectant moieties. 

 

2.2 EXPERIMENTAL METHODOLOGY  

2.2.1 Materials  

Hyaluronic acid sodium salt (MW: 200 kDa – 500 kDa) (HMWHA), hyaluronic acid sodium 

salt (MW: 80 kDa to 100 kDa, purity > 91%) (LMWHA) and ε poly (L-lysine) (MW: 3.5 kDa 

– 4.5 kDa, purity > 98%) (PLL) were purchased from Carbosynth Ltd. (Berkshire, England). 

Additional quantities of LMWHA (80 kDa to 100 kDa) were later purchased from Cymit 

Quimica (Barcelona, Spain). HPLC grade methanol (purity ≥ 99.9%) and potassium 

dihydrogen phosphate (purity > 99%) were purchased from Fischer Scientific Ireland (Dublin, 

Ireland) and Sigma Aldrich Ireland Ltd. (Wicklow, Ireland), respectively. D-(+)-trehalose 

dihydrate (purity ≥ 99 %), was also purchased from Sigma Aldrich Ireland Ltd. (Wicklow, 

Ireland). SLS select 50 mL sterile polypropylene centrifuge tubes were purchased from Analab 

(Antrim, Northern Ireland). Ultra-pure water was prepared in-house using an Evoqua® Water 

Technologies purification system. Sodium hydroxide (NaOH) (purity ≥ 97%) and hydrochloric 

acid (HCl) (ACS reagent grade) were purchased from Merck KGaA (Darmstadt, Germany). 

For the in-house preparation of phosphate buffer saline (PBS), the following materials were 

used: Sodium chloride (NaCl) (purity ≥ 99.5%), potassium chloride (KCl) (purity ≥ 99.0%), 

disodium hydrogen phosphate (Na2HPO4) (purity ≥ 99.0%) were purchased from Merck KGaA 
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(Darmstadt, Germany). Potassium dihydrogen phosphate (KH2PO4) (purity +98%) was 

purchased from Fisher Scientific Ireland (Dublin, Ireland). Pierce™ Buffer, PBS Solution 

Concentrate (20X) was also purchased from VWR International (Radnor, Pennsylvania, United 

States). 

2.2.2 Potentiometric Titration for Determination of Optimal Complexation pH  

The optimal complexation pH was calculated based on a method adapted from the study 

conducted by Kaur et al. [366]. pH adjustments were conducted using a pH meter and glass 

electrode (Eutech ®, Thermo Fisher Scientific, U.S.). Briefly, 20 mL aliquots of 0.1% (w/v) 

HA and PLL solutions were adjusted to pH values of 2 and 10, respectively (2 pH units either 

above or below the pKa of the functional group of interest) and titrated against 20 µL aliquots 

of either 0.1 M NaOH and 0.1 M HCl. Changes in pH were recorded after the addition of each 

aliquot. Using first derivative titration curves, the pKa of both HA and PLL were identified and 

used to plot pH-dependent fractional composition diagrams. The point of intersection on the 

resulting diagram highlighted the pH at which maximal ionisation of both HA and PLL was 

achieved. The ionised fractions of both HMWHA and PLL were calculated using Equation 2.1. 

[𝐻3𝑂+]

[𝐻3𝑂+] +  Ka/Kb 
 (Protonated)   

[Ka/Kb]

[𝐻3𝑂+] +  Ka/Kb 
 (Deprotonated) 

Equation 2.1 

 

where, [H3O
+] is the hydronium ion concentration at each respective pH value and Ka/Kb is 

the acid or base dissociation constant of HA and PLL, calculated using the antilog of the 

respective pKa and pKb values of HA and PLL. 

2.2.3 Preparation of Blank PLL Polyelectrolyte Complexes 

Solutions of HMWHA, LMWHA, and PLL were prepared in 50 mL polypropylene centrifuge 

tubes at final concentrations of 2% (w/v) in ultrapure water. The pH of each solution was 

adjusted to pH 5.5 using 0.1 M NaOH.  

Under continuous stirring at 200 rpm, the polyelectrolyte in default was added to the 

polyelectrolyte in excess, either via a ‘one-shot’ or dropwise addition at a constant flow rate, 

to yield PECs with total concentrations of 2% (w/v) and molar charge ratios of between 0.5 
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and 2. If necessary, the pH of the resulting complexes was readjusted to pH 5.5. Complexation 

was monitored using dynamic light scattering and Fourier-Transform infrared spectroscopy at 

30 minutes and 24 hours in an orbital shaker-incubator (ES-20, Grant Instruments, England), 

under a set temperature and shaking speed of 25 °C and 200 rpm, respectively. The molar 

charge ratio of each PEC formulation was calculated using Equation 2.2. 

n−

n+
=

Molar units of charge of HA [COO−]

Molar units of charge of PLL [NH3
+]

 
Equation 2.2 

 

PECs prepared with excess of PLL exhibited an MCR of < 1 ((COO–)/(NH3
+) < 1). Conversely, 

PECs prepared in the presence of excess HA carboxylate anions possessed an MCR of > 1 

((COO–)/(NH3
+) > 1).  

A list of the formulations mentioned throughout the chapter is highlighted in Table 2.1. 

Table 2.1: The formulation parameters of the PEC formulations (F1-F7). 

Sample Name F1 F2 F3 F4 F5 F6 F7 

Concentration (% (w/v)) 2 2 2 2 2 2 2 

HA:PLL Charge Ratio 0.96 0.96 2 0.5 0.75 1 1.5 

HA Average Molecular Weight (kDa) 350 90 90 90 90 90 90 

 

2.2.4 Purification of Polyelectrolyte Complexes 

2.2.4.1 Ultracentrifugation 

Following complexation, the PECs prepared were centrifuged at various speeds, ranging from 

4804 to 16,000 rpm for 50 minutes at 4 °C using a refrigerated bench-top centrifuge (SIGMA 

3-18KS, Focus Scientific, Ireland). The PECs retained were redispersed in a given volume of 

ultrapure water, adjusted to pH 5.5, and vortexed for 30 seconds using a vortex mixer 

(Fisherbrand™, Fisher Scientific, Ireland).  
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2.2.4.2 Dialysis 

10 mL of crude complex was pipetted into 1000 kDa molecular weight cut-off (MWCO) 

dialysis tubing in 1 litre of ultrapure water, adjusted to pH 5.5. Dialysis proceeded for a total 

of 48 hours, during which, the dialysis medium was changed twice daily.  

2.2.4.3 Lyophilisation 

Following isolation, purified PECs were frozen at -20 °C for 4 hours. The frozen aliquots were 

then lyophilised for 48 hours in a freeze drier (Freezone 2.5 freeze drier, Labconco, United 

States), with and without the addition of 1% (w/v) trehalose dihydrate cryoprotectant solution, 

before further characterisation. 

2.2.5 Physicochemical Characterisation Methods  

2.2.5.1 Fourier-Transform Infrared Spectroscopy (FT-IR) 

FT-IR analysis was conducted using a 660-IR & 610-IR Excalibur Series Biorad Elementec IR 

spectrometer (Agilent Technologies, Ireland). The resulting spectra were generated between 

the frequencies of 4000 cm-1 and 600 cm-1, at a resolution of 2 cm-1 with a total of 32 overlay 

scans. Approximately 10 mg of each starting reagent or PEC lyophilisate was weighed and 

subsequently ground with potassium bromide (KBr) in a 1:5 ratio. Sample discs were prepared 

by pressing the resulting powder using an Atlas Power 25T pressure hydraulic press. A 

background spectrum of both the empty sample holder and a blank KBr disc was obtained to 

calibrate the IR spectrometer and correct for light scattering losses and absorption peaks arising 

from moisture absorbed by the KBr. Such spectra were subtracted from that of the sample to 

yield baseline-corrected spectra. 

2.2.5.2 Dynamic Light Scattering Analysis (DLS)  

Dynamic light scattering analysis was initially conducted using a Microtrac Nanotrac Wave II 

analyser and Microtrac Flex 11.1.0.8 software (Microtrac MRB, United States). Approximately 

1 mL of each formulation was placed into the sample cell maintained at 25 °C. A 60 second set 

zero measurement was performed before each sample run. A runtime of 120 seconds for particle 

size measurement and 60 seconds for zeta potential measurement was selected for zeta-enabled 

sample runs.  
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A Malvern Zetasizer Ultra-Red analyser and ZS Xplorer software (Particular Sciences Ltd., 

Ireland) were also used for particle size analysis and the method used was as follows. 

Approximately 1 mL of each formulation was pipetted into 12 mm square, disposable 

polystyrene cuvettes (DTS0012). A separate 1 mL aliquot was placed into a U-shaped folded 

capillary zeta cell with gold-plated beryllium/copper electrodes for zeta potential (ZP) 

measurements. An equilibration time of 120 seconds for both particle size and ZP measurement 

was selected, with a set temperature of 25 °C, a backscattering angle of 173° and a refractive 

index of 1.39. Where appropriate, DLS analysis of the formulations was conducted in triplicate. 

2.2.5.3 Percentage Transmittance Analysis (UV-Vis) 

Approximately 2 mL of PEC samples with varying molar charge ratios were placed into a 

quartz cuvette. The percentage transmittance of the PEC solutions was recorded by running 

simple reads of the solution in transmittance mode at 500 nm using a UV/Vis 

spectrophotometer (Cary® 50, Agilent Technologies, Ireland). A blank run using ultrapure 

water at pH 5.5 was carried out after analysis of each sample. 

2.2.5.4 Isothermal Titration Calorimetry (ITC) 

HA and PLL solutions were prepared in accordance with the optimised characterisation 

parameters for ITC described in Table 2.2. The concentrations of polyelectrolytes for the 

respective titrations were chosen to yield molar charge ratios of 7.48 to 0.33 (PLL vs. HA) and 

molar charge ratios of 0.15 to 3.2 (HA vs. PLL). These molar charge ratio ranges were selected 

to investigate a highly negative ( > 1) and highly positive (< 1) charge ratio that eventually 

would pass through the stoichiometric charge ratio (= 1) during the titration. 
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Table 2.2: Optimised experimental parameters utilised for ITC titrations of PLL (titrant 

syringe) vs. HA (sample cell) and HA (sample cell) vs. HA (titrant syringe). 

Titration 

(titrant vs. 

titrand). 

Sample 

Cell 

Volume 

(µL) 

Conc. 

Sample 

Cell 

µM) 

Total 

Syringe 

Volume 

(µL) 

Conc. 

Syringe 

Volume 

(µM) 

Injection 

Volume 

(µL) 

Stirring 

Speed 

(rpm) 

Injection 

Interval 

(s) 

PLL vs. HA 300 0.5 50 71 2 200 180 

HA vs. PLL 300 34.75 50 215.6 1 200 300 

 

ITC analysis was conducted at 25 °C using a NanoITC Low Volume® isothermal titration 

calorimeter and Nanoanalyze software (Version 3.12.5) (TA Instruments, United States). 

Before use, the calorimeter was calibrated by conducting three titrations in accordance with the 

NanoITC test kit; a double-distilled (DDI) water-DDI water titration (minimal heat change – 

validates cleanliness of the instrument), a calcium chloride-ethylenediaminetetraacetic acid 

(EDTA) titration (validates accuracy of the binding affinity with a standard value), and a second 

DDI water-DDI water titration. Heats of dilution were corrected for by titration of the ligand 

into sample buffer alone under equivalent conditions. Briefly, the sample cell was flushed 

repeatedly with the solution in which the PEC reagents were prepared and then filled with 

either 300 µL of HA or PLL solution. The reference cell was filled with deionised water, 

followed by insertion of the reference needle. 50 µL of either HA or PLL solution was then 

loaded into the titrant syringe, followed by insertion of the syringe into the burette handle. The 

burette handle was then installed into the calorimeter. Following equilibration to a stable 

calorimeter heat reading, 20 injections of a set volume of titrant were slowly injected into the 

sample cell containing the titrand. Enthalpic fluctuations, indicated by changes in the heat 

intensity peaks, were continuously monitored throughout the titration, with all titrations 

conducted at 25 °C.  

2.2.6 Statistical Analysis  

Statistical analysis was conducted using Minitab® 17 Statistical Software (Penn State 

University, State College, PA, U.S.A). 2-sample t-tests were used throughout to determine 
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whether a statistically significant difference existed between the means of two sample 

populations when comparing the same variable. Ryan-Joiner normality tests and 2 Variances 

tests were also conducted to assess whether the experimental data was normally distributed and 

whether the standard deviations of two sample populations were equal to the hypothesised 

ratio, respectively. The generation of a p-value of < 0.05 was considered statistically 

significant. 

2.3 RESULTS & DISCUSSION  

2.3.1 Potentiometric Titrations for Complexation pH Determination  

As shown in Figure 2.2, pKa values of 2.33 and 6.98 for the anionic carboxylate anion of HA 

and the α-amine group of PLL, respectively, were identified from the first derivative 

potentiometric titration curves. Such pKa values were then used to plot the fractional 

composition diagram. 

 

(a) 
Equivalence point: 

10.53 (pH), 300 µL of 0.1 M NaOH 

pKa (50% ionisation): 

2.33 (pH), 150 µL of 0.1 M NaOH 
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Figure 2.2: First derivative pH titration curves of (a) HA and (b) PLL. The fractional 

composition diagram, showing the percentage ionisation of each species at each pH value from 

pH 1 to pH 10, is shown in (c). (HA protonated fraction (COOH), – HA deprotonated fraction 

(COO–), – PLL protonated fraction (NH3
+), – PLL deprotonated fraction (NH2). 

HA and PLL are considered weak polyelectrolytes. Therefore, the pH of the formulation 

medium can significantly influence the charge density of the respective polyelectrolytes and 

Equivalence point: 

4.6 (pH), 1200 µL of 0.1 M HCl 

pKa (50% ionisation): 

6.98 (pH), 625 µL of 0.1 M HCl 

(b) 

(c) 
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subsequent complexation [357], [367], [368]. Within the lower pH range of 1-2, the carboxylic 

acid groups of HA primarily exist in a neutral form (COOH – 68.1% to 95.5%) and are unlikely 

to undergo electrostatic interaction due to their weak charge density. Similarly, at a pH of above 

9, the deprotonated state of the PLL α–amine group (NH2) predominates (89.0 – 98.8 %), thus 

significantly decreasing the α–amine groups available for complexation with HA carboxylate 

anions. Between pH values of 5 to 6, 99.8% to 99.9% of HA carboxylate groups were 

deprotonated (COO–). Similarly, 90.5% to 99.0% of the α–amine groups of PLL are protonated 

(NH3
+). Complexation is likely to occur between pH values of 3 and 8. However, based on the 

reduction in HA carboxylic acid group deprotonation from 82.4% to 59.7% with a concurrent 

reduction in pH from 3 to 2.5 and a similar reduction in α–amine group protonation above a 

pH of 6.5, maximal complexation cannot be achieved. A pH range of 4.5 to 5 was chosen as 

the optimal pH for complexation due to the high percentage of HA and PLL ionisation, and the 

formation of negligible quantities of both protonated HA carboxylic acid groups (0.02–0.2%) 

and deprotonated PLL α–amine groups (1.0-9.5%). Similar pH values of 6 and 7 have been 

reported for the pH adjustment of ε-poly(L-lysine) and hyaluronic acid solutions before 

complexation [13,49]. 

2.3.2 Optimisation of Polyelectrolyte Addition: Dropwise Titration or One-Shot 

Addition 

Two addition methods for the formation of 2% and 5% (w/v) PECs at varying charge ratios, 

using both HMWHA and LMWHA, were investigated as part of this study. The dropwise 

addition of the polyelectrolyte in default to the polyelectrolyte in excess during complexation 

produced homogenous, turbid PEC dispersions. By adding all of the polyelectrolyte in default 

to the polyelectrolyte in excess at once, large quantities of gelatinous aggregates were formed. 

Gel formation following one-shot polyelectrolyte addition was independent of HA molecular 

weight. 

The rate of primary complexation is controlled by the rate of collision of the respective 

polyelectrolyte chains [50,51]. A one-shot addition of the polyelectrolyte solutions to one 

another may have resulted in an instantaneous collision and subsequent neutralisation of almost 

all of the available charges on the respective chains, leading to a reduction in intercomplex 
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repulsion and the formation of thermodynamically stable gel-like aggregates. Dropwise 

addition may allow for a more gradual formation of interpolyelectrolyte electrostatic 

interactions and the establishment of intercomplex repulsive forces during secondary complex 

reconfiguration, thus improving overall PEC stability. Similar to our study, Bravo et al. [369] 

observed that the use of a dropwise titration method minimised gel aggregate formation during 

the formation of calf-thymus DNA and elastin-like polypeptide complexes. Gel aggregate 

formation was also found to be independent of HA molecular weight. However, Van Le et al. 

[291] observed irreversible aggregate formation during the dropwise addition of HA to 

diethylaminoethyl dextran and vice versa. This was attributed to the polyelectrolytes reaching 

a stoichiometric charge ratio during complexation before adjustment to the final charge ratio. 

However, this only occurred when the polyelectrolyte in excess was added to the 

polyelectrolyte in default, highlighting the sensitivity of this addition method to the mixing 

order [370]. 

 

2.3.3 Complexation Time 

2.3.3.1 Dynamic Light Scattering Analysis 

The formation of complexes over time was initially investigated by observing changes in 

complex size from 30 minutes to 24 hours. As shown in Table 2.3, an increase in D50 value 

(601 ± 56 nm vs. 1237 ± 1105 nm (n = 2)) was observed between sample aliquots taken at 30 

minutes and 24 hours. As a crude PEC was used to monitor changes in complexation as a 

function of time, the large variability in particle size and presence of bimodal size distributions 

may be attributed to the lack of work up and purification following PEC formation. 
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Table 2.3: The physicochemical size parameters obtained upon analysis of a reference PEC 

(HA:PLL mass ratio of 1:1) at set time points between 30 minutes and 24 hours. Data is 

expressed as the mean size or polydispersity index (PDI) ± S.D (n = 2). 

Time (h) 

Size (D50 

value) 

(nm) 

Polydispersity 

Index (PDI) 

Size of Primary Peak 

in Particle Size 

Distribution (nm) 

Size of Secondary 

Peak in Particle Size 

Distribution (nm) 

0.5 601 ± 56 1.519 ± 0.169 
546 (67.8%) (n =1) 5920 (32.2%) (n = 1) 

475 (63.8%) (n = 2) 5840 (36.2%) (n = 2) 

1 2369 ± 3396 1.203 ± 0.722 
470 (46.3%) (n = 1) 5900 (53.7%) (n = 1) 

439 (80.8%) (n = 2) 5920 (19.2%) (n = 2) 

6 548 ± 51 0.936 ± 0.315 
529 (69.1%) (n = 1) 5960 (30.9%) (n = 1) 

485 (88.9%) (n = 2) 5580 (11.1%) (n = 2) 

24 1237 ± 1105 0.208 ± 0.158 
1446 (57.7%) (n = 1) 5060 (42.3%) (n = 1) 

322 (48.5%) (n = 2) 1712 (45.6%) (n = 2) 

 

Previous studies have utilized complexation times of between 10 minutes and 1 hour, based on 

the immediate formation of colloidal suspensions with increasing opacity [371]–[373]. Based 

on the principles of polyelectrolyte complexation proposed by Tsuchida et al. [374] and Veis et 

al. [375], primary complexation occurs almost immediately post addition (less than 5 µs) of 

two polyelectrolytes of opposing charge to one another due to the kinetically driven formation 

of Coulomb’s interactions. As depicted in Figure 2.3, to attain thermodynamic stability, 

polyelectrolyte chains undergo secondary intracomplex reconfiguration to correct for any 

conformational changes or distortions that occurred during the initial primary complexation. It 

has been reported that this complexation proceeds within the order of an hour [376]. The trends 

observed suggest that secondary complexation has taken place at the 24-hour time point, with 

primary charged PECs tending towards aggregation into restructured, ordered, secondary PECs 

via subsequent Coulomb’s interactions [354], [377].  
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Figure 2.3: Mechanism of PEC formation, beginning with instantaneous nucleation of primary 

PECs, followed by the formation of ordered, charge-stabilised secondary PEC structures. 

2.3.3.2 Fourier-Transform Infrared Spectroscopy (FT-IR) Analysis 

The IR absorption bands specific to the stretching and bending vibrations of the functional 

groups of both HA and PLL are highlighted in Table 2.4. 

Table 2.4: The characteristic IR absorption bands identified from the FT-IR spectra of both 

HA and PLL. 

Polyelectrolyte 
Wavenumber 

(cm-1) 
Functional Group Reference 

HA 

3372-3440 Overlap of polysaccharidic (O-H) and (N-H) stretching [378] 
1670 Amide I (C=O) stretching 

[378], 

[379] 

1616 Symmetric carboxylate (COO-) stretching 

1565 Amide II (N-H) bending and (C-N) stretching 

1411 Asymmetric carboxylate (COO-) stretching 

1045 – 1077 Overlap of primary and secondary alcohol (C-O) stretching [380] 

PLL 

3241 – 3442 Symmetric and asymmetric primary amine (N-H) stretching [381] 

2921 Alkane (C-H) stretching [378] 
1671 Amide I (C=O) stretching 

[382] 
1560 Amide II (N-H) bending and (C-N) stretching 

1540 Primary amine (N-H) in-plane scissor bend 
[383] 

664 Primary amine (N-H) out-of-plane bend 
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The change in the IR absorption bands from 30 minutes to 24 hours, shown in the spectra in 

Figure 2.4, supports the trends observed following the analysis of PEC size as a function of 

time. The immediate disappearance of the absorption bands representing the asymmetric 

stretching of the HA carboxylate (COO-) functional group at 1411 cm-1, followed by a 

reduction in the in-plane scissor bend of the primary amine N-H bonds of PLL at 1540 cm-1 

from 30 minutes to 24 hours indicate the continual complexation of HA to PLL over time [380], 

[381].  

 

Figure 2.4: Comparative FT-IR spectra of a HA and PLL PEC sample, withdrawn at 30 

minutes and 24 hours. 

Broadening of the IR absorption bands representing the hydroxyl groups and amide and amine 

N-H groups of HA and PLL within the range of 3200 cm-1 to 3400 cm-1 suggests the 

development of hydrogen-bonded bridges between the electronegative atoms of HA and PLL 

[384]. The same trend was observed after 24 hours. However, the absorption peak broadened 

further and had become more intense at the 24-hour time point. This was presumably attributed 

to the formation of intercomplex hydrogen bonds, directly associated with hydrophobic 

aggregation following secondary complexation. The amide II absorption band within the PEC 

spectrum appeared at 1561 cm-1 at both time points, a downward shift of 4 cm-1 from that within 

the HA spectrum. As highlighted by Barroso et al. [379] when analysing chitosan and 

hyaluronic acid PECs via FT-IR analysis, a shift in the amide absorption bands may be 

1561 

Peak absent at 1540 cm-1 

1532 

1454 PEC – 30 Minutes 

PEC – 24 Hours 

COO- peak absent at 1411 cm-1 
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attributed to increased interaction between the respective polyelectrolytes. These interactions 

are primarily characterised by the formation of hydrogen bonds between the hydroxyl groups 

of HA and the lone pair of electrons on the nitrogen atoms of the amide groups of PLL and 

other HA chains [385], [386]. The peak corresponding to the stretching of the carbon to nitrogen 

bonds within the primary amine group of PLL also shifts from 1245 cm-1 to 1258 cm-1 over 24 

hours. Due to complexation, the oxygen atoms of the carboxylate group of HA and the nitrogen 

atom of the primary amine of PLL become close in proximity to one another. As these atoms 

are highly electronegative, the length of the carbon to nitrogen bond of the primary amine will 

decrease, potentially causing the absorption peak to shift to a higher wavenumber, in this case, 

a shift from 1245 cm-1 to 1258 cm-1 in 24 hours. 

2.3.4 Effect of Ultracentrifugation Speed on Complex Formation 

The retention of a sufficient quantity of PECs following formation, work-up and purification 

for further characterisation was of critical importance. Purification of the PEC formulations via 

dialysis was initially carried out. The purification of nanomaterials via dialysis is advantageous 

as it allows for the physical separation of the nanomaterial from residual starting materials via 

diffusion without exposure to potentially destructive forces [387]. Dialysis has been used 

previously in the purification of self-assembled HA-based nanomaterial formulations [388]–

[390]. However, PEC yields of below 1% were obtained following lyophilisation of the PECs 

purified via dialysis. This was attributed to the destabilisation of the PECs over 48 hours in the 

receptor medium. HA and PLL both exhibit inherent hydrophilicity [70], [391]. If destabilisation 

occurred over the dialysis period, both HA and PLL would have been displaced into the 

surrounding receptor medium. Therefore, PEC purification via centrifugation was investigated 

further. 

Centrifugation of the F1 formulation at 16,000 rpm resulted in the retention of a PEC yield 

below 10% (8.1 ± 0.8% (n = 2)). Reducing the speed to 13,000 rpm over the same timeframe 

did not significantly improve complex yield (2.8 ± 1.9% (n = 2)) (p = 0.069 > 0.05). Also, no 

significant difference (p = 0.866 > 0.05) was found between the yields of the F1 and F2 (2.4 ± 

2.0% (n = 2)) formulation following centrifugation at 13,000 rpm, suggesting that complex 

destabilisation under centrifugal force may be independent of HA MW. This contradicts the 
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observations made by Oyarzun-Ampuero et al. [392], in which PEC prepared with HMWHA 

(~165 kDa) and poly(arginine) (5-15 kDa), could be successfully isolated at high centrifugation 

speeds whereas those prepared with LMWHA (~29 kDa) could not be retained. This was 

primarily attributed to the larger number of consecutive associated residues between 

poly(arginine) and the longer HMWHA chains during complexation. The formation of such 

neutralised, hydrophobic regions leads to their entrapment within the core of the complexes 

formed, thus imparting considerable stability to the overall nanostructure. In comparison, the 

PLL utilised in this study has an average MW of 4.5 kDa. Therefore, being of higher MW, the 

poly(arginine) could undergo residue-to-residue interactions more readily with HMWHA than 

poly(L-lysine), allowing for enhanced interaction and intracomplex stability during 

centrifugation. Centrifugation of the F2 formulation at 7,000 rpm led to a slight improvement 

in complex yield of 8.5 ± 2.1% (n = 2). However, this was not statistically larger than the yield 

obtained after centrifugation at 13,000 rpm (p = 0.10 > 0.05). 

F1 and F2 were prepared with a near stoichiometric molar charge ratio of 0.96. The pellets 

obtained following centrifugation of F2 at 7,000 rpm were hardened, gelatinous aggregates that 

could not be re-dispersed readily in ultrapure water following isolation. This provided the first 

indication of PEC instability at near-stoichiometric charge ratios. At a molar charge ratio of 

0.96, there are fewer counter ions present in the electrical double layer (EDL) of such PECs as 

counter ions will not self-associate with complexes with low electrostatic surface potential. 

Therefore, if such PECs come into close proximity to one another, attractive van der Waals 

forces and intercomplex hydrophobic interactions will predominate over electrostatic 

repulsion, resulting in aggregation. As a starting point, PECs with a non-stoichiometric molar 

charge ratio of 2 were prepared, based on the upper limit for charge ratios used in previous 

studies [371], [393], [394]. No significant difference in yield was obtained following 

centrifugation of F2 (8.5 ± 2.1% (n = 2)) and F3 (3.7 ± 2.0 % (n = 2)) at 7,000 rpm (p = 0.147 

> 0.05). However, pellets isolated from the latter PECs could be redispersed easily following 

centrifugation and lyophilisation. Theoretically, the non-stoichiometric PECs should exhibit 

enhanced electrostatic stabilisation in comparison to their stoichiometric counterpart, 

presumably attributed to the mutual repulsion of the free carboxylate anions of LMWHA on 

the surface. 
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As centrifugation would eventually be conducted in Amicon® ultracentrifuge tubes to isolate 

free NAD+ from the NAD+ that was associated with the PECs during formation, PEC yield 

was also investigated under these conditions. 4000g, equating to approximately 4804 rpm, is 

the maximal centrifugal force for such ultracentrifuge tubes. Centrifugation of the F3 

formulation using this centrifugation programme led to an increase in yield for the F3 

formulation of over 58.5 ± 7.3% (n = 3) (p = 0.018 > 0.05), rendering it the most suitable option 

for the recovery of a suitable PEC yield for further characterisation whilst attaining PEC 

stability upon dispersal following purification. 

2.3.5 Charge Ratio – A Critical Quality Attribute 

In accordance with the proposed “core-shell” model for colloidal polyelectrolyte complex 

formation as shown in Figure 1.15, electrostatically stable PECs are formed via the formation 

of a charge-neutralised, stoichiometric core, encompassed by a corona composed of excess 

polyelectrolyte chains bearing residual charges [282], [286], [370]. Meta-stabilisation of the 

colloidal dispersion is attained by the electrostatic repulsion of the like charges on the surface 

of the PECs [395]. The sign of the residual charge is dependent on the polyelectrolyte in excess. 

However, as previously reported by Drogoz et al. [396], if one polyion is added in high excess 

over the other (residual charges are present in great excess), large amounts of the excess polyion 

will remain dissolved in the reaction medium as there is an insufficient quantity of the other 

polyion present to initiate primary PEC nucleation. The ionisable groups of the excess polyion 

will presumably bond to the water molecules via the formation of ion-dipole interactions, 

resulting in enhanced solvation of the free polyelectrolyte chains. Such polyelectrolyte chains 

may be removed during the sublimation of the aqueous medium during lyophilisation, thus 

decreasing the yield of PEC retained after purification. Therefore, for maximal, 

electrostatically-stabilised PEC formation, a balance is required. Non-stoichiometric charge 

ratios must be used to prevent the formation of neutralised complexes that will flocculate due 

to the formation of van der Waals attraction forces [334]. However, the charge ratio must not 

be increased or decreased to such an extent that the PECs dissolve into the polyelectrolyte 

phase.  
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2.3.5.1 Effect of Charge Ratio on Physicochemical Size Parameters 

The tendency of the HA and PLL PECs formulated to aggregate at near stoichiometric charge 

ratios, as evidenced by a drastic increase in particle size from sub-micron to micron-sized 

particles, is depicted in Figure 2.5.  

 

 

Figure 2.5: (a) A photograph of the PEC formulations with the specified molar charge ratios. 

(b) The influence of charge ratio on the size and zeta potential (ZP) of the PEC formulations. 

Data is expressed as mean ± S.D (n = 3).  

Instantaneous aggregation, evidenced by the formation of a large quantity of gelatinous 

material, was visible in the F6 formulation, as highlighted in Figure 2.5 (b). Gelatinous 

aggregates were also visible in F4 and F5. The polydispersity index (PDI) value was also above 

0.5. For pharmaceutical applications, a distribution width value, or PDI value, of less than 0.25 

is deemed acceptable and is regarded as highly monodisperse. Values greater than 0.7 indicate 

that the formulation exists as a highly heterogeneous distribution [397]. Non-uniformity within 

(b) 

(a) 

Gelatinous material 

F4 

F5 

F6 

F7 

F8 
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a particle size distribution may impact the reproducibility of the critical quality attributes of the 

formulation, such as therapeutic release and intraocular permeation. 

As discussed in Section 1.4.3.1, without residual electrostatic stabilisation, PECs will tend 

towards aggregation to reduce the total Gibb’s free energy of the system, thus resulting in 

macroscopic phase separation [288], [292], [398]. As expected, F4 and F5, both with molar 

charge ratios of less than 1, exhibited a positive ZP value, attributed to the presence of excess 

cationic amine groups. However, such PECs also aggregated, exhibiting sizes of over 2 µm and 

PDI values of over 0.7. This could be attributed to the molecular weight (MW) of PLL used. 

As observed by Schatz et al. [370] during an evaluation of the colloidal stability of 5 kDa 

dextran sulphate and 16 kDa chitosan PECs, both the molecular weight and flexibility of the 

polyelectrolyte in excess play a pivotal role in complex stability. The molecular backbone of 

PLL exhibits inherently high structural flexibility [399]. Upon titrating PLL with HA, an excess 

number of PLL amino acid chains of small MW may interact with a singular HA chain of a 

much larger MW, which behaves as a host molecule in this case. PLL may adapt its 

configuration to favour complete-ion pairing between the α-amine and carboxylate functional 

groups. This, combined with the absence of anionic carboxylate groups, opposes electrostatic 

PEC stabilisation, which may result in increased interpolyelectrolyte aggregation. Conversely, 

PECs containing HA in excess, such as F7 and F3, allow for the formation of an electrostatically 

stabilised, carboxylate anion-laden corona surrounding a charge-neutralised, stoichiometric 

polyelectrolyte core, formed via the sequential addition of a small number of small MW PLL 

chains to a larger number of large MW HA chains. This imparts kinetic meta-stabilisation to 

the system via electrostatic repulsive forces between the surface-bound charges of PECs in 

close proximity, thus preserving the PEC coacervate phase in solution [400], [401].  

The inversion and decrease in ZP values with an increase in molar charge ratio also confirms 

the enhanced stability of the anionic PECs. ZP values provide an indication of both surface 

charge and electrostatic stability in a colloidal system and represent the electrokinetic potential 

at the edge of the slipping plane, the boundary that exists between the closely associated Stern 

layer and the more loosely associated diffuse layer shown in Figure 2.6. 
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Figure 2.6: The electrical double layer surrounding a polyelectrolyte with residual surface 

charge in an ionic environment. 

To ensure adequate colloidal stability, particles should exhibit ZP values of above +30 mV or 

below - 30 mV. ZP values of above + 60 mV or below - 60 mV indicate excellent stability 

[402]. Lower ZP values will result in particle aggregation due to the predominance of 

interparticle attractive forces resulting from hindered electrostatic repulsion, thus further 

highlighting the unsuitability of PECs with cationic charge ratios for further characterisation 

[403]. Based on both size and ZP, PECs with charge ratios of 2 were deemed suitable for further 

analysis. 
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2.3.5.2 Loss of Turbidity with Decreasing Charge Ratio 

A sharp, significant decrease in percentage transmittance (p ≈ 0.000 ≪ 0.05) was observed 

upon analysis of the PECs with molar charge ratios above 1 (F7, F3) as shown in Figure 2.7. 

This suggests the formation of PECs that remain suspended in aqueous medium via mutual 

electrostatic repulsion between the residual HA carboxylate anions on adjacent PECs. Turbidity 

following complexation indicates the phase separation of the system into a polyelectrolyte-

deficient phase and a PEC-rich colloidal phase [404]–[406]. The F4-F6 formulations were 

visually transparent and exhibited sedimentation of gelatinous aggregate material. The 

generation of percentage transmittance values above 70%, coupled with the DLS data obtained, 

supports this observation. An increase in percentage transmittance is indicative of irreversible 

aggregation and sedimentation of PECs, as fewer dispersed particles are restricting the 

transmission of light through the sample. The significant decrease in percentage transmittance 

from 85.68 ± 0.20% to 72.78 ± 0.41% between F4 and F6 (p ≈ 0.000 ≪ 0.05) may be attributed 

to the presence of both aggregated material and small populations of PECs within F6, which 

further supports the large error bars generated upon analysis of the size of F6.  

 

 

Figure 2.7: The change in % transmittance as a function of molar charge ratio at 500 nm. Data 

is expressed as mean ± S.D (n = 3). 

F4 
F5 

F6 

F7 
F3 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ultraviolet-radiation
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2.3.6 Stoichiometry Analysis via Isothermal Titration Calorimetry 

The thermodynamic properties obtained upon titration of HA with PLL and PLL with HA, 

respectively, in ultrapure water at pH 5.5 are highlighted in Table 2.5. 

The PLL vs. HA titration mimics the dropwise titration of the polyelectrolyte of small MW to 

the polyelectrolyte of larger MW. The experimental parameters highlighted in Table 2.2 were 

optimised to achieve a sigmoidal factor of between 5 and 500. A sigmoidal factor, or c, value 

within this range allows for the generation of analysable data in which the binding constants 

between the polyelectrolytes, and the magnitude of enthalpic changes upon binding, are 

accounted for [407]. Initial titrations were conducted in accordance with the recommended 

experimental parameters outlined by TA instruments. However, these parameters generated c 

values out of the specified range. The respective ITC titrations were then optimised using the 

Experiment Design module on NanoAnalyze software to yield sigmoidal curves, as shown in 

Figure 2.8, with c values of 100 (PLL vs. HA titrations) and 104.3 (HA vs. PLL titrations) 

 

(a) 
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Figure 2.8: Theoretical binding isotherms for both PLL vs. HA (a) and HA vs. PLL (b) ITC 

titrations upon optimisation of the sigmoidal factor value. (KD – equilibrium dissociation 

constant, n – reaction stoichiometry, ΔH – change in enthalpy, ΔS – change in entropy). 

Table 2.5: Thermodynamic properties obtained upon fitting the ITC titration data from the PLL 

vs. HA titration to the independent site-binding model. Data is expressed as mean ± S.D (n = 

3). The titration PLL with HA was conducted as a screening study (n = 1) to highlight changes 

in binding stoichiometry when the low MW polyelectrolyte is in excess. 

Titration 

(titrant vs. 

titrand) 

ΔH (kJ/mol) ΔS (J/K-1/mol-1) 

Polyelectrolyte 

Molar Ratio at 

Reaction 

Stoichiometry 

ΔH
Comp

 at 

Reaction 

Stoichiometry 

(kJ/mol) 

PLL vs. HA -100.00 ± 38.98 -163.10 ± 0.00 7.49 ± 0.39 -88.76 ± 2.02 

HA vs. PLL -44.60 22.70 0.1 -32.66 

 

Reaction stoichiometry was achieved at a PLL:HA molar ratio of 7.49 ± 0.39, which equates 

to a molar charge ratio of approximately 0.89 to 1.03. At this molar charge ratio, maximal 

electrostatic interaction should occur between HA and PLL. This supports the observations 

made upon analysis of the influence of charge ratio on PEC size. At molar charge ratios of 

approximately 1, maximal interaction is achieved. However, if electrostatic interactions 

between HA and PLL are at a maximum, the number of residual charges available for 

(b) 
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electrostatic stabilisation will also decrease, thus resulting in the irreversible formation of 

complex aggregates. The properties obtained upon titration of PLL with HA are also in 

agreement with the size data shown in Figure 2.5 (b). A HA:PLL molar ratio of 0.1 equates to 

a HA:PLL molar charge ratio of approximately 0.77. This suggested that, when the 

polyelectrolyte in excess is smaller in MW than the polyelectrolyte in default, maximal 

complexation is achieved at a non-stoichiometric charge ratio, i.e., the residual cationic charges 

required for stabilisation are being utilised prior to achieving charge ratio stoichiometry. ITC 

has been utilised in previous studies to investigate the binding of respective polyelectrolytes in 

various reaction media. Dubashynskaya et al. [330] reported similar heats of reaction upon 

sequential titration of HA (750 kDa) with a smaller MW cationic chitosan derivative, 

diethylaminoethyl chitosan (37 kDa). The binding of HA to diethylaminoethyl chitosan was 

found to be entropically driven. It would have been expected that the release of counter ions, 

(Na+- HA and Cl- - PLL, respectively) upon disruption of the EDL of the polyelectrolytes and 

subsequent complexation, would result in a significant increase in entropy. However, the loss 

of conformational entropy, resulting from entanglement and fixation of the polyelectrolytes in 

the PEC meshwork seems to far exceed that of the increase in entropy originating from counter 

ion displacement. Interestingly, the titration of PLL with HA exhibited a small yet positive 

entropic change. This may be attributed to increased binding between HA and PLL, with 

maximal complexation being achieved prior to reaching a stoichiometric charge ratio. As such 

there may have been an increased number of counter ions available for release from the 

additional free HA chains titrated into the sample cell. 

 

To investigate the effect of ionic strength on HA and PLL binding stoichiometry, additional 

ITC titrations were conducted under equivalent conditions, utilising 0.01 M PBS (pH 5.5) as 

the reaction media. The resulting thermodynamic properties are highlighted in Table 2.6. 
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Table 2.6: Thermodynamic properties obtained upon fitting the ITC titration data from the 

PLL vs. HA titrations, conducted in 0.01 M PBS (pH 5.5) to the independent site-binding 

model. 

Titration 

(titrant vs. 

titrand) 

ΔH (kJ/mol) ΔS (J/K-1/mol-1) 

Polyelectrolyte 

Molar Ratio at 

Reaction 

Stoichiometry 

ΔH
Comp

 at 

Reaction 

Stoichiometry 

(kJ/mol) 

PLL vs. HA 35.01 ± 11.44 263.1 ± 31.9 6.85 ± 2.96 20.64 ± 22.94 

 

Both a positive shift in enthalpy and entropy were observed upon titration of HA with PLL in 

0.01 M PBS. In ultrapure water, the counter ion clouds within the slipping plane, a highly 

charged atmosphere in which the counter ion concentration surrounding the polyelectrolytes 

decreases with distance until equilibrium with the bulk liquid phase is reached, are dilute. 

Therefore, upon release of counter ions from the polyelectrolyte structures into the slipping 

plane, entropy is increased. Also, the small increase in enthalpy originating from the breaking 

of the polyelectrolyte-counter ion electrostatic bonds does not overshadow the large decrease 

in enthalpy originating from the formation of the interpolyelectrolyte electrostatic interactions. 

In an ionic medium, counter ions would still be released into an ion-saturated medium, thus 

contributing to system entropy. However, the large increase in enthalpy required to release 

counter ions into an ion-saturated, compact slipping plane far exceeds that of the decrease in 

enthalpy from electrostatic interactions. This trend was also observed by Ma et al. [408] in 

which positive yet negligible heat changes were observed following titrations of 11 kDa 

chitosan with 21 kDa HA in 25 mM 2-(N-Morpholino) ethanesulfonic acid buffer at an ionic 

strength of 150 mM. Upon reduction of buffer ionic strength to 18 mM, the enthalpy decreased 

to -91 kcal/mol, thus highlighting the screening effect of the counter ions within the electrical 

double layers of the PECs at the higher ionic strength. This screening effect was also observed 

upon comparison of the stoichiometry in ultrapure water and 0.01 M PBS. In 0.01 M PBS, 

stoichiometry was achieved at a PLL:HA molar ratio of 6.85 ± 2.96 equating to a charge ratio 

of 0.67 to 1.92. This suggested that the increased number of co- and counter-ions within the 

medium may be decreasing the number of charged functional groups available for complex 
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formation via secondary interactions, therefore effectively screening the electrostatic 

interactions between HA and PLL 

2.3.7 Effects of Lyophilisation on Complex Size 

A significant decrease in size (p ≈ 0.001 ≪ 0.05) was observed following lyophilisation of the 

F3 formulation with 1% (w/v) trehalose (1633.3 ± 50.5 nm – before lyophilisation and 322.7 ± 

1.82 nm – after lyophilisation). Although a decrease in size was also observed in F4 after 

lyophilisation (4714.7 ± 1832.4 nm vs. 790.7 ± 39.7 nm), this decrease was not statistically 

significant (p = 0.066 > 0.05). Furthermore, as its size remained over 500 nm, and in 

combination with previous results, this PEC was excluded from further characterisation. 

Trehalose was selected based on the results of a screening cryoprotectant addition study in 

which 1% (w/v) sucrose, glycerol and trehalose were added to three individual F3 formulations. 

In comparison to the other cryoprotective agents, the PECs lyophilised with 1% (w/v) trehalose 

attained more suitable size parameters after lyophilisation, after dilution by a factor of ten and 

after two weeks stored at 4 °C. Trehalose is also relatively inert, exhibits low hygroscopicity 

and readily undergoes conformational adaptations to aid hydrogen bond formation with 

nanoparticles.  

The impact of PEC physicochemical size parameters following lyophilisation was identified as 

a critical formulation parameter. Lyophilisation of the PEC formulations would be required to 

ensure sufficient stability over the timeframe required for physicochemical characterisation, 

and preservation of the final PEC product during transport and long-term storage. 

Lyophilisation is typically associated with nanoparticle aggregation during the drying step and 

particulate damage due to external mechanical stress imparted by ice crystallisation [409]. The 

significant decrease in particle size observed following lyophilisation contradicted this 

assumption. The addition of trehalose may have preserved hydrogen bond-mediated particle 

structure and stability by replacing water molecules on the surface of the particles during 

sublimation [410]. Increased hydrogen bonding may have led to further compaction of the 

residual HA chains within the PEC corona, thus leading to a reduction in particle size. HA itself 

can also behave as a cryoprotectant due to its remarkable water retention capabilities and ability 

to form intra- and intermolecular hydrogen bonds [411]. As demonstrated by Rampino et al. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/trehalose
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/crystallization
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[412], the preservation of this “pseudo-hydrated” state during lyophilisation prevented PEC 

aggregation during lyophilisation, thus improving their dispersibility upon reconstitution in an 

aqueous medium. In agreement with our study, Umerska et al. [347] and Yan et al. [413] have 

both reported on the improved dispersibility of HA and chitosan polyelectrolyte complexes and 

bovine serum albumin-loaded chitosan and tripolyphosphate nanoparticles, respectively, 

following lyophilisation with varying concentrations of trehalose cryoprotectant. Van Le et al. 

[414] also observed the preservation of particle size following lyophilisation of a 2.7 x 105 Da 

HA with a 7 x 105 Da diethylaminoethyl dextran hydrochloride PEC with 0.2% (w/v) trehalose. 

 

2.4 CONCLUSIONS 

In this chapter, hyaluronic acid (HA) and poly (L-lysine) (PLL) polyelectrolyte complexes 

were successfully formulated via polyelectrolyte complexation, namely via electrostatic 

interactions, under ambient formulation conditions. Optimisation of the critical formulation 

parameters, and selection of the reference PEC for further characterisation and NAD+ loading, 

was conducted accordingly. 

Based on the results obtained following DLS and FT-IR analysis, a complexation time of 24 

hours was selected to allow for maximal secondary complexation of primary complexes that 

could be further streamlined during purification work-up. The optimal complexation pH range 

of 5 to 6 was selected based on the percentage of ionisation of both HA and PLL. Within this 

range, over 90% of the required functional groups (COO- - HA and NH3
+ - PLL) were present 

in their desired ionised state thus allowing for maximal ionic complexation during formation. 

The formation of gel aggregates following mixing of the individual polyelectrolyte solutions 

was found to be independent of HA molecular weight yet dependent on the mode of addition, 

leading to the selection of a dropwise mode of addition for subsequent formulations. Following 

extensive centrifugation trials, centrifugation of the complexes for 50 minutes at 4000 g in 

ultracentrifuge filters was selected for PEC purification. This method may also allow for the 

efficient isolation of free NAD+ molecules from complex-bound NAD+ without exposing 

PECs to harsh centrifugal force thus reducing the likelihood of PEC degradation. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/sodium-triphosphate
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The molar charge ratio had a significant effect on complex formation, with cationic PECs 

tending towards macroscopic aggregation via interparticle forces of attraction, primarily 

attributed to hindered electrostatic repulsion between residual amino groups within the PEC 

corona. However, anionic PECs, prepared with HA in excess, yielded highly turbid, colloidal 

suspensions with suitable size and zeta potential values for drug delivery application. These 

results were confirmed via DLS and UV-Vis spectroscopic analysis, and further supported by 

the reaction stoichiometry values obtained upon titration of HA with PLL using ITC 

methodologies. The screening effect of counter ions during PEC formation was also confirmed 

upon analysis of the inverse shifts in enthalpic and entropic effects upon titration of HA with 

PLL. 

Lyophilisation of PECs with molar charge ratios of both 0.5 (F4) and 2 (F3) with 1% (w/v) 

trehalose cryoprotectant greatly improved the monodispersity of the formulations and reduced 

the diameter of the particle size distribution (F4 - 790.7 ± 39.7 and F3 - 322.7 ± 1.82) post-

lyophilisation. However, F3 was chosen as a suitable candidate for subsequent characterisation 

due to its increased colloidal stability and reproducible physicochemical size parameters. 

Chapter 2 details the preparation of NAD+-associated complexes, in which F3 will be loaded 

with NAD+ during preparation and subsequently characterised using both qualitative and 

quantitative methodologies to investigate the effect of NAD+ association. 
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CHAPTER 3: 

PREPARATION OF NAD+-ASSOCIATED PEC FORMULATIONS 
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3. PREPARATION OF NAD+-ASSOCIATED PEC FORMULATIONS 

3.1 INTRODUCTION  

As outlined in Chapter 1, a direct link exists between the age-related decline in intracellular 

NAD+ concentration and the initial pathogeneses of several ocular diseases [135]. 

Replenishment of the NAD+ intracellular pools via the dietary and parenteral supplementation 

of both NAD+ and NAD+ precursors has shown promising therapeutic efficacy in several 

neurodegenerative diseases, including age-related macular degeneration and glaucoma [141], 

[415]–[420]. However, regarding the ocular delivery of NAD+ supplements, oral administration 

typically results in poor bioavailability due to the unpredictable nature of enteric drug 

absorption and delocalised absorption in other parts of the body [421], [422]. Parenteral 

intraocular administration could provide more targeted delivery of NAD+, particularly within 

the posterior segment, at almost 100% bioavailability. However, the invasive and costly nature 

of such injections, particularly for the administration of a supplementary molecule, could prove 

unappealing to patients. NAD+ is also readily reduced to NADH during cellular respiration 

and is continually degraded and regenerated via enzymatic action, thus limiting its inherent 

stability in vivo.  

The entrapment of NAD+ within a nanoparticulate system may provide a non-invasive 

alternative to the aforementioned administration methods whilst improving both its intraocular 

bioavailability and intrinsic stability. To the best of our knowledge, NAD+ has not been 

entrapped or encapsulated within a nanoparticulate system intended for ocular administration 

to date. Therefore, the studies conducted here present a proof of concept for formulating stable 

NAD+-associated HA and PLL polyelectrolyte complexes (PECs), with reproducible 

physicochemical properties, via polyelectrolyte complexation in an aqueous medium. From the 

results obtained in Chapter 2, the lyophilised F3 formulation (2% (w/v), HA:PLL charge ratio: 

2) was identified as an ideal candidate for further characterisation and NAD+ loading as it 

exhibited suitable physicochemical size parameters for drug delivery application (size: ≈ 

300 nm, zeta potential: > − 30 mV, PDI: < 0.25) and maximal colloidal stability (maximal 

turbidity). Due to the supplementary nature of NAD+, and the intended use of the PEC 

formulation as a prophylactic treatment for ocular cell dysfunction before disease progression, 
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it was intended that this formulation be designed as a topical administration. Topical 

administration of ocular drug delivery systems (ODDS) is favourable in comparison to 

intravitreal or surgical treatment options, in terms of both patient compliance and ease of 

administration [25], [423]–[425]. Therefore, dynamic conditions mimicking that of the ocular 

surface environment (37 °C, pH 7.4, tear flowrate = ~ 3 µL/min) were used to assess the 

behaviour of the NAD+-associated PECs during physicochemical characterisation. 

Regarding this study, it was hypothesised that NAD+, being hydrophilic, would preferentially 

associate with the hydrophilic corona of the PECs. Also, as depicted in Figure 3.1, NAD+ 

possesses both a formal cationic charge, due to the nitrogen atom within the pyridine ring, and 

two anionic phosphate groups within the pyrophosphate bridging group between the adenosine 

and nicotinamide moieties.  

 

Figure 3.1: A schematic of the potential interactions of NAD+ with the charged functional 

groups of both HA (blue) and PLL (red). 
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As such, NAD+ can also partake in electrostatic interactions with the charged polyelectrolyte 

groups. Hydrogen bonding is also possible due to the abundance of hydroxyl groups within the 

molecular structure of NAD+. 

The pivotal aim of the current study was to investigate the effect of NAD+ addition on the 

physicochemical parameters of the reference PEC identified from the optimisation studies 

outlined in Chapter 2. The behaviour of the NAD+-associated PECs, in terms of NAD+ release 

and stability, under physiological conditions, was also of key focus. NAD+ binding to both HA 

and PLL was investigated using ITC methodology, with DLS analysis utilised to investigate 

the effect of NAD+ loading and polyelectrolyte concentration on PEC physicochemical size 

parameters. The presence of NAD+ within the PEC formulations was analysed using FT-IR 

and SEM-EDX. NAD+ association efficiency (AE) and loading capacity (LC) within the PECs 

were quantified using RP-HPLC methodology. NAD+-associated PEC stability, both under 

storage conditions (4 °C and 25 °C) for one month and under physiological conditions (37 °C, 

pH 7.4) was assessed using UV/Vis spectroscopy, DLS and RP-HPLC. Cumulative in vitro 

release of NAD+ under conditions mimicking those of the physiological anterior segment was 

quantified and fit to five mathematical models to determine the mechanism and kinetics of in 

vitro NAD+ release. 

3.2 EXPERIMENTAL METHODOLOGY  

3.2.1 Materials  

The materials outlined in Section 2.2.1 were used in the preparation and physicochemical 

characterisation of NAD+-associated HA and PLL PECs with the addition of the following: 

β-nicotinamide adenine dinucleotide (MW: 663.43 g/mol, purity ≥ 95%) (NAD+), was 

purchased from Carbosynth Ltd. (Berkshire, England). An additional quantity of NAD+ (MW: 

663.43 g/mol, purity ≥ 95%) was later purchased from VWR International (Dublin, Ireland). 

Vivaspin® Turbo 15 centrifugal filters (10 kDa MWCO) were purchased from Analab (Antrim, 

Northern Ireland). High-performance liquid chromatography (HPLC) grade methanol 

(purity ≥ 99.9%) and Spectra/Por Biotech dialysis tubing (molecular weight cut off (MWCO): 

1000 kDa, 31 mm width) were purchased from Fischer Scientific Ireland (Dublin, Ireland).  
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3.2.2 Preparation of NAD+-Associated HA and PLL Polyelectrolyte Complexes 

NAD+-associated PECs were prepared in a similar fashion to that of the blank PECs as outlined 

in Section 2.2.3. 2% (w/v) solutions of NAD+ were premixed with the PLL solutions before 

dropwise addition to the HA solutions. NAD+ loading concentrations of 50 and 100% (w/w), 

relative to the combined mass of both HA and PLL in each formulation, were selected for 

investigation. NAD+-associated PECs were prepared with total concentrations of 2% (w/v) and 

a molar charge ratio of 2. A list of the formulations mentioned throughout this chapter is given 

in Table 3.1. 

Table 3.1: The formulation parameters of the formulations (F8-F10) referenced throughout the 

chapter. 

Sample Name F8 F9 F10 

Formulation Concentration (% (w/v)) 2 2 5 

HA:PLL Charge Ratio 2 2 2 

HA Average Molecular Weight (kDa) 90 90 90 

Concentration of NAD+ (% (w/w)) 100 50 50 

HA:PLL:NAD+ Charge Ratio 0.83 1.2 1.2 

 

Following complexation, the NAD+-associated PECs were centrifuged at 4000 g for 50 min at 

4 °C in Vivaspin® Turbo 15 centrifugal filter tubes to both isolate the sub-micron-sized PECs 

and remove free NAD+ from the formulation. Subsequent lyophilisation of both the PEC and 

free NAD+ fractions was conducted in accordance with Section 2.2.4.3. 

3.2.3 Polyelectrolyte Complex Physicochemical Characterisation  

3.2.3.1 Isothermal Titration Calorimetry (ITC) 

ITC analysis was conducted in accordance with the procedure outlined in Section 2.2.5.4. 

Briefly, 50 µL of NAD+ was loaded into the titrant syringe and 300 µL of either HA or PLL 

solution was injected into the sample cell following thorough rinsing with ultrapure water at 

pH 5.5. The ITC titrations were conducted following the experimental parameters highlighted 

in Table 3.2. 
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Table 3.2: Optimised experimental parameters utilised for ITC titrations of NAD+ (titrant 

syringe) vs. HA (sample cell) and NAD+ (titrant syringe) vs. PLL (sample cell). 

Titration 

(titrant vs. 

titrand). 

Sample 

Cell 

Volume 

(µL) 

Conc. 

Sample 

Cell 

(µM) 

Total 

Syringe 

Volume 

(µL) 

Conc. 

Syringe 

Volume 

(µM) 

Injection 

Volume 

(µL) 

Stirring 

Speed 

(rpm) 

Injection 

Interval 

(s) 

NAD+ vs. 

HA 
300 10.69 50 11624.4 2 200 180 

NAD+ vs. 

PLL 
300 11.62 50 11624.4 2 200 300 

 

The concentrations of both the polyelectrolytes and NAD+ were chosen to yield NAD+ % 

(w/w) between 5 and 100%, relative to the mass of polyelectrolytes in the sample cell, after 

each injection. 

3.2.3.2  DLS Analysis of Polyelectrolyte Complexes 

DLS analysis of the NAD+-associated PECs was conducted as outlined in Section 2.2.5.2. 

3.2.3.3 Fourier-Transform Infrared Spectroscopy (FT-IR) 

FT-IR analysis of the NAD+-associated PECs was conducted as outlined in Section 

2.2.5.12.2.5.2. However, a physical mixture of HA:PLL and NAD+ in a 1:1:1 mass ratio, was 

also analysed via FT-IR. 

3.2.3.4 Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy (SEM-

EDX) 

SEM-EDX analysis was conducted using a TM4000 Plus II benchtop scanning electron 

microscope and AZtecOneXplore® software (Hitachi High-Tech Corporation, United 

Kingdom). PEC samples were mounted onto SEM stubs using conductive tape and sputter-

coated with a thin layer of gold for approximately 2 hours. SEM images of the PEC 

lyophilisates were taken at various magnifications at an accelerating voltage of 15 kV using a 

Mix vacuum mode (Backscattering Electron Mode + Secondary Electron mode). For 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/secondary-electrons
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qualitative analysis of NAD+, EDX analysis was used to generate elemental line profiles on 

the SEM images of the PECs obtained. Lines were drawn in situ on the SEM image, followed 

by irradiation of the PEC sample with the incident high-energy electron beam. The elemental 

composition of the area of analysis is depicted following the generation of elemental peaks 

from the emission of X-rays with energies that are equivalent to the difference between the 

higher and lower electron level binding energies of each element. A blank PEC was also 

analysed to validate that any elements specific to that of NAD+ were arising from the presence 

of NAD+ and not an external source. 

3.2.3.5 NAD+ Chromatographic Conditions  

Quantitative analysis of NAD+ was conducted using reverse-phase HPLC (RP-HPLC) 

methodology with chromatographic conditions selected from the HPLC method developed and 

validated by Forrow et al. [38]. The mobile phase consisted of a 95:5 (% (v/v)) mixture of 

20 mM potassium phosphate buffer (pH 8):HPLC grade methanol. A flow rate of 1.0 mL/min, 

an injection volume of 10 µL and an autosampler temperature of 35 °C were used and each 

injection was conducted in triplicate. At a wavelength of 260 nm, retention times of 

approximately 2 minutes (for 150 x 4.6 mm columns) and 4.4 min (for 250 x 4.6 mm columns) 

were observed for NAD+. 

Validation of the HPLC analytical method was conducted on both an Agilent 1200 HPLC 

system, equipped with the following modules: G1312B SL binary pump, G1329B autosampler, 

G1316B column compartment and a G1365B multiple UV wavelength detector (Agilent 

Technologies, California, United States), and a Waters e2695 separations module (Waters, 

Massachusetts, United States). Xterra RP 18, 5 µm HPLC column (250 x 4.6 mm and 150 x 

4.6 mm) (Waters Technologies Ireland Ltd., Wexford, Ireland) were utilised throughout this 

study. Intra-assay precision was conducted upon injection of 12 NAD+ working standards, 

ranging in concentrations from 2 to 200 µg/mL, prepared in duplicate from one NAD+ stock 

standard solution. The coefficient of variation (% CV) for each peak area was calculated using 

Equation 3.1. 

% CV =
Standard deviation of each NAD + working standard

Mean peak area of each NAD + working standard
 

Equation 3.1 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/electron-beam
https://www.sciencedirect.com/science/article/pii/S0939641123002643?via%3Dihub#b0190
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mobile-phase-composition
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Linearity across the desired concentration range, and the limits of detection and quantification 

(LOD and LOQ, respectively), were calculated from the resulting calibration curve using 

regression analysis on Microsoft Excel®. The peak area of a 100 µg/mL bracketing NAD+ 

standard was used to quantify NAD+ in subsequent runs. 

3.2.3.6 Quantification of NAD+ Association Efficiency 

The association efficiency (AE) of NAD+ was quantified via indirect and direct methods by 

measuring both the quantity of free NAD+ in the bottom fraction of the Vivaspin® Turbo 15 

centrifugal filters and the quantity of PEC-associated NAD+ in the top fraction. A given mass 

of PEC and free NAD+ lyophilisates were weighed out and dispersed in various extraction 

solvents to yield solutions with concentrations of 1% (w/v). The resulting solutions were 

vortexed for 30 s at 500 rpm and centrifuged at 10,000 rpm for 10 minutes to aid PEC 

destabilisation. 100 uL aliquots of the supernatants were pipetted into amber HPLC vials, 

diluted to a final volume of 1 mL with mobile phase and analysed via RP-HPLC.  

3.2.3.7 NAD+ Stability in Sample Media 

10 mg/mL solutions of NAD+ were prepared in both ultrapure water and 0.01 M PBS, at pH 

5.5 and pH 7.4, in triplicate. The resulting solutions were maintained at 37 °C and pH 7.4 for 

48 hours in total. At predetermined time points, 100 µL aliquots from each solution were 

withdrawn and the concentration of NAD+ in the aliquots was quantified via RP-HPLC 

analysis. The stability of NAD+ was calculated based on the percentage recovery of NAD+ at 

each time point in comparison to the initial concentration of NAD+ at t0 using Equation 3.2. 

(
Concentration of NAD + at time ′t′

Initial Concentration of NAD +
)  x 100 Equation 3.2 

 

 

3.2.3.8 In Vitro NAD+ Release under Microfluidic Conditions 

Preparation of microfluidic device moulds: Sylgard 184 Silicone base and curing agents (10:1 

ratio) were mixed for 4 minutes. The resulting mixture was then poured onto a glass plate 

within a circular mould. Needles (1.27 mm outer diameter) were placed at opposing ends of 

the mould to create inlet and outlet channels. As shown in  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mould
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Figure 3.2, the hemisphere on the glass plate, with a 9.00 ± 0.10 mm radius of curvature, 

created a well within the mould for PEC placement. The device was then cured for 6 hours at 

60 °C. The interior of the well was lined with dialysis membrane tubing prior to the addition 

of 400 µL of NAD+-associated PEC suspension, equivalent to 15 mg of NAD+. Two moulds 

were then clamped together to yield an enclosed mould containing two inlets and two outlet 

flow lines, thus mimicking the anatomical shape of the anterior segment of the eye. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: A schematic (a) and photograph (b) of the microfluidic release set-up. A close-up 

of the microfluidic device mould is shown in part (b). 
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In vitro microfluidic release: One end of a length of PVC tubing was connected to each needle 

of the inlet and outlet channel, with the other end being attached to a syringe filled with 

degassed 0.01 M PBS (pH 7.4). A syringe pump (Model 220, KD Scientific Inc, Massachusetts, 

United States) was set to deliver 1.5 µL/min through each length of tubing, thus allowing for a 

total flow rate of 3 µL/min through the PEC-laden well. In vitro release was conducted at 37 

°C. Outlet flow samples were collected at predetermined time points for RP-HPLC analysis of 

NAD+ concentration. Cumulative NAD+ release was calculated using Equation 3.3. 

 

(
𝑀𝑡

𝑀𝑖𝑛𝑓
)  x 100 Equation 3.3 

 

 

 

Mt = Total mass of NAD+ at time (t) (Total = Mass of NAD+ in receptor medium at time 

(t) + cumulative mass of NAD+ removed during sample withdrawal). 

Minf = Mass of NAD+ released at infinite t. (Mass released at the last time point). 

3.2.3.9 Kinetic Modelling of In Vitro NAD+ Release 

Both the kinetics and mechanism of in vitro NAD+ release were evaluated by modelling the in 

vitro microfluidic release data to the following mathematical models [426]–[430]. 

Zero-order release kinetics was assessed by plotting a graph of the percentage cumulative 

release as a function of time in hours as per Equation 3.4. 

Ct =  Co + Kot Equation 3.4 
 

 

Where Ct is the amount of NAD+ released during time t, C0 is the initial concentration of NAD+ 

(C0 = 0) and k0 is the zero-order rate constant. 

As shown in Equation 3.5, first-order release kinetics was assessed by plotting the log of the 

cumulative NAD+ release as a function of time in hours. 

Where log(C) is the log of the amount of NAD+ released at time t, C0 is the initial amount of 

NAD+ dissolved, and kt is the first-order rate constant. 

𝐿𝑜𝑔(𝐶) =  log (𝐶𝑜) −
𝐾𝑡

2.303
 Equation 3.5 
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NAD+ release following the Higuchi model, describing therapeutic release via diffusion from 

an insoluble matrix, shown in Equation 3.6, was assessed by plotting the cumulative NAD+ 

release as a function of the square root of time, in hours. 

Qt =  KHt1/2 Equation 3.6 
 

 

Where Qt is the amount of drug released in time t and KH is the release rate constant for the 

Higuchi model. 

The first 60% of NAD+ release was assessed as per the Korsmeyer-Peppas kinetic model by 

plotting a graph of the log of cumulative NAD+ release as a function of the log of time in hours 

[431]–[433]. The adaptation of the Korsmeyer-Peppas model equation to fit the slope-intercept 

form of a line (y = mx + c) is shown in Equation 3.7 

Mt

M∞
= Ktn → log (

Mt

M∞
) = log(k) + nlog(t) Equation 3.7 

 

 

Where Mt/M is the fraction of NAD+ released at time t, k is the release rate constant and n is 

the release exponent value.  

The Hixson-Crowell mathematical model was used to assess whether a change in diameter and 

surface area governs NAD+ release. A plot of the cube root of drug remaining vs. time in hours 

was plotted as per Equation 3.8 

√𝑄𝑜
3 − √𝑄𝑡

3 =  𝐾ℎ𝑐𝑡 Equation 3.8 
 

 

Where Qo is the initial amount of drug, Qt is the amount of drug remaining, Khc is the release 

rate constant and t is time in hours. 

 

3.2.3.10 Changes in PEC Stability in Response to Environmental Stimuli  

% Transmittance: 4 mL aliquots of crude NAD+-associated PECs were mixed thoroughly with 

2 mL aliquots of either 0.01 M PBS (pH 7.4) or ultrapure water (pH 5.5). 3 mL of the resulting 

solutions were placed into a quartz cuvette. The percentage transmittance of the solutions was 

recorded in transmittance mode at 500 nm using a UV/Vis spectrophotometer (Cary® 50, 

Agilent Technologies, Ireland). Blank solutions (buffer solutions containing no PEC) were 
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scanned concurrently during analysis to ensure that the percentage transmittance values 

recorded were generated via the absorption of light by the PECs alone and not the ions within 

the media. 

Change in physicochemical size parameters: NAD+-associated PECs were dispersed in 10 mL 

of sample medium (ultrapure water – pH 5.5 and pH 7.4 and 0.01 M PBS – pH 5.5 and pH 

7.4), in triplicate. 1 mL of the resulting solutions was then diluted to 10 mL in 20 mL clear, 

glass vials with the same media and shaken at 200 rpm at 37 °C. At t0, a 1 mL aliquot was 

withdrawn from each glass vial and analysed via DLS analysis. To maintain sink conditions, 

equal volumes of fresh sample media were re-added to the glass vials upon sample withdrawal. 

Changes in NAD+ association: 10 cm sections of dialysis tubing membrane were pre-soaked 

overnight in 500 mL of ultrapure water. A mass of NAD+-associated PECs suspensions 

equivalent to 15 mg of NAD+ was pipetted into the prepared dialysis membranes and sealed 

using dialysis tubing closures. Following equilibration of the sample media to 37 °C, the loaded 

dialysis membranes were suspended in each sample media under continuous stirring at 200 rpm 

in a sealed, temperature-controlled incubator (S160D, Stuart Equipment, UK). At 

predetermined time points, 500 µL aliquots were withdrawn from the receptor medium, diluted 

to 1 mL with mobile phase, and analysed via RP-HPLC. 

3.2.3.11 Storage Stability of PECs 

1 mg/mL solutions of NAD+-associated PECs were prepared in ultrapure water (pH 5.5), in 

triplicate. 4 x 1 mL aliquots of each solution were pipetted into 1.5 mL Eppendorf® tubes, two 

of which were stored at 4 °C and the remaining 2 at 25 °C. Of the 2 aliquots, 1 was analysed 

via DLS analysis as outlined in Section 2.2.5.2. The remaining aliquot, intended for analysis 

of changes in NAD+ concentration, was centrifuged at 15,000 rpm for 10 minutes. The 

resulting supernatant was withdrawn and filtered through sterile, 0.45 µM syringe filters. 100 

µL of the resulting filtrate was diluted to a final volume of 1 mL with mobile phase diluent and 

analysed via RP-HPLC. Samples were analysed at 0, 1, 7, 14, 21 and 28 days. 
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3.2.4 Statistical Analysis 

Two sample t-tests (two-tailed) and one-way analysis of variance (ANOVA) analysis, coupled 

with Tukey’s/Games-Howell post-hoc comparison tests were used throughout the studies 

outlined. Normality tests and tests for equal variances in the experimental data were also 

conducted. Ryan-Joiner normality tests and 2 Variances tests were also conducted to assess 

whether the experimental data was normally distributed and whether the standard deviations of 

two sample populations were equal to the hypothesised ratio, respectively. A p-value of less 

than 0.05 was considered statistically significant, while a p-value > 0.05 was considered 

statistically insignificant at the 95% confidence interval.  

3.3 RESULTS & DISCUSSION  

3.3.1 NAD+-Polyelectrolyte Binding via ITC Analysis 

 The binding of NAD+ to both HA and PLL is exothermic, as indicated by the generation of 

downward peaks (-µJ/s) within the respective thermograms shown in Figure 3.3. This was as 

expected as, upon binding of NAD+ to the respective polyelectrolytes, the newly formed 

complex system should release heat to the surroundings, thus resulting in a reduction in system 

enthalpy.  
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Figure 3.3: Representative ITC binding isotherms obtained upon titration of PLL with NAD+ 

(a) and HA with NAD+ (b).  

Equilibrium dissociation constants (KD) within the upper limit of the micromolar range (10-4 

to 10-6 M) were recorded for both the titrations of NAD+ vs. PLL (6.2 x 10-4 M) and NAD+ vs. 

HA (9.9 x 10-4 M). Such binding constants were statistically equivalent (p = 0.217 > 0.05), thus 

indicating that NAD+ exhibited equivalent affinity for HA and PLL binding. Santos et al. [434] 

obtained a similar KD value for the binding of tacrine (0.93 ± 0.08 x 10-3 M) to HA. However, 

compared to that of aminacrine (70 ± 1 x 10-3 M), NAD+ exhibits a much higher binding 

affinity. This may be attributed to the increased number of NAD+ functional groups that can 

readily partake in hydrogen bonding with the HA glycosaminoglycan backbone. 

The reduction in differential power between the reference and sample cells after sequential 

injection of NAD+ also suggested that as the molar ratio of NAD+ to each polyelectrolyte 

increased, the polyelectrolyte became saturated, resulting in a decrease in both NAD+ binding 

and heat change after subsequent injections [435], [436]. Reaction stoichiometries of high 

variability were found upon fitting the isotherms to the independent site binding model after 

each titration (10.0 ± 6.7 – NAD+ vs. PLL and 10 ± 4.5 – NAD+ vs. HA). This suggested that 

stoichiometric binding of NAD+ to PLL occurs between NAD+ % (w/w) ratios of 2.8 and 14% 
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(w/w) whereas between 4.3 and 11.2% (w/w) of NAD+ is sufficient to achieve stoichiometric 

binding with HA. 

3.3.2 Qualitative Analysis of NAD+ Association 

3.3.2.1 Fourier-Transform Infrared Spectroscopy Analysis 

Firstly, upon analysis of a physical mixture of HA, PLL and NAD+ powder, in a 1:1:1 mass 

ratio, no significant interactions were evident between NAD+ and the respective 

polyelectrolyte materials. NAD+ exhibited four characteristic infrared (IR) absorption bands, 

as highlighted in Figure 3.4. The IR absorption peaks at 1072 cm-1 and 1239 cm-1 were 

attributed to the symmetric and asymmetric stretching of the pyrophosphate bridge linking the 

adenosine and nicotinamide moieties (O=P-O-) [437], [438]. Stretching of the 3-carboxamide 

carbonyl group of the nicotinamide moiety generated a strong IR absorption peak at 1697 cm-

1 [439]. Finally, the IR absorption band at 1417 cm-1 was characteristic of stretching vibrations 

within both the nicotinamide and adenine moieties of NAD+ [437]. The in-plane bending of the 

oxygen to hydrogen in the hydroxyl groups of ribose may also have contributed to the 

generation of this absorption band.  

 

Figure 3.4: FT-IR spectra generated upon analysis of the individual starting materials and the 

HA:PLL PECs. (Resolution – 2 cm-1). 
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A slight downward shift in the NAD+ absorption band, representing the C4-N9-C8-H stretching 

vibrations in the nicotinamide and adenine moieties, from 1417 to 1413 cm-1 was observed in 

the PEC FT-IR spectrum in Figure 3.4. This may be attributed to an overlap with the absorption 

band representing the symmetric stretching of the HA carboxylate (COO-) group that occurs at 

1411 cm-1 [380], [437]. With this PEC, prepared with 50% (w/w) NAD+ and a molar charge 

ratio of 2, residual COO- would likely still be present in the PEC formulation. The absorption 

bands corresponding to the amide I carboxyl (C=O) stretching vibrations (1666 cm-1) and the 

amide II (C-N and N-H) in-plane bending vibrations (1563 cm-1) of PLL are not present in the 

spectrum of the NAD+-associated PEC [381]. This may be due to the significant overlap of 

absorption bands generated by HA, PLL and NAD+ within this absorption region, including 

the asymmetric stretching of the HA carboxylate anion (1625 cm-1), the stretching of the amide 

I (C=O) and bending of the amide II (N-H) absorption bands of HA and the stretching of the 

carbon to nitrogen bond with the carboxamide groups of NAD+ [378], [379], [439], [440]. Also, 

the complexation of PLL to HA would have enhanced the double bond character of the PLL 

amide group due to its proximity to the cationic amine group. As such, the in-plane bending of 

the N-H bonds within the PLL amide group would have shifted upfield to a higher frequency 

from its initial wavelength at 1563 cm-1. 

3.3.2.2 Scanning Electron Microscopy with Energy Dispersive Spectroscopy  

The presence of sub-micron-sized PECs is evident from the SEM micrograph shown in Figure 

3.5 (a). Both larger PEC particles, within the micron range, and dense, non-porous, three-

dimensional sheets were also observed in the sample. This may be attributed to the association 

of macroscopic PECs, thus forming aggregated, irregular-shaped clusters. Ferreira et al. [441] 

made a similar observation upon analysis of chitosan and carboxymethylcellulose PECs, in 

which macroscopic PECs, with approximate particle size distributions between 0 and 1000 nm, 

appeared as dense, highly aggregated networks. The correlogram shown in Figure 3.5 (b), 

obtained upon analysis of the PECs in the present study, corroborated this assumption. 

 

 



105 

 

 

 

 

 

 

Figure 3.5: Representative SEM micrographs of the PEC (a). Images were taken under the 

following conditions: Mixed image (backscattered and secondary electrons), 10 kV 

accelerating voltage, 6.5 mm x 2.00 k, scale – 20 µM). The correlogram (b) and the particle 

size distribution plot (c) of the sample are also shown for information purposes. 

 

Detection of scattering intensity from a small number of large particles that were outside the 

specified range of detection (> 10,000 nm) in the scattering volume results in number 

fluctuations. This ultimately results in poor baseline definition in the resulting correlogram, as 

shown in Figure 3.5 (b). 

The elemental line profiles shown in Figure 3.6, generated by drawing lines in situ on the SEM 

images captured, confirm the complexation of NAD+ to the complexes analysed, primarily due 

to the presence of the phosphorous peak within the profiles. The energy of the resulting x-ray 

emission detected following irradiation of the PEC sample with the incident high-energy 

electron beam is equivalent to the difference between the higher and lower energy levels of 

phosphorus, an element specific to the molecular structure of NAD+ [442].  

 (b) 

(a) 

 (c) 
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Figure 3.6: EDX elemental spectrum profiles, generated using the SEM micrographs of F9 

shown in Figure 3.5. 

However, phosphorous appears to be present in relatively low abundance (1.6 ± 0.3 wt. % - 

two PEC particles were identified in the micrograph. This may be attributed to the sputter 

coating of the SEM stubs before analysis. Sputter coating is advantageous for SEM analysis as 

it enhances the emission of secondary electrons from the surface of the sample, thus amplifying 

the signal-to-noise ratio and improving overall image quality [443]. Sputter coating with a 

highly conductive material, such as gold, can conceal the contrast between elements of varying 

atomic numbers. As such, the prominent peak within the EDX spectrum representing the x-ray 

emission from gold was overlapping that of phosphorus [444]. Although the phosphorous peak 

is present and given the typical error associated with the identification of minor elements using 

EDX (approximately ± 2 to 5%), SEM-EDX alone should not be used to determine sample 

composition and should be used to support observations made using alternative qualitative 

methodologies. 

3.3.3 Quantification of NAD+ Association Efficiency 

3.3.3.1  Validation of NAD+ HPLC Method 

The key validation data, calculated upon analysis of NAD+ analytical standard solutions in the 

concentration range of 0 to 200 µg/mL, are summarised in Table 3.3. 

 

(b) 

Appearance of phosphorus peak confirms 

presence of NAD+ within the particles 

identified in the SEM micrograph.  

Significant overlap of x-ray emission from 

gold sputter coating (Au) and phosphorus 

(NAD+). 
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Table 3.3: The correlation coefficient (R2), limit of detection (LOD) and limit of quantification 

(LOQ) values generated upon analysis of twelve NAD+ analytical standard solutions using the 

Agilent 1200 HPLC system. Intra-assay precision is also represented by the coefficient of 

variation (CV) values obtained for each analytical standard. Data is expressed as mean ± S.D 

(conducted in duplicate). 

    LINEARITY 

   

INTRA-

ASSAY 

PRECISION 

   

Standard 

Concentration 

(µg/ml) 

Mean 

Area 

(mAu*s) 

Standard 

Deviation 
CV (%) 

Correlation 

Coefficient 

(R2) 

LOD 

(µg/ml) 

LOQ 

(µg/ml) 

2 9.75 0.212 2.18 

0.9999 3.16 9.58 

4 18.90 0.141 0.75 

6 32.70 1.273 3.89 

8 44.45 0.071 0.16 

10 54.85 0.071 0.13 

20 104.95 0.071 0.07 

40 214.25 0.495 0.23 

60 322.65 0.354 0.11 

80 434.00 2.121 0.49 

100 555.15 0.636 0.11 

200 1090.90 1.980 0.18 

 

The NAD+ standard solutions exhibit linearity within the specified ranges, as indicated by R2 

value of > 0.95. The LOD value of 3.16 µg/mL represented the lowest analyte concentration 

that can be reliably distinguished from the analytical noise whereas 9.58 µg/mL was identified 

as the lowest concentration of NAD+ that can be quantitatively detected with a stated accuracy 

and precision [445]. To facilitate the accurate quantitation of NAD+ in sample solutions, at least 

five replicate injections of a bracketing standard with a concentration of 100 µg/mL (bracketing 

standard A) were included in each analytical run [446]. System suitability was verified by 

standard compliance via the preparation and injection of a duplicate standard of equivalent 

concentration (bracketing standard B). Compliance was achieved if the response ratio of the 

duplicate standards did not differ by more than 2%. Regarding system suitability, fresh 

bracketing standards were prepared if the replicate standard injections exhibited a percentage 

relative standard deviation value (%RSD) of ≥ 2.0% during the analytical run [447]. 
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The HPLC analytical method was also validated on the Waters e2695 separations module used 

to analyse the in vitro release samples. Linearity was confirmed within the aforementioned 

concentration range (R2 = 1) with LOD and LOQ values of 2.09 µg/mL and 6.33 µg/mL, 

respectively. 

3.3.3.2 NAD+ Association Efficiency 

Drug encapsulation efficiency is a critical quality attribute of nanomaterial formulations. 

Encapsulation efficiency (EE) studies are used to estimate the pharmacodynamic profile of the 

formation via the estimation of the amount of drug directly encapsulated within, or associated 

with, the nanomaterial [448]. As NAD+ is both hydrophilic and positively charged at a pH of 

5.5, it was hypothesised that NAD+ would complex directly to residual carboxylate anions of 

HA and preferentially reside within the hydrophilic corona as opposed to being entrapped 

within the charge-neutralised, hydrophobic complex core. As such, the NAD+ EE was more 

appropriately referred to as NAD+ association efficiency (AE). 

As the quantification of AE is dependent on solvation and degradation of the nanomaterial, 

direct NAD+ AE, using F8 as a model PEC, was first investigated in various solvent systems 

to determine the optimal solvent system for accurate NAD+ AE determination. The results of 

this study are shown in Table 3.4. 

Table 3.4: The extraction of NAD+ from the F8 formulation using various extraction solvent 

systems. 

Solvent System % Association Efficiency (n = 5) 

Mobile phase diluent 22.2 ± 3.8 

pH 5.5 ultrapure water 21.5 ± 3.9 

Phosphate buffer saline (PBS) 18.7 ± 2.8 

Mobile Phase:Methanol (50:50) 29.2 ± 11.2 

PBS:Methanol (50:50) 25.2 ± 4.7 

PBS:Methanol:Hydrochloric acid 19.2 ± 2.1 

 

The difference in NAD+ AE values in each of the solvent systems analysed was found to be 

statistically insignificant (p = 0.134 > 0.05) using a one-way ANOVA combined with a Games-

Howell non-parametric post-hoc test. As such, mobile phase was used as the extraction solvent 

for NAD+ AE determination going forward. Not only is it used as a diluent in the study from 
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which the HPLC chromatographic method was adapted, but it was hypothesised that the 

increasing ionic strength imparted by the 20 mM potassium phosphate buffer may contribute 

to the destabilisation of the complexes, facilitating NAD+ release into the extraction solvent 

[449], [450].  

Aside from economic advantages, high AE values are desirable as it decreases the quantity of 

the nanomaterial formulation required to deliver a therapeutic concentration of the drug in 

question. This is particularly advantageous as it reduces unwanted adverse effects that the 

administration of a large quantity of nanomaterial may evoke [451]. For example, nanoparticles 

exhibit a higher surface area in comparison to bulk reagents which can lead to increased 

biological activity due to the higher likelihood of surface-mediated interactions [452], [453]. 

For example, Zhu et al. [454] demonstrated a poly(ethylene glycol)-poly(ε-caprolactone) 

nanoparticle concentration-dependent decrease in kidney and liver function in an in vivo 

murine model. A reduction in cell viability to approximately 70% was observed by Azadi et al. 

[455] upon incubation of human corneal epithelial cells with 100 µg/ml of surface-modified 

poly(lactic-co-glycolic) acid nanoparticles. AE values are highly dependent on both the 

individual physicochemical parameters of both the nanomaterial and the drug and the extent to 

which they interact via intra and intermolecular bonding [456]. Indirect AE values, calculated 

following quantification of the NAD+ within the uncomplexed fraction after centrifugation, 

were statistically similar to the direct AE values. Direct AE values were calculated upon 

quantification of the NAD+ within the PECs isolated in the filter during centrifugation.  

A reduction in theoretical NAD+ loading concentration from 100% to 50% (w/w) (F8 vs. F9), 

led to a significant increase in NAD+ AE, as shown in Table 3.5 (p = 0.001 < 0.05). 
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Table 3.5: The quantification of NAD+ AE and loading capacities (LC) in the F8 to F10 PECs. 

Data is expressed as mean % ± S.D (n = 3). 

Parameter F8 F9 F10 

Concentration of NAD+ (% (w/w)) 100 50 50 

HA:PLL:NAD+ Charge Ratio 0.83 1.2 1.2 

Direct AE (%) 22.3 ± 3.8 77.2 ± 9.5 65.4 ± 4.4 

Indirect AE (%) 30.6 ± 9.0 90.3 ± 1.3 84.1 ± 1.5 

LC (%) 56.9 ± 6.9 42.3 ± 5.3 36.3 ± 4.5 

A lower NAD+ loading concentration may have established a smaller concentration gradient 

between areas of high and low NAD+ concentration within the formulation medium, thus 

decreasing the rate of free NAD+ diffusion into the uncomplexed fraction during centrifugation 

and improving the AE value. However, assuming the surface area available for NAD+ 

association in both F8 and F9 are equal, a larger number of free NAD+ molecules would be 

present in the medium of the F8 formulation (polyelectrolyte:NAD+ mass ratio of 1:1) 

following NAD+ association via physical adsorption in comparison to F9 

(polyelectrolyte:NAD+ mass ratio of 2:1). Such free NAD+ molecules would be ultimately 

removed via centrifugation, thus resulting in the calculation of a low % AE value, as depicted 

in Figure 3.7. 
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Figure 3.7: A schematic representing the proposed trends in AE values calculated for the F8, 

F9 and F10 formulations. 

Interestingly, an increase in polyelectrolyte concentration did not increase NAD+ AE. 

Hypothetically, the F10 formulation should exhibit higher NAD+ loading than F9 due to the 

larger number of carboxyl and hydroxyl functional groups that are available for NAD+ binding 

via intermolecular interactions [457]. This may be attributed to the increase in chain 

entanglement and intermolecular bonding with an increase in polyelectrolyte concentration 

from 2% to 5% (w/v). This increase in intermolecular bonding leads to an increase in HA 

intrinsic viscosity and strengthens the rigidity of the entangled network created by overlapping 

HA chains on the PEC surface [458]. Kim et al. [459] also commented on the ability of HA to 

form a dense diffusion barrier on the surface of the PECs when present in excess of chitosan. 

However, contrary to what was observed in this study, an increase in propolis entrapment was 

attributed to this physicochemical characteristic. This may be attributed to both the size and 

hydrophobicity of propolis in comparison to NAD+. Propolis would preferentially reside 

within the charge-neutralised PEC core during complexation and would therefore be enveloped 

by the residual HA chains within the corona during complexation. Conversely, NAD+, 

Larger mass of NAD+ available for 

association in F8. 

Increase in polyelectrolyte:NAD+ mass 

ratio in F9 – more efficient NAD+ 

association. Decrease in free NAD+ lost 

during centrifugation. 

Higher viscosity in F10 

formulation due to larger HA-

based hydrophilic domain – 

hindered NAD+ permeation 

through this region. 

Polyelectrolyte:NAD+ 

ratio                                          

1:1                                             

F8 

 

Polyelectrolyte:NAD+ 

ratio                                          

2:1                                             

F9 

 

Polyelectrolyte:NAD+ ratio                                          

2:1                                             

F10 

 

Polyelectrolyte:NAD+ 

ratio                                          

1:1                                             

F8 

 

Polyelectrolyte:NAD+ 

ratio                                          

2:1                                             

F10 
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preferentially binding to the surface of the 5% (w/v) PECs, would exhibit hindered diffusion 

through the rigid HA meshwork during PEC formation in comparison to the more weakly 

associated network at 2% (w/v), rendering it more susceptible to premature release during 

preparation. Ortiz et al. [460] reported a decrease in diclofenac sodium, exhibiting higher 

aqueous solubility than propolis, loading capacity with an increase in 

carboxymethylagarose:chitosan wt. % ratio from 1:1 to 2:1. Nikolova et al. [461] attributed the 

decrease in diclofenac sodium encapsulation efficiency from 89 ± 1 to 29 ± 7% with an increase 

in 0.05 wt.% chitosan:0.05 wt% alginate volume ratio from 1:1 to 2:1 to the limited intra-PEC 

diffusion of diclofenac sodium due to preferential surface absorption with the cationic PEC 

surface. 

3.3.4 Effect of Polyelectrolyte and NAD+ Loading Concentration on Size Parameters 

The size distribution plots obtained for the F8 to F10 formulations prepared in this study are 

shown in Figure 3.8. 

 

 

 

 

 

 

 

 

 

Figure 3.8: Size distribution plots of the F8 (a), F9 (b) and F10 (c) formulations, by intensity 

(after lyophilisation with 1% (w/w) trehalose). (n = 9 – 3 samples of each formulation with 3 

runs each). 

(b) (a) 

(c) 
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Upon comparing the values obtained for F9 and F10, an increase in polyelectrolyte 

concentration from 2% (F9) to 5% (w/v) (F10) resulted in a slight increase in PEC size from 

235.1 ± 19.0 nm to 267.7 ± 1.8 nm. The F10 formulation exhibited ZP and PDI values of -31.3 

± 9.4 mV and 0.129 ± 0.045, respectively. However, the hydrodynamic diameter (p = 0.099 > 

0.05) and ZP values (p = 0.348 > 0.05) of F9 and F10 were found to be statistically equivalent. 

This was not as expected as an increase in polyelectrolyte concentration should correspond to 

an increase in PEC size, primarily due to secondary PEC aggregation. An increase in 

polyelectrolyte concentration results in a corresponding decrease in Debye length (λD), 

primarily due to an increase in surface electrostatic charge screening by a larger number of 

released sodium (Na+) and chloride (Cl-) counter ions [462], [287], [395], [401]. This dual 

reduction in λD and electrostatic stabilisation promotes secondary aggregation of primary 

PECs, resulting in an increase in size. Also, due to the weakening of the electrostatic cross-

linking bonds between PLL and HA as a result of enhanced electrostatic screening, the PECs 

formed may adopt a more loosely bound structure. Intracomplex water ingression will increase 

as a result, causing the PECs to swell and continually grow in size [355]. Gao et al. [463] 

observed a poly(diallyldimethylammonium) chloride (PDADMAC) concentration-dependent 

increase in size for PDADMAC and polyacrylic acid (PAA)-based PECs. At PDADMAC 

concentrations above the critical polyelectrolyte concentration (c*), the concentration at which 

the PECs transitioned from a soluble to a colloidal state, occurred at lower PAA:PDADMAC 

charge ratios, primarily due to enhanced chain entanglement and overlap. Aggregation, as 

evidenced by the formation of macroscopic aggregates and a clear supernatant with chitosan 

and carboxymethylcellulose PECs containing high CMC mass ratios, was also observed by 

Ferreira et al. [464]. The concentrations investigated as part of the present study may be below 

the c* value of this system. Therefore, only relatively small fluctuations in size parameters are 

observed below this point. 

F9 (235.1 ± 19.0 nm) exhibited a larger hydrodynamic diameter than that of F8 (194.8 1 ± 2.4 

nm). Similar ZP values of -35.0 ± 1.9 mV and -38.0 ± 1.1 mV were also obtained for F8 and 

F9, respectively. However, no significant difference was found between the hydrodynamic 

diameter (p = 0.068 > 0.05) and ZP values (p = 0.078 > 0.05). The small decrease in size 

observed may be attributed to the increase in NAD+ LC with an increase in theoretical NAD+ 
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loading concentration from 50% (w/w) to 100% (w/w) in F8, as highlighted in Table 3.5. 

Possessing both charged functional groups and a number of electronegative atoms, NAD+ can 

readily partake in both electrostatic bonding and hydrogen bonding with the respective 

polyelectrolytes. Upon neutralisation of the residual charges, the associated NAD+ and 

HA/PLL moieties may migrate towards the more charge-neutralised, hydrophobic domain 

within the PEC core, resulting in a more compact PEC structure. The higher the NAD+ LC, the 

greater the likelihood of such bond formation. This trend is further supported upon comparing 

the size of the NAD+-laden PECs to that of the reference PECs (F3) described in Section 2.3.7. 

Matha et al. [319] also observed a decrease in anionic HA and poly(arginine) complex size from 

206 nm to 161 nm after the addition of cationic diaminocyclohexane-platinum, attributed to 

enhanced electrostatic interaction between the individual components. Conversely, Sladek et 

al. [465] reported an increase in HA and chitosan PEC size from 232 ± 36 nm to 295 ± 58 nm 

with an increase in insulin loading from 100 to 500 µg/mL. This may be attributed to the 

association of a therapeutic (insulin = 5.8 kDa) that is approximately 10 times larger than that 

of NAD+ (0.663 kDa).  

3.3.5 Stability of PECs under Various Conditions 

3.3.5.1 NAD+ Stability in Sample Media 

The stability of NAD+, calculated as the recovery of NAD+ as a percentage of the initial 

concentration of the NAD+ solutions, was first assessed in each sample media under the 

conditions to be used in both the stability and in vitro release studies. As shown in Table 3.6, 

no significant difference was found between the % recovery of NAD+ at t0 and after 24 hours 

in each sample medium, thus indicating that NAD+ remained stable in each sample medium 

over this period of time. Stability was also maintained over one week, as evidenced by the 

statistically equivalent % NAD+ recoveries obtained between 24 and 48 hours, and 48 hours 

and 168 hours, respectively. Aside from the sample in ultrapure water at pH 5.5, % NAD+ 

recoveries significantly decreased between the one-week and two-week time points, suggesting 

NAD+ degradation (p ~ 0.000 << 0.05). This was further elucidated by the increase in the area 

of a secondary peak within the NAD+ chromatogram, eluting at a retention time of 

approximately 3.2 minutes, from 0 to 168 hours in all sample medium analysed. The time-
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dependent increase in peak area of this secondary peak is shown in the example chromatogram 

in Figure 3.9. 

Table 3.6: Percentage NAD+ recoveries in each sample medium over a weeklong period. Data 

is expressed as mean % recovery ± S.D (n = 3). 

 

 

 

Figure 3.9: Representative HPLC chromatograms generated upon analysis of NAD+ at t0 

(blue) and after 168 hours post-incubation in 0.01 M PBS (pH 7.4) (red). 

Sample Media 
% at 0 

Hours 

% at 8 

Hours 

% at 24 

Hours 

% at 48 

Hours 

% at 168 

Hours 

% at 336 

Hours 
 

0.01 M PBS 

(pH 7.4) 
93.4 ± 2.3 90.9 ± 1.4 89.5 ± 5.3 90.2 ±11.7 85.0 ± 3.8 53.3 ± 3.6  

0.01 M PBS 

(pH 5.5) 
89.4 ± 0.1 85.8 ± 1.7 89.6 ± 7.3 82.9 ± 2.7 90.2 ± 1.7 65.4 ± 3.9  

Ultrapure Water 

(pH 7.4) 
88.8 ± 5.6 95.9 ± 3.6 83.9 ± 7.0 86.6 ± 8.2 93.7 ± 3.9 65.6 ± 2.5  

Ultrapure Water 

(pH 5.5) 
84.4 ± 2.4 82.3 ± 2.9 80.6 ± 1.3 79.4 ± 6.2 77.7 ± 13.9 61.1 ± 1.6  
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Although stability data was not provided, Yoshino et al. [466] reported that 100 μM NAD+ 

solutions, prepared in water, were stable for at least two weeks when stored at 4 °C. Anderson 

et al. [467] demonstrated that the rate of NAD+ degradation via hydroxyl ion-mediated 

hydrolysis of the nicotinamide-ribose linkage was higher in various phosphate buffers than in 

nitrogen-based buffers at neutral pH. However, when investigating the stability of NADH in 

phosphate buffer at pH 6.8, Rover et al. [468] discovered that the decomposition of NADH in 

phosphate buffer via phosphate ion-mediated oxidation, indicated by a decrease in the UV 

absorption peak at 340 nm, led to an increase in NAD+ generation. Overall, NAD+ exhibited 

suitable stability in the sample media to be analysed over the desired timeframe for analysis of 

once- or twice-daily topical ocular delivery systems [469]. 

3.3.5.2 PEC Matrix Stability in Response to Environmental Stimuli 

Based on the pH and ionic strength-dependent behaviour of the respective polyelectrolytes 

outlined in Sections 2.3.1 and 2.3.6, the stability of the formulated PECs in conditions 

simulating that of the physiological tear film was identified as a critical quality attribute. 

Sensitivity to such conditions could prove detrimental to the use of NAD+-laden PECs as 

ocular drug delivery systems, as rapid PEC destabilisation in tear film could result in premature 

NAD+ loss to systemic circulation via the nasolacrimal duct and conjunctival vasculature [145], 

[147], [193], [470]. Average human tear fluid exhibits an electrolyte concentration (based on 

Na+, K+, Cl- and HCO3
-) of ~ 300 mmol/L (0.3 M) with an approximate ionic strength of 0.18 

M [471]–[473].  

Stability of the reference NAD+-associated PEC (F9), in physiological medium was first 

assessed via changes in percentage transmittance. As shown in   
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Table 3.7, the percentage transmittance increased (decrease in turbidity) upon dilution in 0.01 

M PBS, providing a preliminary indication that the presence of ions has an impact on PEC 

formation. 
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Table 3.7: The mean percentage transmittance (%T) values of the F9 stability solutions in 0.01 

M PBS buffer, compared to that of the control F9 solution diluted with ultrapure water at pH 

5.5. Data is expressed as % mean transmittance at 500 nm ± S.D (n = 3). 

PEC Diluent Ionic Strength (M) %T 

F9 
Water (Control) 0.229 0.67 ± 0.13 

PBS (0.01 M) 0.211 36.92 ± 2.40 

 

A time-dependent increase in NAD+-associated PEC size was observed in 0.01 M PBS at pH 

7.4. As shown in Figure 3.10, an increase in size from 248 ± 84.6 nm to 429.3 ± 51.1 nm to 

1340.3 ± 204.8 nm was evident between 0 and 8, and 8 to 24 hours, post-incubation. The PECs 

stored in 0.01 M PBS (pH 7.4) were also significantly larger than those stored in ultrapure 

water at equivalent pH at each time point apart from t0. 

 

 

 

(a) 
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Figure 3.10: The change in size (a), ZP (b) and % NAD+ association (c) values for the NAD+ 

-associated PECs as a function of time in each of the sample media analysed. Data is expressed 

as mean ± S.D (n = 3). (* - statistically significant at a 5% confidence interval. Colour of the 

statistical significance bar: blue – between time points, green – between conditions and orange 

– from first to last time point).  

(b) 

(c) 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/zeta-potential
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/polyelectrolyte
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This further supports the hypothesis that, due to the enhanced charge screening between 

neighbouring PECs, PECs may tend towards aggregation via a loss in electrostatic repulsion in 

a physiological medium. This phenomenon has been well documented in literature, with almost 

a direct correlation between PEC size and salt concentration and irreversible, macroscopic 

aggregation being observed above a certain salt concentration [291], [474]. Above a critical 

ionic strength value, the infiltration of large amounts of ions into the PEC structures results in 

the compression of polyelectrolyte-polyelectrolyte ion pairing, leading to a reduction in PEC 

nucleation, re-dissolution of the individual polyelectrolytes, and the formation of an optically 

clear system [293], [401], [475]. Kayitmazer et al. [476] demonstrated that the critical ionic 

strength of hyaluronic acid and chitosan-based PEC systems was 0.35 M (NaCl), equating to a 

Debye length of approximately 0.5 nm. The critical ionic strength was also found to be 

dependent on the pH of the formulation, primarily due to its effect on the ionisation and 

subsequent charge density of the individual polyelectrolytes. At a constant charge ratio of 7, 

the size of PLL, bioreducible-PLL and polyethylamine polyplexes, laden with DNA, increased 

with an increase in NaCl concentration from 0 to 160 mM [477]. At low ionic NaCl 

concentration (> 30 mM), polyplexes synthesised in the presence of 20 mM (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid) HEPES buffer were more resistant to ion-

mediated aggregation, presumably attributed to the ability of a small concentration of ions to 

facilitate primary complex reconfiguration during complexation. This was also observed by 

Wu et al. [317] in which the addition of zinc (II) chloride or zinc (II) sulphate to HA and 

chitosan-based PECs preserved their stability, with respect to size, over 35 days in 0.01 M PBS 

maintained at 20 °C, attributed to the ability of zinc (II) to form bridging coordinate bonds with 

electron-rich donor groups on neighbouring HA chains. 

In 0.01 M PBS, a reduction in pH to 5.5 resulted in an instantaneous increase in PEC size. This 

may be attributed to the dual effects of both ion-aggregation, combined with the swelling of 

the individual PECs due to the preservation of the electrostatic interactions between the 

individual HA and PLL chains when placed in an ionic medium at a pH equal to the pH at 

which maximal complexation occurs. No significant change in particle size was observed in 

ultrapure water over 48 hours, regardless of pH, (p = 0.336 > 0.05 – pH 7.4 (0–48 hours) and 
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p = 0.678 > 0.05 – pH 5.5 (0–48 hours)), thus highlighting the enhanced stability of the NAD+-

associated PECs in the absence of ions. 

As per Derjaguin, Landau, Verwey and Overbeek (DLVO) theory, to attain colloidal 

metastability, the energy of the PECs must not exceed that of the electrostatic energy barrier 

that exists between the primary and secondary minimum [478]. This is achieved via the 

establishment of a balance between the electrostatically repulsive surface forces, or ZP, and 

Van der Waals attractive forces [479]. Regardless of pH, there was an instantaneous reduction 

in ZP in the PECs stored in 0.01 M PBS in comparison to those stored in ultrapure water at t0. 

Overall, the PECs in 0.01 M PBS exhibited lower ZP values at each time point. ZP was 

preserved from 0 to 48 hours in ultrapure water (p = 0.087 > 0.05 – pH 7.4 and 

p = 0.467 > 0.05 – pH 5.5). This ion-mediated reduction in ZP effectively decreases the extent 

of interparticle repulsion, thus lowering the energy of the electrostatic barrier [480]. This would 

lead to a metastable PEC dispersion with an increased number of particles having sufficient 

energy to exceed this electrostatic barrier and subsequently and irreversibly aggregate due to 

the predominance of Van der Waals attractive forces at short interparticle distances [478].  

In both 0.01 M PBS and ultrapure water, a higher quantity of NAD+ remained associated with 

the PECs stored at pH 5.5, as shown in Figure 3.10 (c). The mass of NAD+ remaining within 

the PECs maintained at pH 7.4 in 0.01 M PBS (3.90 ± 0.95 mg) was significantly lower than 

that complexed to those maintained at pH 5.5 after 4 hours under equivalent ionic conditions 

(6.31 ± 0.11 mg). Similarly, the mass of NAD+ retained in the PEC sample at pH 7.4 in 

ultrapure water dropped below 1 mg (0.57 ± 0.41 mg) whilst 2.42 ± 0.14 mg was retained at 

pH 5.5 after 4 hours. At pH 7.4, ionisation of the cationic amino groups (NH3
+) of PLL 

decreases to 23.2%. With the predominance of -NH2 groups, such groups may now 

preferentially react via hydrophobic interactions, thus resulting in further collapse of the 

charge-neutralised, hydrophobic core and loosening of the dense HA to PLL meshwork, Such 

processes may limit the remaining surface area available for NAD+ association. At pH 5.5, 

preservation of the electrostatic interactions between HA and PLL allows for sequential 

diffusion and binding of NAD+ with the intact network via intermolecular interaction.  
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In general, a significant reduction in NAD+ association was observed in each sample medium 

over 4 hours. This may be attributed to the volume of sample media used. A large volume (100 

mL) scale was used to ensure a rapid comparison of the environmental conditions under 

investigation [481]. However, the release of NAD+ into a sample volume that was significantly 

smaller than that of the receptor volume may have created a steep, osmotic gradient between 

the donor and the receptor compartment, thus driving NAD+ dissociation from the PECs. 

3.3.5.3 PEC Stability under Storage Conditions 

A significant increase in PEC size was observed upon storage at 25 °C in ultrapure water at pH 

5.5 over 28 days (p = 0.019 < 0.05), as depicted in Figure 3.11 (a). 

 

(a) 
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Figure 3.11: Changes in size (a), zeta potential (b) and NAD+ concentration (c) upon storage 

of NAD+-associated PECs formulations at 4 and 25 °C over one month (Data is expressed as 

mean ± S.D (n = 3). 

This increase in PEC correlates to the significant loss in % NAD+ recovery from the PECs 

over one month (p ~ 0.000 << 0.05), particularly at 25 °C. Only 5.7 ± 3.5% of the loaded NAD+ 

concentration was recovered at 25 °C whereas 47.7 ± 4.5% was recovered at 4 °C. This 

(b) 

(c) 
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suggested that over time, PECs began to aggregate. In the absence of a colloidally stable PEC 

matrix barrier, NAD+ may have begun to degrade due to exposure to formulation conditions 

during storage. The decrease in NAD+ peak:secondary peak ratio from 19.3 ± 5.9 (initial – t0) 

to 2.7 ± 1.8 (25 °C) and 11.6 ± 0.8 (4 °C), supported this hypothesis. 

Ali et al. [482] demonstrated that the critical solution temperature of a PEC system composed 

of potassium-poly(styrenesulfonate) and poly(diallyl dimethylammonium) bromide was 

approximately 28 °C, as indicated by a significant decrease in transmittance within the 

temperature region. It was noted that further heating to 32 °C led to the formation of micron-

sized droplets and subsequent macroscopic phase separation. Although not investigated by our 

group, maintaining PECs at critical temperatures for an extended period of time may invoke 

the same phase separation response.  

A number of studies have demonstrated the prolonged stability of polymeric nanoparticles 

intended for ocular application when stored at 4 °C [483]–[485]. An increase in size from 200.8 

± 13.9 nm to 606.3 ± 264.9 nm was also observed over the same timeframe for PECs stored at 

4 °C. However, this was found to be statistically insignificant (p = 0.118 > 0.05). Carton et al. 

[331] also observed an increase in HA and poly(arginine)-based PEC size over 28 days, 

particularly in PECs prepared with a large excess of HA in comparison to poly(arginine). This 

may have been attributed to the inherent water retention capabilities of HA as water 

immobilisation on HA chains results in the expansion of its hydrophilic domain, which may 

cause an increase in PEC size. However, despite a significant increase in PDI from 0.200 ± 

0.046 to 0.360 ± 0.036 (p = 0.009 < 0.05) in our study, preservation of a negative zeta potential 

below – 20 mV (-24.58 ± 7.23 mV) up to 21 days suggests that significant aggregation of the 

discreet PECs was largely attenuated. 

Overall, PEC stability, in terms of size, zeta potential and PDI, was attained for up to 21 days 

at 4 °C. However, the loss of over 50% of the loaded NAD+ concentration during storage of 

rehydrated, lyophilised PECs in aqueous medium at low temperatures severely limits their 

shelf-life under these conditions. Also, the PECs do not exhibit suitable stability for storage 

under ambient conditions. In terms of their translation into a product for end-patient use, 
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storage of the PECs in lyophilised form, followed by rehydration of the lyophilisate 

immediately before daily use, may be a suitable alternative. 

3.3.6 Dynamic In Vitro NAD+ Release 

3.3.6.1 In Vitro NAD+ Release Profile 

In vitro release studies are crucial steps in the development process of a nanomaterial as it 

allows for simulation and estimation of the in vivo behaviour of the nanomaterial and is a 

critical indicator of its safety and efficacy [387], [486], [487]. Such studies also allow for the 

assessment of a nanomaterial to modify the release of the therapeutic via desorption, diffusion, 

and polymer erosion mechanisms [488]. NAD+ is inherently hydrophilic, exhibiting an 

experimental solubility of 1.10 ± 0.12 g/mL in 0.01 M PBS. As such, NAD+ is likely to 

complex with the residual HA chains on the surface of the PECs as opposed to being 

encapsulated within the hydrophobic, charge-neutralised core and may experience rapid in vitro 

release. Rapid release kinetics will result in the release of the therapeutic from the formulation 

within a short time after administration, thus potentially leading to the premature loss of the 

therapeutic away from the target site [487], [489]. The analysis of therapeutic release using a 

microfluidic physiological flow device allows for closer alignment of in vitro release results 

with in vivo conditions in comparison to infinite sink methodologies [481], [490]–[492]. The 

mean flowrate of tears on the corneal surface is ≈ 3 µL/min the dynamic inflow and outflow 

of aqueous humour via the trabecular and uveoscleral pathways is maintained at 2 and 

3 µL/min [163], [493]. By analysing NAD+ release at a flow rate of ≈ 3 µL/min, the in vivo 

release behaviour of the PECs within the anterior segment can be more accurately predicted. 

The F9 formulation was chosen for analysis of in vitro release under microfluidic conditions 

based on preliminary studies conducted under infinite sink conditions. F9, containing a lower 

NAD+ loading concentration (50% (w/w)), demonstrated a more sustained release of a smaller 

percentage of NAD+ over 8 hours (74.9 ± 6.5%) in comparison to that of both the F8 and F10 

formulations (80.3 ± 3.6% and 66.6 ± 13.2%, respectively). Also, the release from F9 was 

statistically lower than that from an NAD+ control solution (p = 0.0187 < 0.05) under 

equivalent conditions, thus indicating that the PECs were providing some form of a steric 

barrier to NAD+ diffusion. 
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As shown in Figure 3.12, sustained release of 10.9 ± 0.2 mg of NAD+ was achieved for up to 

14 hours under simulated ocular volumetric flowrates, delivering over 73.0 ± 2.1% of the total 

NAD+ payload/  

 

 

Figure 3.12: Cumulative in vitro NAD+ release profiles from the F9 formulation (circle) and 

an NAD+ bolus control (triangle) in 0.01 M PBS (pH 7.4) under microfluidic conditions. (Data 

is expressed as mean % Mt/Minf ± S.D (n = 3). 

Regarding the release of NAD+ from an NAD+ solution under equivalent conditions, 11.6 

± 1.6 mg of NAD+ was released within an hour, whereas a statistically lower quantity of NAD+ 

(2.4 ± 0.3 mg) was released from the PECs over the same timeframe. Complete NAD+ release 

was obtained from the NAD+ control solution after just 3 hours. The release duration obtained 

from analysis of the PECs suggests gradual NAD+ diffusion through the nanochannels created 

in the PEC matrix, and that surface desorption is not the primary governing factor of NAD+ 

release.  

Interestingly, a burst release of a large quantity of NAD+ was prevented under microfluidic 

conditions, with only 31.6 ± 3.4% of the total payload being released within the first 2 hours. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sustained-drug-release
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nanochannel
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Burst release is attributed to the initial release of therapeutic molecules that are weakly 

associated with the surface of the nanomaterial formulation upon administration to the 

dispersion medium [488]. However, burst release phenomena can also be attributed to the 

formation of heterogeneous polymer matrices at the surface of the nanomaterial, drug loading 

via equilibrium partitioning, particularly at high loading concentrations and particle instability 

within the ocular environment [494], [495]. Although burst release is desirable for certain 

applications (wound treatments designed for immediate pain relief), the uncontrolled release 

of large concentrations of therapeutics, particularly for highly potent drugs, can result in local 

toxicity and unfavourable adverse effects [6], [7]. A burst release of hydrophilic therapeutics 

from polysaccharidic PEC systems is often observed, presumably due to a higher degree of 

surface adsorption in comparison to encapsulation. Dubashynskaya et al. [330] reported the 

ion-dependent rapid release of between 85-90% of the theoretical loading concentration of a 

hydrophilic, cationic antibiotic, colistin, from a HA-based PEC within one hour. Rapid release 

of between 80 to 100% of the theoretical concentration of dianionic adenosine 5′-triphosphate 

disodium salt (ATP) loaded into HA and phosphonium polyelectrolyte complexes was observed 

by Harrison et al. [496]. Similar to NAD+, ATP is also inherently soluble in water and was 

therefore rapidly released into the PBS release media in comparison to the other, more 

hydrophobic anionic salts analysed (fluorescein sodium salt - 40 – 100% release in 60 days, 

diclofenac sodium salt - 80 – 90% released in 60 days), thus demonstrating the importance of 

hydrophobic interactions in sustaining therapeutic release from the PEC matrix. Amato et al. 

[348] observed that over 60% of the loaded berberine concentration was released from HA and 

ε-poly(L-lysine) nanogels prepared via polyelectrolyte complexation within the first hour post-

addition to a dialysis membrane submerged in 12 mL of a 0.9% (w/v) saline solution. The in 

vitro release of lidocaine hydrochloride from HA, chitosan, and pectin PECs was dependent on 

the concentration of HA used. PECs containing a higher % w/w of HA exhibited a more 

sustained lidocaine hydrochloride release, presumably due to the formation of a highly viscous 

HA meshwork on the PEC surface. Due to its supplementary nature, the multifactorial 

application of NAD+-associated PECs within both the anterior and posterior segments is 

possible. Therefore, if sustained release over a longer duration is required, the delaying effect 

of an increased concentration of HA in excess of both PLL and NAD+ may be a suitable starting 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/berberine
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nanogel


128 

 

 

 

point for investigation. However, the effect of such an increase on the physicochemical 

attributes of the PECs must be considered, particularly regarding their electrochemical stability. 

3.3.6.2 Mathematical Modelling of NAD+ Release Kinetics from PECs  

The release of NAD+ from F9 in 0.01 M PBS (pH 7.4) was initially fitted to five different 

kinetic models to illustrate the mechanism of release from the PECs prepared. The model of 

best fit to the cumulative NAD+ release profile was selected based on the value of correlation 

coefficient (R2) value obtained from each of the graphs plotted. The highest degree of 

correlation indicates the model of best fit to the experimental data. The kinetic data obtained 

upon fitting NAD+ release to each of the mathematical models used are summarised in Table 

3.8. 

Table 3.8: Kinetic analysis of NAD+ release from the F9 formulation using various 

mathematic models. 

Kinetic 

Parameter 
Kinetic Models 

 Zero Order First-Order Higuchi Hixson-Crowell 
Korsmeyer-

Peppas 

R2 0.8847 0.9269 0.9626 0.1853 0.9424 

k 
5.901 

%/min 
0.171 min-1 

24.488 

%/min1/2 
-0.6891 %1/3/min 0.5591 

n - - - - 0.8441 

 

On the basis of best-fit, in vitro NAD+ release under microfluidic conditions was best fitted to 

the Higuchi mathematical model (R2 = 0.9626), providing a good indication that diffusion was 

the primary phenomenon driving the release of NAD+ from the PEC. The release exponent 

value, or ‘n’, obtained following fitting to the Korsmeyer-Peppas model (0.8441, R2 = 0.9424), 

also lies between 0.45 and 1, indicating that NAD+ release was governed by anomalous or non-

Fickian diffusion, in which the rates of intrapolyelectrolyte NAD+ diffusion and 

polyelectrolyte relaxation are comparable [497], [498]. This may be attributed to the 

polyelectrolyte:NAD+ mass ratio of 2:1 within F9, resulting in increased PEC-NAD+ 

association and deeper NAD+ permeation through the corona of the PECs. Therefore, the 

release of NAD+ may have been a combination of the release of surface-bound NAD+, 
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governed by polyelectrolyte relaxation due to the absence of a diffusion barrier, and the release 

of the more deeply associated NAD+ molecules that must diffuse through nano-channels 

created in the polyelectrolyte matrix during the ingression of release media. Such behaviour is 

typical for polymer-based nanomaterial formulations that exhibit high swelling ability or when 

the release of the therapeutic may be due to a combination of release mechanisms [499], [500]. 

Ćirić et al. [501] demonstrated that the release of escin from xanthan gum and chitosan PECs 

was best fit either to the Higuchi or Korsmeyer-Peppas mathematical models, depending on 

the escin:polymer mass ratio. Colistin release from hyaluronic acid-based PECs was also best 

fit to the Higuchi model, thus confirming that the rapid in vitro release of over 85% of the total 

loaded concentration of colistin from the lyophilised PECs in the first hour was controlled by 

colistin diffusion [502]. The in vitro release of aceclofenac from chitosan and pectin 

PEC microparticles was best fit to the Korsmeyer-Peppas model but also demonstrated a high 

degree of correlation to the Higuchi model [502]. In agreement with our study, release was 

governed by anomalous diffusion, as indicated by the release exponent value. Magalhaes Jr. 

and co-workers [503] also fit the in vitro release of chloroquine from PECs composed of 

chitosan and an anionic rhamnogalacturonoglycan polysaccharide to the Korsmeyer-Peppas 

model. 

3.5 CONCLUSIONS 

NAD+-associated PECs were successfully formulated using the polyelectrolyte complexation 

method that was optimised in Chapter 2.  

The reduction in total enthalpic changes following sequential injection of NAD+ into both HA 

and PLL solutions confirmed the saturation of the respective polyelectrolytes with NAD+ as 

the NAD+ % (w/w) ratio increased. Although not statistically significant, the dependence of 

particle size on both NAD+ loading concentration and total polyelectrolyte concentration was 

also observed. Qualitative analysis of the F9 formulation via FT-IR and SEM-EDX analysis 

confirmed the association of NAD+ to the HA and PLL PEC meshwork. The downward shift 

in the IR absorption bands specific to the vibrational frequencies of the functional groups of 

NAD+ can be attributed to hydrogen bond formation between the electronegative atoms of 

NAD+, HA and PLL and significant overlap between NAD+, HA and PLL absorption bands 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/aescin
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/xanthan-gum
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/colistin
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/aceclofenac
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/microparticle
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/chloroquine
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/polysaccharide
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in particular regions. The elemental spectrum profile confirms the presence of phosphorus at a 

weight percentage of 1.6 ± 0.3 wt.% within the submicron particles identified from the SEM 

micrographs. The low abundance of phosphorus is attributed to the sputter coating of the SEM 

stubs, resulting in a significant overlap of the gold and phosphorus peaks within the elemental 

profile. 

The association efficiency (AE) of NAD+ was successfully quantified using the HPLC method 

adapted from that used by Forrow et al. [449]. The LOD and LOQ of NAD+ using the HPLC 

method were determined to be 3.16 and 9.58 µg/mL (Agilent 1200 HPLC system) and 2.09 

and 6.33 µg/mL (Waters e2695 separations module), respectively. Potassium phosphate buffer 

(pH 8):100% methanol (95:5) mobile phase was chosen as the optimal extraction solvent. An 

inverse correlation between NAD+ loading concentration and % AE was also observed, 

potentially due to the increased polyelectrolyte:NAD+ ratio, allowing for increased NAD+ to 

polyelectrolyte interactions with a reduction in free NAD+ concentration within the 

formulation medium. The F9 formulation, with a polyelectrolyte concentration of 2% (w/v) 

and a molar charge ratio of 2, was selected for further characterisation based on its 

physicochemical size parameters (235.1 ± 19.0 nm and -38.0 ± 1.1 mV) and NAD+ association 

efficiency. (77.2 ± 9.5%). 

Sustained release of 10.9 ± 0.2 mg of NAD+ from F9 over 14 hours was demonstrated under 

physiological ocular flow rates. Diffusion was the primary phenomenon driving NAD+ release 

from the PECs, based on the high correlation of NAD+ release kinetics with both the Higuchi 

and Korsmeyer-Peppas mathematical release models. The significant changes in size, zeta 

potential and NAD+ association as a function of both pH and ionic condition highlighted the 

dependence of the physicochemical behaviour of the PEC matrix on changes in environmental 

conditions, thus providing evidence of two formulation parameters that must be tightly 

controlled during PEC formulation. Stability, in terms of size and zeta potential, was achieved 

upon storage of the PECs in ultrapure water (pH 5.5) at 4 °C for 21 days. However, the 

significant reduction in NAD+ association by more than 50% over this timeframe may warrant 

storage of the PECs in lyophilisate form. 
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The results obtained suggest that the NAD+-associated PECs are suitable for use as a delivery 

system for the once- or twice-daily topical administration of NAD+. An evaluation of the in 

vitro safety and efficacy of this formulation on human corneal epithelial cell cultures and 

porcine anterior segment tissues will be of primary focus in later chapters. Such studies are 

required to obtain a well-rounded evaluation of the PECs as an ocular drug delivery system. 
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CHAPTER 4: 

PREPARATION OF CHITOSAN-NAD+ COMPLEXES  
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4. PREPARATION OF CHITOSAN-NAD+ COMPLEXES 

4.1 INTRODUCTION  

Complexation of HA and PLL via electrostatic interaction yielded sub-micron-sized 

nanoparticles that could effectively associate with NAD+ and sustain its release under 

physiological ocular conditions. However, the anionic surface charge of the PECs, attributed 

to residual HA carboxylate anions at the chosen molar charge ratio, may impede their retention 

upon administration. This is primarily attributed to mutual electrostatic repulsion between the 

PECs and the anionic sulfate and sialic acid residues of mucin glycoproteins, the glycocalyx 

bordering apical corneal and conjunctival epithelial cells and the phospholipid head groups 

within the cell membrane bilayer [504], [505]. Nanoparticles with an overall cationic charge 

may be more suitable to prolong ocular retention times and enhance intracellular permeation 

due to favourable electrostatic interactions. PECs formulated with an excess of cationic PLL 

(molar charge ratio < 1) were unstable and exhibited macroscopic phase separation into 

gelatinous aggregates during the screening studies outlined in Chapter 2. As such, the use of 

alternative, cationic polyelectrolytes for NAD+-laden nanoparticle formation was investigated. 

Aside from its mucoadhesive capabilities, chitosan can enhance the paracellular permeation of 

nanoformulations via reversible modification of the transmembrane protein complexes within 

the tight junctions. Such attributes may reduce the loss of NAD+ via nasolacrimal drainage 

upon administration and improve its precorneal bioavailability. Chitosan is also hydrophilic 

and biocompatible as it can undergo enzymatic degradation via cleavage of the β-1,4-glycosidic 

bonds by chitosanases to form non-toxic oligosaccharides [506]. As discussed in Section 

1.4.3.2, conversion of the N-acetyl-D-glucosamine moieties via alkaline deacetylation renders 

chitosan cationic at pH values below the pKa (6.5) of the newly formed D-glucosamine groups. 

Although protonation of such groups will begin to decline at physiological pH, a lower cationic 

charge density is advantageous to prevent potential cytotoxic effects arising from excessive 

binding of chitosan to the anionic phospholipid bilayer of the cell membrane. Therefore, the 

degree of deacetylation must be carefully selected to ensure that a sufficient number of amine 

groups remain in their protonated state during administration to the ocular surface to attain 
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nanoparticle structure and maximise mucoadhesion, whilst minimising cytotoxic binding 

effects. 

The self-assembly of chitosan is often aided by the introduction of an ionic crosslinker, such 

as tripolyphosphate (TPP) [507]–[509]. However, research has also been conducted into the 

complexation of chitosan with alternative compounds with phosphate to amino crosslinking 

capabilities, such as deoxyribonucleic acid (DNA), calcium phosphate, and β-

glycerophosphate [510]–[512]. Ionotropic gelation of chitosan with TPP results in the formation 

of nano-sized particles comprised of a dense, electrostatically crosslinked network [513]. 

Similar to TPP, NAD+ also possesses two anionic phosphate groups that are negatively charged 

(99.5 to 100.0% deprotonated (PO4
-)) between pH 4.5 and 6. Therefore, it was hypothesised 

that chitosan and NAD+ could also form ionically crosslinked nano-sized complexes without 

the addition of either an ionic crosslinker or a secondary polyelectrolyte. Also, due to the 

absence of a binding moiety competing for electrostatic interaction, it was postulated that 

NAD+ association with chitosan may be greater than that achieved with the HA and PLL PEC. 

Increased association may also have a delaying effect on the in vitro release of NAD+ from the 

chitosan network. 

The work outlined in Chapter 4 was predominantly focused on the assessment of chitosan and 

NAD+ binding, utilising the same methodology used in the characterisation of the NAD+-

associated HA and PLL PECs outlined in Chapter 3. Where appropriate, the physicochemical 

characteristics of the chitosan-NAD+ (CH-NAD+) complexes were compared to those of the 

PECs to assess their suitability for further in vitro safety and efficacy trials.  

4.2 EXPERIMENTAL METHODOLOGY 

4.2.1 Materials  

The materials outlined in Sections 2.2.1 and 3.2.1 were used in the preparation and 

physicochemical characterisation of the chitosan and NAD+ complexes (CH-NAD+) with the 

addition of the following: 

Water soluble chitosan (10-100 kDa, degree of deacetylation = > 90%) was purchased from 

Carbosynth Ltd. (Berkshire, England). 
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4.2.2 CH-NAD+ Complex Preparation  

500 µL of NAD+ solutions, ranging in concentration from 20-180% (w/w), relative to the mass 

of chitosan, was pipetted into 5 mL of a 2% (w/v) solution of chitosan under constant stirring 

at 200 rpm. The pH of the respective solutions was adjusted to a pH of 4.5 prior to addition. 

After 24 hours, the resulting complexes were purified and lyophilised as outlined in Section 

2.2.4.1. The charge ratios (chitosan:NAD+) of the complex formulations prepared are outlined 

in Table 4.1. 

Table 4.1 Formulation parameters of the CH:NAD+ formulations prepared. 

Mass 

of 

CH 

(g) 

Average 

MW of 

CH 

(kDa) 

Moles of 

CH 

No. of 

CH 

Chains 

Units of 

Charge 

per 

Moles of 

CH 

Mass 

of 

NAD+ 

(g) 

MW 

of 

NAD+ 

Moles of 

NAD+ 

Charge 

Ratio 

CH:NAD+ 

 

0.1 55 1.82 x 10-6 332 0.00054 

0.02 

663.43 

3.02 x 10--5 18.00 

0.04 6.03 x 10-5 9.02 

0.06 9.05 x 10-5 6.02 

0.08 0.00010 4.5 

0.1 0.00015 3.61 

0.12 0.00018 3.01 

0.14 0.00020 2.58 

0.16 0.00024 2.26 

0.18 0.00030 2.01 

 

4.2.3 Characterisation of the CH-NAD+ Complexes. 

The characterisation of the resulting CH-NAD+ complexes was conducted per the procedures 

outlined in Section 3.2.3, with the exception of the following: 

4.2.3.1 ITC Analysis of CH-NAD+ 

As per the methodology outlined in Section 3.2.3.1, 50 µL of NAD+ was loaded into the titrant 

syringe and 300 µL of a 16.36 µM chitosan solution was injected into the sample cell following 

thorough rinsing with ultrapure water at pH 5.5. 2 µL of a 20348.8 µM solution of NAD+ was 

injected into the sample cell at intervals of 180 seconds under constant stirring at 200 rpm at 

25 °C. The concentrations of both chitosan and NAD+ were chosen to yield a NAD+ % (w/w) 

between 10 and 200%, relative to the mass of chitosan in the sample cell, after each injection. 
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4.2.3.2 CH-NAD+ Complex Stability as a Function of pH 

pH-mediated analysis of the CH-NAD+ complexes was conducted in accordance with Section 

3.2.3.10. However, the sample media (ultrapure water and 0.01 M PBS) was adjusted to pH 4.5 

to maximise the ionisation of the amine groups of chitosan. 

4.2.3.3 Storage Stability of CH-NAD+ Formulations 

The stability of both the 120% (w/w) and 140% (w/w) CH-NAD+ formulations over 28 days 

was assessed in accordance with Section 3.2.3.11. However, the sample medium was adjusted 

to pH 7.4 to preserve the sub-micron size of the complexes. 

4.2.4 Statistical Analysis  

Two sample t-tests (two-tailed) and one-way analysis of variance (ANOVA) analysis, coupled 

with Tukey’s/Games-Howell post-hoc comparison tests were used throughout the studies 

outlined. Normality tests and tests for equal variances in the experimental data were also 

conducted. Ryan-Joiner normality tests and 2 Variances tests were also conducted to assess 

whether the experimental data was normally distributed and whether the standard deviations of 

two sample populations were equal to the hypothesised ratio, respectively. A p-value of less 

than 0.05 was considered statistically significant, while a p-value > 0.05 was considered 

statistically insignificant.  

4.3 RESULTS AND DISCUSSION 

4.3.1 Screening of Chitosan-NAD+ Complexes 

At a pH of 4.5, NAD+ possesses two negatively charged phosphate groups within the 

pyrophosphate bridge. We hypothesised that the addition of NAD+ to chitosan, possessing 

cationic amine groups at this pH, may result in the formation of discreet, complex nanoparticles 

via ionotropic gelation. The formation of particles within the sub-micron range with the gradual 

increase in NAD+ concentration is shown in Table 4.2. 
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Table 4.2: The size, zeta potential (ZP) and polydispersity index (PDI) values recorded for 

crude CH-NAD+ complexes ranging from 20 to 180% (w/w) of NAD+. 

Chitosan:NAD+ 

(% (w/w)) 
20 40 60 80 100 

Size (nm) 51335 ± 71228 735 ± 104 637 ± 397 812 ± 12 680 ± 327 

Zeta Potential (mV) 22.3 ± 31.0 32.0 ± 5.1 43.4 ± 3.5 43.2 ± 11.2 47.5 ± 4.2 

Polydispersity Index 

(PDI) 
0.8 ± 0.3 0.8 ± 0.02 0.8 ± 0.2 0.6 ± 0.1 0.7 ± 0.1 

Intercept (DLS 

Correlation Curve) 
0.3 ± 0.4 0.6 ± 0.04 0.7 ± 0.3 0.5 ± 0.03 0.5 ± 0.3 

Chitosan:NAD+ 

(% (w/w)) 
120 140 160 180 

 

Size (nm) 494 ± 11 350 ± 81 497 ± 194 577 ± 107 

ZP (mV) 39.6 ± 9.1 36.3 ± 14.2 38.7 ± 15.8 45.7 ± 5.3 

PDI 0.8 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.8 ± 0.2 

Intercept (DLS 

Correlation Curve) 
0.4 ± 0.04 0.7 ± 0.8 0.5 ± 0.2 0.6 ±0.5 

 

At lower concentrations of NAD+, particularly at 20% (w/w) of NAD+, the hydrodynamic 

diameter of the complexes formed was large and irreproducible, suggesting that there may be 

insufficient NAD+ present to ionically crosslink the individual chitosan chains via electrostatic 

interaction. Conversely, at NAD+ concentrations of 120 and 140% (w/w), the larger quantity 

of NAD+ present within the system may be sufficient for the compaction of the chitosan chains 

via NAD+-mediated crosslinking into nanoparticles composed of a dense, highly crosslinked, 

polymeric network. Although not statistically significant, a further increase in NAD+ 

concentration led to an increase in particle size with a higher degree of variability. A similar 

trend was observed by Algharib et al. [514], in which an increase in nanoparticle formation was 

attributed to an increase in tripolyphosphate (TPP) crosslinker concentration. However, a 

concurrent increase in particle size was also observed, with precipitation occurring upon the 

addition of 83% (0.25 mg/mL), 167% (0.5 mg/mL) and 333% (w/w) (1 mg/mL) of TPP. This 

suggests that a combination of increased crosslinking and neutralisation of an increased number 
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of chitosan amine groups promotes intercomplex aggregation beyond a certain crosslinker 

concentration. Cai et al. [515] also demonstrated the formation of macroscopic chitosan and 

TPP precipitates upon doubling the concentration of DNA from 2.5 x 10-3 to 5.0 ×10-3 wt%. As 

DNA possesses a highly negatively charged phosphate backbone, it was hypothesised that this 

macroscopic aggregation was due to the reduction in available residual chitosan amine groups 

available for intercomplex electrostatic repulsion. However, the direct effect of a stepwise 

increase in DNA concentration on both size and zeta potential was not analysed. The effect of 

an increase in the concentration of various polyphosphates on nanoparticle size was also 

investigated by Goncalves et al. [516]. Fluctuations in particle size were not only dependent on 

the concentration of the individual polyphosphate crosslinkers but also on their respective 

charge densities, the speed of complex nucleation upon addition, and the order of chitosan and 

polyphosphate mixing. 

 

Based on their small and reproducible particle size in the initial screening trial, CH-NAD+ 

complexes containing 120% and 140% (w/w) were selected to investigate the impact of 

lyophilisation, with and without 1% (w/v) trehalose cryoprotectant, on complex size. As shown 

in Figure 4.1, conversely to what was observed in the HA-PLL system described in Section 

2.3.7, the addition of 1% (w/v) trehalose did not have a significant effect on complex size, 

suggesting that complex size was preserved during lyophilisation [517]. Also, a statistically 

significant increase in particle size was observed upon analysis of the 120% (w/w) and 140% 

(w/w) complexes 24 hours post-addition of NAD+ (p = 0.008 and 0.013, respectively). This 

supports the trends observed in the HA and PLL PEC systems, in which intracomplex 

correction and reconfiguration of bonds formed during primary complexation results in an 

increase in particle size over time. 
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Figure 4.1: The size values recorded for chitosan and NAD+ complexes with 120 and 140% 

(w/w) of NAD+ after 24 hours, after lyophilisation and after lyophilisation with 1% (w/v) 

trehalose cryoprotectant. Data is expressed as the mean size ± S.D (n = 2)). 

The quantification of NAD+ associated with chitosan following complex purification is 

outlined in Table 4.3. 

Table 4.3: Percentage association efficiencies (AE) (indirect and direct) recorded for CH-

NAD+ complexes with 120 to 140% (w/w) NAD+. Data is expressed as mean ± S.D (n = 6). 

CH-NAD+ % (w/w) 120% (w/w) 140% (w/w)  

Direct AE (%) 68.2 ± 12.3 65.4 ± 15.0  

Indirect AE (%) 87.5 ± 8.5 92.2 ± 7.0  

LC (%) 67.1 ± 5.6 69.4 ± 5.0  

 

Contrary to the HA and PLL PEC systems, NAD+ plays more of a critical role in the cross-

linking of the polymeric network due to the absence of the second polyelectrolyte. As such, 
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both the intra and intermolecular crosslinking may be more uncontrolled and randomly 

orientated, resulting in some NAD+ molecules becoming more deeply complexed within the 

network and not being quantified during analysis. Although the AE values obtained have higher 

associated error, the values are in agreement with those previously obtained for chitosan-based 

complex nanoparticles formed via polyelectrolyte complexation and ionotropic gelation [518]–

[520]. One study conducted by Elkady et al. [521] in which risedronate sodium hemi-

pentahydrate (RS) was complexed directly to a 150 kDa chitosan with a similar degree of 

deacetylation to that used in the present study, reported entrapment efficiencies of between 80 

and 99%, depending on set critical quality attributes. This may be attributed to the steric 

hindrance imparted by the cyclic moieties surrounding the pyrophosphate bridge of NAD+. 

Although similar in molecular weight to NAD+, the phosphate groups of RS (700.26 g/mol) 

are not in close proximity to the pyridine ring, rendering them more accessible for electrostatic 

interaction with the cationic amine groups. The AE values obtained by Bin-Jumah et al. [522] 

support this hypothesis, with the complexation of a 120 kDa chitosan (degree of deacetylation 

= 85%) to clarithromycin (747.85 g/mol), a highly branched antibiotic with two cyclic 

functional groups, achieving an AE of a maximum of 70.33%. As such, and in conjunction with 

the high LC values obtained, the CH-NAD+ complexes were deemed suitable for further 

binding analysis and in vitro release studies.  

4.3.2 Association via Changes in Infrared Absorption Peaks  

The binding of NAD+ to chitosan was evident upon analysis of both the shifts and 

disappearances of the IR absorption bands relating to the characteristic functional groups of 

the respective components, as shown in Figure 4.2. 
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Figure 4.2: The FT-IR spectra of chitosan and NAD+. For comparative purposes, the FT-IR 

spectra of the chitosan-NAD+ complex with 120% (w/w) NAD+ are shown. (64 scans at a 

resolution of 2 cm-1). 

The stretching of the 3-carboxamide carbonyl bond within the nicotinamide group of NAD+ is 

present in the spectrum of the complex at 1692 cm-1. However, the stretching of the same group 

within the amide I functional group of the residual N-acetyl groups of chitosan shifted from 

1633 cm-1 to 1641 cm-1. A concurrent decrease in the intensity of the peaks identified, and the 

disappearance of the amide III C-N stretching vibration at 1325 cm-1, was also observed, thus 

supporting the interaction between complementary functional groups of NAD+ and chitosan. 

Furthermore, the peak representing the bending N-H vibration of the protonated amine group 

of chitosan at 1524 cm-1 was absent from the complex spectrum. This, combined with the 

reduction in intensity of the sharp peak representing the asymmetric stretching of the 

pyrophosphate bridge of NAD+ at 1242 cm-1, and the presence of the symmetric phosphate 

stretching vibration at 1075 cm-1, confirms the electrostatic interaction between NAD+ and 

chitosan. Similar trends have been observed for the electrostatic crosslinking of phosphate TPP 

functional groups to the amino groups of chitosan, as depicted in Figure 4.3 [523]–[525]. 
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Figure 4.3: Schematic of the binding of TPP to chitosan (a) and NAD+ to chitosan (b) via 

phosphate-to-amine group electrostatic binding. The asymmetric stretching of the 

pyrophosphate bridge is represented in the 3D molecular structure of NAD+. 

 

(b) (a) 
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4.3.3 NAD+ Binding via Isothermal Titration Calorimetry 

Similar to the binding of NAD+ to both HA and PLL (Section 3.3.1), negative peaks (-µJ/s) 

were generated upon titration of chitosan with NAD+, thus suggesting that the interaction 

between chitosan and NAD+ was exothermic, leading to an overall reduction in system 

enthalpy. The resulting thermogram is depicted in Figure 4.4. 

 

Figure 4.4: The sequential titration of chitosan with NAD+ in ultrapure water at 25 °C (pH 

4.5). 

However, upon fitting the ITC data to the independent binding model, the overall enthalpy was 

positive (28.24 ± 7.14 kJ/mol), indicating that the binding of NAD+ to chitosan was 

endothermic. This may be attributed to the large excess of NAD+ in comparison to chitosan, 

particularly at (w/w) ratios exceeding 100% (w/w). As NAD+ possess two anionic phosphate 

groups at a pH of 4.5, free NAD+ molecules that did not associate with chitosan during the 

titration would exist in solution as free ions. As such, the decrease in enthalpy arising from the 

ionic complexation of NAD+ to chitosan would be overshadowed by the large increase in 

enthalpy required to release counterions from the chitosan into an ion-saturated bulk medium. 

Dehydration, resulting from disruption of a large number of solvation bonds, and 

disentanglement of individual chitosan chains upon binding to NAD+ would also contribute to 

an increase in system enthalpy. The overall increase in entropy supports this hypothesis as the 

increase in entropy originating from the release of counterions predominates over the loss of 

conformational entropy from electrostatic interaction formation.  

A similar equilibrium dissociation constant (KD) to those obtained for both PLL (6.2 x 10-4 M) 

and HA (9.9 x 10-4 M) was obtained for the binding of NAD+ to chitosan (8.8 x 10-4 M). 
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Although statistically equivalent (p = 0.310 > 0.05), NAD+ may exhibit a greater binding 

affinity for PLL as PLL in smaller in size and can therefore access the anionic phosphate groups 

more readily in comparison to chitosan. 

A reaction stoichiometry of 10, equating to a chitosan:NAD+ mole ratio of 100, was achieved 

following the fitting of the thermogram to the independent binding site model. This suggests 

that, at an NAD+:Chitosan mole ratio of 100, equating to an NAD+ loading of 110% (w/w), 

saturation of the cationic amine groups of chitosan is achieved. This further corroborated the 

trends observed upon investigation of the impact of NAD+ addition on complex size. At low 

NAD+ concentrations (e.g. 20% (w/w) - mole ratio of 17:1) the binding of a small number of 

NAD+ molecules to an abundance of available amine groups evokes a significant heat change 

in the system. However, a large fraction of the available chitosan remains uncomplexed and 

exists as individual, expansive chains due to intramolecular repulsion with a maximum level 

of solvation. At NAD+:chitosan mole ratios above stoichiometry (> 100:1), the heat change in 

the system drastically decreases due to the collapse of the respective charged species into 

nanostructured complex particles. Almost all of the available chitosan amine groups have now 

been saturated with NAD+ and can therefore no longer bind with additional quantities of 

NAD+. A similar trend was observed by de Carvalho et al. [526], in which the DLS titration of 

chitosan with TPP led to a reduction in complex size from approximately 2000 nm 

(TPP:chitosan molar ratio = 0) to 600 nm at a TPP:chitosan molar ratio of 0.2. A concurrent 

reduction in injection enthalpy was observed within this molar ratio range, with negligible heat 

changes being recorded at the induction of nanoaggregate formation (molar ratio of 0.2). As 

evidenced by the intensity-average particle size distributions obtained by Delas et al. [527], for 

various siRNA-chitosan complexes, particles with sizes < 102 nm formed at siRNA:chitosan 

molar ratios > 1. Further addition of siRNA to chitosan altered the resulting particle size but 

had a minimal effect on system enthalpy. Also, in accordance with our hypothesis, almost 100% 

siRNA complexation was achieved at siRNA:chitosan ratios above stoichiometry, thus 

indicating that saturation of chitosan had occurred. 
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4.3.4 pH-Mediated Stability of Chitosan-NAD+ Complexes   

A significant reduction in both size (p = 0.035 < 0.05 (120% (w/w))) and ZP (p = 0.024 < 0.05 

(120% (w/w)) and p = 0.001 < 0.05 (140% (w/w))) was observed upon redispersal of the CH-

NAD+ complexes in ultrapure water adjusted to pH 7.4, as depicted in Figure 4.5.  

 

 

Figure 4.5: The change in size and ZP following dispersal of the lyophilised CH-NAD+ 

complexes in ultrapure water at pH 7.4, as compared to those dispersed in ultrapure water at 

pH 4.5. Data is expressed as mean size/ZP ± S.D (n = 3). 

 (a) 

 (b) 
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A decrease in size was also observed for the 140% (w/w) CH-NAD+ complex. However, this 

was not statistically significant (p = 0.199 > 0.05). This was potentially attributed to the 

compaction of the CH-NAD+ complexes due to deprotonation of the cationic charges on the 

D-glucosamine residues of chitosan when placed in solution with a pH above its pKa. Upon 

formation, the 120% and 140% (w/w) CH-NAD+ complexes should attain chitosan:NAD+ 

molar charge ratios of approximately 3 and 2.6, respectively. The loss of mutual electrostatic 

repulsion between the residual amine groups, as corroborated by the reduction in ZP values 

with an increase in pH, would favour the formation of intrapolymer attractive forces, thus 

creating a more tightly packed polymeric network. 

The effect of pH on NAD+ association was also investigated using the 120% (w/w) CH-NAD+ 

complex as a reference. Although statistically equivalent, potentially attributed to the variation 

in NAD+ association arising from its irregular dispersion throughout the complex, a larger 

mass of NAD+ remained associated with the complex upon storage in ultrapure water at pH 

7.4. As shown in Figure 4.6, just under 5 mg of NAD+ (9.8 ± 2.3 mg remaining) dissociated 

from the complexes during storage at pH 7.4, whereas 8.0 ± 3.3 mg of NAD+ remained 

associated with the complex network after 4 hours at pH 4.5.  
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Figure 4.6: Change in NAD+ association upon storage of CH-NAD+ complexes in ultrapure 

water at pH 4.5 and pH 7.4 for 4 hours. Data is expressed as mean residual NAD+ association 

± S.D (n = 3). 

In comparison to that of the HA and PLL PECs stored under equivalent conditions (0.6 ± 0.4 

mg remaining in ultrapure water at pH 7.4), a significantly larger mass of NAD+ was retained 

within the chitosan-based complex (p = 0.002 < 0.05). This supports that, upon neutralisation 

of the chitosan amine groups at pH 7.4, compaction of the complex aids further entrapment of 

NAD+ in the polymer matrix. At pH 4.5, protonation and repulsion of the cationic amine groups 

may allow for increased water ingression through the complex, subsequent swelling of the 

network and enhanced NAD+ dissociation. An increase in histatin release from chitosan and 

TPP ionotropic complexes with a decrease in pH from 6.3 to 3 was demonstrated by Zhu et al. 

[528]. Interestingly, an inverse correlation between particle size and pH was also observed with 

sizes ranging from 300 nm at pH 4 to below 200 nm at pH 6.3. This further supports the trends 

observed in this study and demonstrates the tendency of chitosan to swell and release associated 

cargo under maximal ionisation. Pilipenko et al. [332] also observed a pH-dependent increase 

in oligonucleotide release from approximately 20% to over 60% over 4 hours with a decrease 

in release media pH from 7.4 to 4.5. The increase in oligonucleotide release was attributed to 
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the enhanced swelling of the predominantly protonated chitosan chains at pH 4.5. As discussed 

in Section 1.4.3.2, the increase in oligonucleotide dissociation at various pH values due to the 

competitive association of heparin to chitosan was also evident. Competitive binding between 

NAD+ and PLL with HA limits the surface available for NAD+ association. As such, upon 

neutralisation of PLL and compaction of the HA and PLL charge-neutralised core at pH 7.4, 

NAD+, being more of an additive than a primary reagent of complexation in this case, is more 

exposed to the sample media and therefore will be displaced more readily.  

In conclusion, based on the physicochemical behaviour of the CH-NAD+ complexes at 

physiological pH, particularly in comparison to those of the PECs, they were deemed suitable 

for further analysis via in vitro release methodologies. 

 

4.3.5 Dynamic In Vitro NAD+ Release 

4.3.5.1 In Vitro NAD+ Release  

The release of 8.0 ± 3.1 mg (53.5 ± 20.6% cumulative release) and 10.7 ± 4.4 mg (71.6 ± 29.5% 

cumulative release) of NAD+ from the 120% and 140% (w/w) CH-NAD+ complexes was 

sustained over 36 hours under in vitro dynamic physiological conditions, as shown in Figure 

4.7. Although no significant difference (p = 0.207 > 0.05) in mass of NAD+ released was found 

between the respective formulations at 12 hours, NAD+ release from the CH-NAD+ complexes 

began to plateau at 32 hours. Conversely, NAD+ release from the PECs reached a plateau after 

just 14 hours under physiological ocular conditions. This supports the hypothesis that, in the 

absence of a second polyelectrolyte, the lack of competitive binding may increase the surface 

area available for NAD+ sequential association, thus allowing for its delayed diffusion through 

the chitosan matrix.  
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Figure 4.7: Cumulative in vitro NAD+ release profiles from the 120% (w/w) (large, dashed 

diamonds) and 140% (w/w) (small, dashed circles) CH-NAD+ complexes in 0.01 M PBS (pH 

7.4) under microfluidic conditions over 36 hours. The PECs (circles) and NAD+ bolus control 

(triangles) are shown for comparative purposes. (Data is expressed as mean % Mt/Minf ± S.D 

(n = 3). 

Under infinite sink conditions, Motiei et al. [529] reported a cumulative nicotinic acid release 

of approximately 60% from chitosan and TPP structured nanocomplexes at pH 7.4 over 36 

hours. However, in vitro release was sustained for up to 72 hours in this case. The further delay 

in release in comparison to our study may be attributed to both the size of nicotinic acid itself 

and the presence of the TPP ionic crosslinker. Due to its lower MW (0.123 kDa), nicotinic acid, 

a precursor of NAD+ itself, may permeate through the highly crosslinked chitosan-TPP 

network during formation more effectively than NAD+ (0.66 kDa), resulting in hindered 

diffusion upon release. Between 60 to 90% of the loaded bovine serum albumin (BSA) cargo 

was released from chitosan and alginate polyelectrolyte complexes after 4 hours in 20 mM PBS 

(pH 7.4) under each condition investigated [530]. BSA is a high molecular weight (MW) 

compound (66 kDa). Therefore, in agreement with observations made, particularly with the HA 

and PLL PECs, the steric hindrance created by the complexation of alginate to chitosan of 40-
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50 kDa, resulted in the preferential association of BSA with the surface of the complexes, thus 

aiding rapid release upon dispersion in release media. 

4.3.5.2 Mathematical Modelling of NAD+ Release Kinetics from PECs  

In vitro NAD+ release from both the 120% and 140% (w/w) CH-NAD+ complexes was best 

fit to the Korsmeyer-Peppas model. As shown in Figure 4.8, linear correlations with R2 values 

above 0.9 were achieved upon plotting the first 60% of NAD+ cumulative release in each case. 

 

Figure 4.8: A plot of the log of cumulative NAD+ release vs. the log of time, in minutes, 

showing a high correlation to the Korsmeyer-Peppas mathematical model. Data is expressed 

as mean log(% cumulative release) ± S.D (n = 3). 

Similar to that of the HA and PLL PECs, the release exponent values obtained were also within 

the range of 0.45 to 1, indicating that the mechanism of NAD+ release from the chitosan and 

NAD+ network was a combination of NAD+ diffusion and intracomplex relaxation. The high 

correlation to the Higuchi model in each formulation (120% (w/w) – R2 = 0.9085 and 140% 

(w/w) – R2 = 0.8120) also suggests that NAD+ diffusion may be the predominating factor that 

governs its mechanism of release. This further corroborates the trends outlined in Section 4.3.4. 

pH-mediated compaction of the polymeric network results in the further entrapment of NAD+. 
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In the absence of swelling resulting from electrostatic repulsion and polymer rearrangement, 

NAD+ would primarily diffuse through the network during release. In vitro NAD+ release may 

also be concentration dependent, as evidenced by the higher correlation to the first-order 

release mathematical model in comparison to the zero-order release model for each 

formulation. Therefore, NAD+ may not be released at a constant rate over the release timeframe 

and is instead dependent on fluctuations in the concentration gradient created between the 

complexes themselves and the surrounding environment.  

4.3.6  Chitosan-NAD+ Complex Stability under Storage Conditions 

No significant difference in size was observed upon storage of the 120% (w/w) (p = 0.05) and 

140% (w/w) (p = 0.081 > 0.05) CH-NAD+ formulations over 28 days. Interestingly, as depicted 

in Figure 4.9 (b), the ZP of the 120% (w/w) CH-NAD+ formulation significantly increased 

from 28.0 ± 1.3 to 39.7 ± 1.9 mV over the storage period. This may be attributed to the 

reformation and reorganisation of the complex during release due to NAD+ disassociation from 

the network, exposing now free cationic chitosan amine groups that would preferentially 

migrate to the hydrophilic surface. Upon analysis of the changes in the ZP of chitosan and 

dextran sulphate-based complexes as a function of time, Carvahlo et al. [531] also observed a 

further reduction in ZP from its initial value over 4 weeks. However, as these complexes were 

not loaded with a therapeutic compound, and the storage medium was not stated, it was difficult 

to interpret what was the root cause of the reduction in ZP. Nevertheless, at 4°C, the CH-NAD+ 

formulations exhibited ZP values above 25 mV, indicating that electrostatic stabilisation of the 

complexes was preserved. 
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Figure 4.9: Changes size (a), zeta potential (b) and NAD+ concentration (c) upon storage of 

CH-NAD+ complexes at 4 (dark blue – 120% (w/w), light blue (140% (w/w)) and 25 °C (dark 

orange – 120% (w/w), light orange (140% (w/w)) over one month (Data is expressed as mean 

± S.D (n = 3). 

An almost reversible phenomenon was observed at 25 °C, particularly with the 120% (w/w) 

formulation. After one day post-storage, a large increase in size from 316.6 ± 42.9 to 1564.5 ± 

128.0 nm, and a concurrent decrease in ZP from 28.0 ± 1.3 to 4.3 ± 2.0 was observed. However, 

both the size and ZP returned to similar values to those recorded initially after 7 days. This was 

also observed in the 140% (w/w) formulation to a lesser extent, with a small increase in size 

and a small decrease in ZP occurring on day seven, with opposite trends being observed on day 

14. This may be indicative of reversible aggregation of the complexes at ambient temperatures, 

where initial placement into an aqueous medium at pH 7.4 causes intercomplex aggregation 

due to the limited residual cationic amine groups available for mutual repulsion. However, as 

seen at 4 °C, the gradual loss of NAD+ from the structured network may result in complex 

compaction and an increase in ZP over time. Furthermore, the significant reduction in ZP values 

(120% (w/w) – p = 0.007 < 0.05 and 140% (w/w) – p = 0.019 < 0.05) from t0 to 28 days suggests 

that storage under ambient conditions would not be suitable to prolong the shelf-life of the 

(c) 
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formulations. Utilising chitosan with a similar MW and degree of deacetylation to that used in 

this study, Yu et al. [532] reported a decrease in ZP over 26 hours to near-neutrality (0 mV). 

Fabiano et al. [533] reported a reduction in ZP from +24.2 ± 1.0 to 7.6 + 0.5 mV after 6 months 

of storage at 25 °C. The extension in shelf-life may be attributed to the difference in MW 

between the chitosan used (590 kDa) in comparison to the chitosan used in this study (10 - 100 

kDa). A direct correlation exists between MW and charge density, with larger MW chains 

possessing an increased number of charged functional groups that can partake in electrostatic 

repulsion. 

As shown in Figure 4.9 (c), NAD+ association was unaffected by the storage temperature. In 

each formulation, NAD+ retention within the CH-NAD+ complexes dropped below 70% after 

14 days, with significant decreases in final NAD+ retention rates of 55.5 ± 5.1% (120% (w/w) 

(4 °C) – p = 0.008 <0.05), 49.0 ± 4.0% (120% (w/w) (25 °C) – p = 0.004 < 0.05), 47.2 ± 9.1 

(140% (w/w) (4 °C) – p = 0.002 < 0.05), and 44.1 ± 4.7 (140% (w/w) (25 °C) – p = 0.001 

<0.05), being recorded after 28 days post-storage. Similar NAD+ recovery rates of 47.7 ± 4.5% 

were obtained following storage of the HA and PLL PECs for 28 days at 4 °C, thus indicating 

they exhibited equivalent efficacy in protecting NAD+ from storage-induced degradation. 

Interestingly, an equivalent % NAD+ recovery was obtained from the 120% (w/w) CH-NAD+ 

formulation (66.1 ± 7.3%) upon comparison to NAD+ controls stored under equivalent 

conditions after 14 days (Table 3.6). However, the 140% formulation exhibited a lower % 

recovery of 48.5 ± 0.6%. Saturation of the chitosan chains with NAD+ may limit deeper 

entrapment of NAD+ in the 140% formulation, rendering it more susceptible to degradation 

due to increased surface association. As noted in Section 3.3.5.3, the large reduction in the 

concentration of NAD+ reserved following storage may drastically limit the shelf-life of the 

chitosan-based formulations and storage in lyophilised form may be more suitable.  

4.4 CONCLUSIONS 

CH-NAD+ complexes, prepared with 120% and 140% (w/w) of NAD+, were successfully 

formulated upon sequential addition of NAD+ to chitosan and subsequent analysis of the 

resulting physicochemical size parameters. pH was identified as a governing factor of both 

complex size and NAD+ association, with deionisation-mediated collapse of the chitosan 
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network at pH 7.4 aiding the formation of small nano-sized complexes (< 200 nm) and 

enhanced retention of NAD+, particularly in comparison to the HA and PLL PECs at this pH 

(9.8 ± 2.3 mg retained – CH-NAD+ (120% (w/v)) vs. 0.6 ± 0.4 mg retained – HA and PLL 

PECs). Not only did ITC analysis confirm the binding of NAD+ to chitosan but it also 

confirmed the large differences in size observed upon the addition of both a low (w/w) 

concentration of NAD+ (large, heterogenous size distributions) and a high concentration of 

NAD+ (smaller, more monodisperse size distribution) to chitosan via the reduction in heat 

changes observed during the titration. Chitosan and NAD+ binding was also confirmed through 

IR analysis of the shifts and intensity changes of IR absorption peaks that are specific to the 

binding and stretching vibrations of the respective compounds’ functional groups.  

 

In vitro release of the CH-NAD+ complexes, exhibiting association efficiencies of 68.2 ± 

12.3% (120% (w/v)) and 65.4 ± 15.0% (w/v)), was also conducted under microfluidic 

conditions. Although the mass of NAD+ released from the PECs and CH-NAD+ formulations 

was statistically equivalent at 12 hours, the extension of NAD+ release to 36 hours is indicative 

of the enhanced ability of chitosan to impede in vitro NAD+ release via the aforementioned 

compaction of the polymeric network at physiological pH. The release of 8.0 ± 3.1 mg (120% 

(w/w)) and 10.7 ± 4.4 mg (140% (w/w)) of NAD+ was best-fitted to the Korsmeyer-Peppas 

model. However, NAD+ release was also well aligned with the Higuchi model, which 

suggested that even though the release exponent value suggested anomalous diffusion, NAD+ 

diffusion through the matrix may be the predominant mechanism of NAD+ release. Similar to 

that of the PECs, the size of the CH-NAD+ complexes was preserved over 28 days at 4 °C. 

Time-dependent increases in ZP observed in both formulations at this temperature may be 

indicative of structural changes within the complex arising from NAD+ release. The significant 

decrease in NAD+ retention over this timeframe may limit the shelf-life of the CH-NAD+ 

complexes in solution form. 

Ultimately, the CH-NAD+ complexes exhibit suitable physicochemical attributes for ocular 

application and warrant further investigation using in vitro safety and efficacy trials on human 

corneal epithelial cell cultures and porcine anterior segment tissues. 
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CHAPTER 5: 

IN VITRO SAFETY AND EFFICACY AND EX VIVO PERFORMANCE STUDIES ON 

COMPLEX FORMULATIONS 
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5. IN VITRO SAFETY AND EFFICACY AND EX VIVO PERFORMANCE 

STUDIES OF COMPLEX SYSTEMS  

5.1 INTRODUCTION  

In vitro and ex vivo safety and efficacy trials are crucial steps in the development phase of a 

nanoformulation as they provide an initial evaluation of the biocompatibility, pharmacokinetic 

and pharmacodynamic profiles of the nanoformulation under conditions closely aligned to that 

of the target site in vivo [534]. Nanoformulations exhibiting a degree of mucoadhesion may 

allow for enhanced contact with the pre-corneal surface following administration, thus 

achieving longer retention times [535]. This may also increase the likelihood of improved 

therapeutic bioavailability via a reduction in precorneal clearance. For example, Terreni et al. 

[536] demonstrated that the encapsulation of cyclosporine A within a d-α-Tocopherol 

polyethylene glycol succinate and octylphenoxy poly(ethyleneoxy)ethanol nanomicelle, 

functionalised with HA, led to a significant reduction in precorneal elimination rate in vivo 

(0.055 ± 0.009 min-1) in comparison to a commercially available cyclosporine A nanoemulsion, 

Ikervis® (0.205 ± 0.033 min-1). The addition of HA to the nanomicelle also increased 

cyclosporine A bioavailability (2142 ± 233.6 µg/mL-1/min) in rabbit tear fluid in comparison 

to that of the unmodified nanomicelle (1813 ± 354.1 µg/mL-1/min). Rhodamine B-labelled 

glycol chitosan and dexamethasone-conjugated nanoparticles exhibited prolonged pre-corneal 

retention for up to 45 minutes post-administration in a Japanese white rabbit model, attributed 

to the ionic bond-mediated interaction of glycol chitosan with the glycocalyx mucin corneal 

layer [537]. Conversely, the rhodamine B test solution was eliminated from the corneal 

epithelium after 15 minutes post-administration. In the work detailed in this chapter, 

mucoadhesion analysis of the respective nanoformulations was conducted under static 

conditions using mucin Type II, mimicking the MUC2 gel-forming mucin secreted on the 

corneal and conjunctival epithelia in vivo [538], [539]. Mucoadhesion under a dynamic flow 

rate was also conducted via QCM-D analysis in this study to further investigate the interactions 

of mucin with the charged functional groups of the respective polyelectrolyte materials, 

particularly HA and chitosan. 
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An immortalised human corneal epithelial cell (IMHCE) culture model was utilised in all of 

the in vitro cell studies to accurately predict the behaviours of both NAD+ and the NAD+ 

nanoformulations at the primary physiological barrier within the proposed site of 

administration. In vitro cytotoxicity analysis, typically conducted via a colorimetric assay of 

the enzymatic or metabolic activity of live cells, allows for an evaluation of changes in cell 

growth, replication and morphology following incubation with the chosen therapeutic [540]. 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay has been 

utilised previously to assess the cytotoxic potential of self-assembled, polyelectrolyte-based 

nanomaterials on HCE cells [541], [542]. However, due to the cytotoxic potential of MTT itself, 

and its classification as hazardous to the environment, an acid phosphatase assay was used to 

evaluate the biocompatibility of NAD+ and NAD+-laden formulations [543]. The cleavage of 

para-nitrophenylphosphate (PNPP) substrate into p-nitrophenol via acid phosphatase 

enzymatic activity was utilised as a live cell biomarker. P-nitrophenol is colourless at acidic 

pH values. However, upon quenching the reaction using 0.1 M NaOH, the alkaline conditions 

result in the conversion of p-nitrophenol into p-nitrophenolate, a bright yellow compound that 

strongly absorbs at 405 nm. This method is highly sensitive and reproducible as it does not rely 

on the reduction of tetrazolium salts or their subsequent solubilisation in organic solvents.  

Oxidative damage resulting from exposure to ROS is a hallmark of the initial pathological 

mechanisms that contribute to the progression of age-related ocular diseases [544]. As outlined 

in Section 1.2.1, intraocular accumulation of excess quantities of H2O2 can contribute to a 

significant imbalance in redox homeostasis and upregulation of intracellular hydroxyl radical, 

primarily due to its rapid permeation through cell membranes. This, in turn, contributes to 

oxidative stress-mediated damage and loss of cellular function. There is evidence to support 

that NAD+/NAD+ precursors can attenuate ROS-mediated cellular damage, mainly via 

upregulation of enzymatic activity responsible for maintaining basal antioxidant capacities 

[135], [545]. Under simulated hyperosmosis stress conditions, supplementation of primary 

murine corneal epithelial and RAW264.7 macrophage cell lines with 500 µM of nicotinamide 

mononucleotide (NMN) upregulated NAD+ concentration and alleviated ROS production and 

regulated lactate dehydrogenase release [546]. In a double-masked, randomised clinical trial, 

oral supplementation of 3.0 g of nicotinamide per day led to improvements in inner retinal 
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function (evidenced by significant increases in photopic negative response) in 23% of the 57 

glaucoma patients treated [141]. Three days post-separation of the neurosensory retina from the 

RPE in a murine model, intraperitoneal injections of NMN at 500 mg/kg/day attenuated protein 

carbonyl content production (biomarker of oxidative stress), restoring them to a level that was 

comparable to that of the attached retina group (0.55 ± 0.10 nmol/mg – NMN and 0.55 ± 0.15 

nmol/mg - control) [547]. Therefore, it was hypothesised that NAD+ supplementation prior to 

induction of ROS-mediated stress could indirectly protect the IMHCE by enhancing the cell’s 

endogenous antioxidant defence. Although a delaying effect may be observed due to the 

hindered diffusion of NAD+ from the respective polymeric networks, it was not expected that 

the PECs and CH-NAD+ would significantly impede the ability of NAD+ to attain adequate 

cell viability.  

Research conducted on nanoformulations for drug delivery applications suggests that 

nanoparticles exhibit enhanced cellular permeation at the target site due to their inherent sub-

micron size. However, the morphology, charge and surface properties are also contributing 

factors to effective cellular internalisation [548]. Chiesa et al. [549] demonstrated that the 

kinetics of intracellular uptake of HA and chitosan-based PECs of approximately 200 nm in 

size in human mesenchymal stem cells was also highly dependent on the expression of CD44 

receptors. In a similar study, HA-decorated gelatin-epigallocatechin gallate nanoparticles of 

between 273 ± 3 (cationic nanoparticle – 62.5 µg/mL of HA) and 354 ± 29 nm (anionic 

nanoparticle – 167 µg/mL of HA) in size exhibited enhanced permeation within an ARPE-19 

cell line in comparison to that of the control dye (TAMRA) due to CD44-mediated endocytosis 

[550]. However, the surface charge of the nanoparticles was also a contributing factor to 

intracellular uptake, with the cationic nanoparticles exhibiting an increase in ARPE-19 uptake 

rate of over 29% 1-hour post-incubation. In a quantitative study, Kimna et al. [329] observed a 

significant increase in timolol maleate permeation through a porcine cornea upon comparison 

of a chitosan and alginate complex of 251 ± 96 nm in size and a timolol maleate control 

solution. Over 89% of the encapsulated timolol maleate was quantified within the receptor 

compartment following corneal permeation, attributed to the blocking of the cationic moieties 

of timolol maleate from the anionic porcine mucin later via complex association. Only 67% of 

the timolol maleate concentration in the control solution reached the receptor compartment, 
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whilst over 30% of the loaded concentration was retained within the tissue sample. Therefore, 

to obtain a complete assessment of the therapeutic efficacy of a nanoformulation, the 

intracellular trafficking and biodistribution of a formulation must be evaluated. As the NAD+-

associated PECs and CH-NAD+ formulations exhibit similar sizes and polymer functionality 

to the aforementioned formulations, cell uptake studies can be used to evaluate whether further 

investigations of the mechanism of cell uptake are warranted. Cellular internalisation of 

fluorescent-tagged nanoformulations is typically monitored via flow cytometry or fluorescence 

microscopy [551]–[555]. 

In conjunction with the IMHCE culture, ex vivo porcine corneal and scleral tissue models were 

also used to investigate the pharmacokinetic of the respective formulations upon application to 

the pre-corneal surface. The complexity and enhanced interaction between numerous cell types 

and extracellular environments within the respective tissues, and their similarities in 

morphology to those of humans, provided a more comprehensive estimation of NAD+/NAD+-

laden nanoformulation permeation and retention [556]. 

Ultimately, the research work detailed in this chapter provided a critical evaluation of the in 

vitro and ex vivo physiological behaviour of the NAD+-laden nanoformulations prepared in 

Chapters 3 and 4. Although both formed via the association of NAD+ to the respective 

polyelectrolytes during complexation, the PECs and CH-NAD+ formulations exhibit different 

physicochemical attributes, particularly with surface charge. As such, this provided an 

opportunity to compare the capabilities of the respective nanoformulations to deliver NAD+ to 

the corneal surface and intracorneal environment in a safe and effective manner. 

5.2 EXPERIMENTAL METHODOLOGY  

5.2.1 Materials  

IMHCE (P10871-IM), corneal epithelial cell basal medium (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) (HEPES) and bicarbonate buffered), corneal epithelial cell 

growth supplements, fetal bovine serum and penicillin/streptomycin solution were purchased 

from Innoprot (Bizkaia, Spain). Trypsin-EDTA (0.05%), phenol red, PNPP, and 2-(4-

amidinophenyl)-1H-indole-6-carboxamide (DAPI) were purchased from Thermo Fisher 



161 

 

 

 

Scientific (Dublin, Ireland). Fluorescein isothiocyanate (FITC) was purchased from Sigma 

Aldrich Ireland Ltd. (Wicklow, Ireland). Porcine mucin (Type II – Stomach) was purchased 

from Merck (Darmstadt, Germany).  

 

5.2.2 Mucoadhesion Analysis of PECs and Chitosan-NAD+ Complex Formulations 

5.2.2.1 Quartz Crystal Microbalance with Dissipation (QCM-D) 

The mucoadhesive capabilities of the PEC and CH-NAD+ formulations were initially analysed 

via a QCM-D methodology using a QSense analyser (Biolin Scientific AB, Sweden). Briefly, 

piezoelectric AT-cut quartz crystal sensors (fundamental frequency of 5 MHz) (QSX 301, 

Biolin Scientific, Sweden) were immersed in a 5:1:1 (v/v/v) solution of ultrapure water, 25% 

(v/v) ammonium hydroxide and 30% (v/v) hydrogen peroxide, heated to 80 °C, for 10 minutes. 

The sensors were rinsed twice with deionised water and 99% (v/v) ethanol, dried under nitrogen 

and placed into the sensor chambers. A syringe pump (Model 220, KD Scientific Inc, 

Massachusetts, United States) was set to deliver the samples through the sensor chamber at a 

flow rate of 0.11 mL/min in the order outlined in Table 5.1. 

Each reagent or formulation was analysed in duplicate at the 3rd, 5th, 7th, 9th, 11th, and 13th 

overtone. 

Table 5.1 Order of addition of each sample/media analysed via QCM-D. 

Media/Sample Concentration (% (w/v) Time (min) 

Air N/A 20 

Ultrapure Water N/A 20 

0.01 M PBS (pH 7.4) N/A 20 

Porcine Mucin (Type II Stomach) 0.0025 40 

0.01 M PBS (pH 7.4) N/A 15 

Reagent/Formulation 0.01 40 

0.01 M PBS (pH 7.4) N/A 10 

5.2.2.2 Zeta Potential Analysis  

2 mg/mL solutions of each reagent, formulation and porcine mucin were prepared in ultrapure 

water, adjusted to pH 7.4. 500 µL of each sample solution was mixed with an equal volume of 

the porcine mucin solution and incubated at 37 °C in a temperature-controlled incubator 
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(S160D, Stuart Equipment, UK) for 2 hours. The sample controls (incubated without porcine 

mucin) were mixed with 500 µL of ultrapure water prior to incubation. The mucin control was 

also pre-mixed with ultrapure water prior to incubation. Following incubation, 1 mL aliquots 

of the solutions were placed into a U-shaped folded capillary zeta cell and analysed as per 

Section 2.2.5.2. 

5.2.3 In Vitro Cell Studies 

5.2.3.1 Human Corneal Epithelial Cell Culture 

Upon thawing, an aliquot of the IMHCE cell culture, equivalent to a seeding density of 10,000 

cells/cm2, was dispensed into a NuncTM T-75 flasks containing 10 mL of ocular epithelial cell 

medium, supplemented with 5% (v/v) fetal bovine serum (FBS), 1% (v/v) of epithelial cell 

growth supplement (EpiCGS) solution and 1% (v/v) penicillin/streptomycin solution. IMHCE 

cell cultures were maintained at 37 °C in a humidified atmosphere with 5% carbon dioxide 

(CO2) in a CO2 incubator (Haier Biomedical, UK). To prevent dimethyl sulfoxide (DMSO)-

mediated cytotoxicity, the media was changed approximately 16 hours after thawing and every 

3 days thereafter. IMHCE cells were passaged upon reaching approximately 90-95% 

confluency, with at least two passages being conducted prior to seeding in well plates for 

experimental use. Cells of a passage number between 6 and 14 were used in the studies detailed 

in this chapter. This passage range was deemed suitable for use, as it was well within the 

passage range investigated by Araki-Sasaki et al. [557], who established an IMHCE model that 

continued to grow through to 100 passages (up to 400 generations). The cell line utilised was 

also immortalised with SV40 Large T antigen, thus allowing for long-term reproducibility, 

phenotypic and genotypic uniformity, and protection against stimuli-induced senescence 

during culture. 

5.2.3.2 In Vitro Cytotoxicity via Acid Phosphatase Assay 

IMHCE cells were seeded at a density of 5 × 103 cells per well into a 96-well cell culture plate. 

Technical replicates were conducted, with each concentration being analysed in triplicate (three 

wells per concentration). Once a confluency of approximately 80% was achieved (following 

24 to 48 hours of incubation), the medium was withdrawn and replaced with 100 µL of fresh 

medium supplemented with PEC or CH-NAD+ formulations containing 40-800 µM of NAD+. 
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After 24 hours, the formulations were removed and the IMHCE cultures were washed thrice 

with ice-cold 0.01 M PBS. 100 µL of 10 mM PNPP in pH 5.5 sodium acetate buffer was added 

to each well, followed by incubation for 2 hours. 50 µL of a 0.1 M NaOH stop solution was 

added to each well prior to analysis of the absorbance of each well at 405 nm using a BioTek 

Epoch® microplate reader (Agilent Technologies, Dublin, Ireland). A cytotoxic evaluation of 

both blank formulations (HA and PLL-based PECs and chitosan alone) and NAD+ alone at 

equivalent concentrations was also conducted for comparative purposes. Percentage 

cytotoxicity was calculated in accordance with Equation 5.1. Control cells, incubated with 100 

µL of fresh medium alone, were also analysed. 

(
Absorbance of Sample Well

Absorbance of Control 
)  x 100 Equation 5.1 

 

 

 

5.2.3.3 In Vitro Efficacy in an Oxidative Stress Model via Acid Phosphatase Assay 

IMHCE cells were seeded at a density of 1 x 104 cells per well and incubated until optimal 

confluency was achieved. The trials conducted to investigate the efficacy of both NAD+ and 

the PEC/CH- NAD+ formulations in attenuating hydrogen peroxide (H2O2)-induced cellular 

dysfunction, using a similar methodology to that outlined in Section 5.2.3.2, are summarised 

in Table 5.2. 

Table 5.2: Details of the in vitro efficacy studies conducted on IMHCE cells via an acid 

phosphatase assay (APA). 

Trial One 

Cytotoxic Effect of H2O2 - To investigate changes in % 

IMHCE cell viability upon incubation with H2O2 in both a 

time and concentration dependant manner. 

Concentration (H2O2) (µM) 200 400 600 800 1000 1200 

Exposure Time Concentration 

(H2O2) (h) 
2, 6, and 24 (for each concentration) 

Trial Two 

Restorative Effect of NAD+ Supplementation on H2O2-

Stressed Cells – To determine the minimum effective 

concentration of NAD+ against the maximum 
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concentration of H2O2 that induced a cytotoxic effect on 

IMHCE cells. 

Concentration (NAD+) (µM) 20 50 100 200 

Concentration (H2O2) (µM) 400, 800, and 1200 (for each concentration) 

Exposure Time (H2O2) (h) As before for each concentration of H2O2 analysed. 

NAD+ Supplementation Time (h) 2 

Trial Three: 

Effect of Supplementation Time on the Restorative Effect 

of NAD+ – To investigate if the length of time that 

IMHCE cells are incubated with NAD+ prior to the 

addition of H2O2 has an impact on its restorative 

capability. 

Concentration (NAD+) (µM) 20 200 

NAD+ Supplementation Time (h) 2, 6, 10, 17, and 24 (for each concentration) 

Concentration (H2O2) (µM) 200 

Exposure Time 

(H2O2) (h) 
2 

Trial Four: 

Restorative Effects of NAD+-Associated Formulations on 

H2O2-Stressed Cells – To compare the efficacy of the 

NAD+-associated formulations to NAD+ alone in 

restoring cell viability after H2O2 exposure. 

Concentration (NAD+ in 

Formulation) (µM) 
20 (CH-NAD+) 200 (PEC) 

NAD+ Supplementation Time (h) 10, 24, 32, and 48 (for each concentration) 

Concentration (H2O2) (µM) 200 

Exposure Time 

(H2O2) (h) 
2 

5.2.3.4 Quantification of NAD+ Cellular Uptake 

IMHCE cells were seeded at a 1 x 105 density in a 24-well cell culture plate and incubated 

overnight. The media was then replaced with 1 mL of fresh medium, supplemented with 

increasing concentrations of NAD+ within the range of 20 to 200 µM and the cells were 

incubated for a further 24 hours. 1 mL of media containing PEC/CH-NAD+ formulations, with 
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equivalent concentrations of NAD+ to those of the controls, were added to individual wells. 

The media was subsequently removed, and the cells were washed twice with ice-cold 0.01 M 

PBS. All media and well washings were retained for indirect NAD+ quantification. 500 µL of 

trypsin-EDTA (0.05%) was added to each well prior to incubation for a further 5 minutes to 

allow for detachment. Following addition of 500 µL of 0.1 M NaOH, the cells were transferred 

to 1.5 mL Eppendorf® tubes, incubated at ambient temperature for an hour and subsequently 

centrifuged at 2,800 rpm for 5 minutes. 100 uL of the lysate was withdrawn, diluted to 1 mL 

with mobile phase and analysed via RP-HPLC. 

5.2.3.5 Preparation of Fluorescent PECs and Chitosan-NAD+ Complex Formulations 

FITC-PEC and FITC-CH-NAD+ formulations were prepared using a method adapted from 

Ilka et al. [336]. Briefly, 2 mg of FITC was dissolved in ultrapure water at pH 5.5 and added 

dropwise to PEC/CH-NAD+ formulations during complexation. The resulting formulations 

were shaken at 200 rpm at 25 °C overnight, and protected from light. Centrifugation was 

conducted as outlined in Section 2.2.4 to remove free FITC before lyophilisation. 

5.2.3.6 Qualitative Analysis of Cellular Uptake via Fluorescent Microscopy 

 After seeding for 24 hours (1 x 105 density) in a 24-well cell culture plate, IMHCE cells were 

incubated with FITC-CH-NAD+ and FITC-PECs formulations, equivalent to 20 and 200 µM 

of NAD+, respectively. After 24 hours post-incubation, the cells were washed as before with 

ice-cold 0.01 M PBS, before fixation with 300 µL of 4% paraformaldehyde for 30 minutes. 

The cells were then rinsed with ice-cold 0.01 M PBS and treated with 100 µL of 0.0001% (w/v) 

DAPI for 15 minutes, followed by a final washing step. Each well was viewed using an 

Olympus fluorescence microscope (Olympus Life Sciences, Japan) in DAPI and FITC modes, 

at a set magnification of 40x, to determine the extent of internalised fluorescence.  

5.2.4 Ex Vivo Studies using Porcine Corneal and Scleral Tissues 

5.2.4.1 Tissue Dissection and Maintenance 

The porcine eyes used in this study were collected from a local abattoir (Dawn Meats 

Grannagh, Waterford, Ireland) within an hour of slaughter and stored in 0.9% (w/v) saline 

solution maintained at 4 °C. Upon delivery to the laboratory, the eyes were washed thoroughly 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fluorescence-microscope
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with 0.01 M PBS (pH 7.4) and the lids and surrounding muscle tissues were carefully removed. 

As shown in Figure 5.1, incisions were made perpendicular to the ciliary arteries along the 

limbus. The anterior and posterior sections were separated by cutting around the limbus using 

surgical scissors, leaving 3 to 5 mm of sclera attached to the corneal tissue. Lenses were 

subsequently removed and the irises were carefully peeled from the endothelial side of the 

isolated cornea using a forceps. Intact corneal tissues were then gently cleaned with, and 

immersed in, fresh aliquots of sterile 0.01 M PBS (pH 7.4). A portion of scleral tissue was 

surgically removed from the posterior explant and the choroid was carefully scraped from the 

tissues using a scalpel. The RPE was then removed from the scleral tissues using filter paper 

before immersion of the tissues into an additional aliquot of sterile 0.01 M PBS (pH 7.4). All 

ex vivo studies were conducted within 8 hours of slaughter to ensure tissue integrity. 

 

 

 

 

 

 

 

 

Figure 5.1: Diagram showing (a) the incision point (red) on the porcine cornea and (b) the 

resulting tissue segments following surgical removal. 

5.2.4.2 Quantification of NAD+ Permeation 

Isolated corneal and scleral tissues were clamped into Franz diffusion cells (average permeation 

area: 1.3 cm2), with the corneal epithelium and exterior of the sclera facing outward. The 

receptor chamber was filled with 3 mL of 0.01 M PBS (pH 7.4), followed by equilibration for 

30 minutes at 37 °C under gentle shaking at 200 rpm. 200 µL of PECs and CH-NAD+ 

(a) (b) 

Cornea 

Ciliary Artery 

Optic Nerve 

Cornea 
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formulations in 0.01 M PBS (pH 7.4), prepared with formulation masses equivalent to 15 mg 

of NAD+, was then pipetted into respective donor chambers. Both a positive (200 µL of an 

NAD+ solution) and a negative (200 µL of 0.01 M PBS (pH 7.4)) control were analysed in this 

study. At set timepoints between 5 minutes and 8 hours, 200 µL of the receptor medium was 

withdrawn and stored at 4 °C. 8 hours post-incubation, 50 µL of the donor solution was 

removed and diluted as before.  

To analyse the mass of NAD+ retained within the tissues, a sample of each tissue was removed 

using a hole punch and weighed. 1 mL of mobile phase was then added before vortexing the 

tissue samples at high speed for 5 minutes. Extraction was left to proceed for 24 hours at 

ambient temperature. 200 µL of the resulting solution was removed, filtered using 0.45 µM 

syringe filters and diluted as before. The receptor, donor and retention samples were ultimately 

analysed via RP-HPLC. 

5.2.4.3 Visualisation of Complex Permeation via Fluorescence Microscopy 

Isolated corneal and scleral tissues were clamped into prepared Franz diffusion cells as before. 

After equilibration for 30 minutes at 37 °C, 200 µL of FITC-PECs and FITC-CH-NAD+ 

formulations in 0.01 M PBS (pH 7.4), containing a mass equivalent to 15 mg of NAD+, was 

pipetted into the donor chambers. 200 µL aliquots of both a FITC control solution, equivalent 

in FITC concentration to the formulations, and 0.01 M PBS (pH 7.4) alone, were placed into 

individual diffusion cells. 6 hours post-incubation, the porcine tissues were removed, washed 

thrice with ice-cold 0.01 M PBS, and immersed in 3 mL of DAPI (0.0001% (w/v)) solution for 

5 minutes. After a final washing step with ice-cold 0.01 M PBS, the tissues were viewed using 

an Olympus fluorescence microscope at 20x magnification as outlined in Section 5.2.3.6. 

5.2.5 Statistical Analysis 

Statistical analysis was conducted as previously outlined in Sections 2.2.6, 3.2.4, and 4.2.4. 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fluorescence-microscope


168 

 

 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Mucoadhesive Capabilities of Complex Formulations 

QCM-D analysis was used to investigate the mucoadhesive capabilities of both the individual 

polyelectrolyte reagents and complex formulations via surface adsorption onto mucin-modified 

sensors. A QCM measures the mass of a quartz sensor, per unit area, by detecting the change 

in frequency. Upon application of an alternating voltage, a standing wave is generated within 

the quartz sensor due to the close alignment of its resonance frequency with that of the applied 

voltage [558]. An indirect correlation is established between the thickness, and therefore the 

mass, of the quartz sensors and their resonance oscillation frequency following sample 

deposition, as per the Sauerbrey equation shown in Equation 5.2 [559].  

∆ m =  −
𝐶 𝑥 ∆𝑓

𝑛
 Equation 5.2 

Sample deposition increases sensor thickness, thus increasing the wavelength of the standing 

wave and a detectable decrease in oscillation frequency [560]. Changes in dissipation (ΔD) can 

also provide information regarding the viscoelastic properties of the absorbed layer. When the 

alternating voltage is switched off during an oscillation cycle, energy is dissipated from the 

sensor due to the exponential dampening of the oscillation [561]. Materials with higher 

viscoelasticity do not couple well with the oscillation and cause rapid deformation of the 

oscillation with high dissipation. Conversely, rigid materials couple well with the sensor, which 

leads to a longer oscillation decay time.  

Changes in frequency (Δf) and dissipation (ΔD), indicating surface adsorption/desorption and 

changes in system viscosity, for each reagent/formulation, are presented in  

 

Table 5.3 and Supplementary Figure 1 (Appendix 1.1). Both Δf and ΔD were measured across 

a range of overtones to analyse changes in both oscillation frequency and energy due to sample 

deposition and penetration at varying depths across the adsorbed mucin layer [562]. 
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Table 5.3: Changes in Δf and ΔD recorded upon deposition of the individual reagent/ 

formulations onto the respective quartz sensors at the 5th overtone. 

Δf/ ΔD NAD+-PEC BLANK PECs HA PLL 

F5 0.73 ± 0.49 1.27 ± 4.75 8.85 ± 10.83 -1.36 ± 2.94 

D5 -1.24 ± 0.06 -0.53 ± 1.65 -4.88 ± 1.84 -0.92 ± 0.83 

Δf/ ΔD CHITOSAN 
CH-NAD+ (120 % 

(w/v)) 

CH-NAD+ (140 % 

(w/v)) 
 

F5 -27.43 ± 18.65 -21.94 ± 23.40 -4.99 ± 14.32  

D5 2.77 ± 0.58 9.17 ± 13.67 3.03 ± 3.67  

 

A reduction in Δf and spreading of overtones was observed upon deposition of the chitosan-

based formulations onto the mucin-coated sensors, particularly in the CH-NAD+ (120% (w/w)) 

formulation. Adhesion of the chitosan-based formulations to the mucin on the sensors, 

primarily via electrostatic interaction between free cationic amine groups and the anionic 

moieties of mucin, would increase the mass of the respective sensors, thus leading to a 

concurrent reduction in oscillation frequency. However, the increase in Δf following rinsing of 

the quartz sensors with 0.01 M PBS (pH 7.4) (Appendix 1.1 – (e), (f), (g)), indicating a negative 

shift in sensor mass, suggested that the adsorption of the respective reagents/formulations was 

reversible. Slight, positive shifts in ΔD within the chitosan-based samples were observed, 

indicating that the viscosity of the system had increased as a result of chitosan adsorption. 

Negligible changes in Δf were observed upon the addition of HA and the PEC formulations to 

the quartz sensor, thus indicating that minimal adsorption to the mucin layer occurred. A slight 

negative shift in Δf was observed for PLL alone (-1.36 ± 2.94 – F5). However, although not 

statistically significant (p = 0.190 > 0.05), this shift in frequency was smaller in comparison to 

that of chitosan (-27.43 ± 18.65 – F5), potentially attributed to the enhanced electrostatic 

interaction of chitosan with mucin due to its higher charge density. However, slight reductions 

in ΔD were recorded for HA (-4.88 ± 1.84 – F5), blank PECs (-0.53 ± 1.7 – F5) and NAD+-

associated PECs (-1.24 ± 0.06 – F5), thus suggesting that a conformational change had occurred 

due to association of HA with the mucin layer, increasing its rigidity. At a similar overtone, 

Sladek et al. [465] also reported a small, yet negative change in ΔD and no notable changes in 
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Δf following the deposition of anionic, HA and chitosan-based PECs onto a layer of porcine 

mucin (Type III). Cationic, chitosan-based PECs evoked a sharp increase in ΔD and a 

corresponding decrease in Δf. Oh et al. [563] also observed a decrease in ΔD following HA 

adsorption onto native porcine gastric mucin, attributed to conformational changes within the 

mucin layer followed by mutual electrostatic repulsion between the carboxyl and sulfate groups 

of mucin and the residual carboxylate anions of HA and the PECs with HA present in excess. 

The slight reduction in Δf observed following the final rinse with 0.01 M PBS after HA 

(Supplementary Figure 1 (a)) and NAD+-associated PEC (Supplementary Figure 1 (d)) may 

be due to water adsorption by residual HA chains present on the PEC surface. The expected 

interactions of the respective polyelectrolytes and formulations with mucin via electrostatic 

bond formation, mutual repulsion, and intermolecular bonding, are supported by the changes 

in both Δf and ΔD. To conduct a more complete evaluation of the mucoadhesive capabilities 

of the formulations, the ZP of the formulations upon incubation with porcine mucin was also 

analysed. 

 

The changes in ZP values obtained upon incubation of the reagents/formulations with porcine 

mucin, as depicted in Figure 5.2, support the trends observed during QCM-D analysis. 

Significant, positive shifts in ZP was observed upon incubation of HA (-36.9 ± 11.1 mV to -

23.5 ± 2.2 mV) and NAD+-associated PECs (-33.5 ± 1.3 mV to -17.4 ± 1.3 mV) with mucin. 

These values were also statistically lower in comparison to that of mucin alone. Despite its 

anionic nature, HA may exhibit some degree of mucoadhesion due to a combination of 

attractive electrostatic interactions between residual HA carboxylate anions and the cationic 

amino groups of the zwitterionic backbones of corneal-bound mucin, hydrophobic interactions 

and van der Waals forces. As observed by both Graca et al. [564] and Landucci et al. [565], a 

positive shift in ZP that retains a value that is more negative than mucin alone is indicative of 

mutual interaction between mucin and HA. In a similar study conducted by Mangiacotte et al. 

[566] with anionic poly(2-hydroxyethyl) methacrylate and 3-(acrylamido)phenylboronic acid 

nanoparticles, samples that were more negative than the mucin control were deemed to exhibit 

mucoadhesive capability due to enhanced interaction. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mucoadhesion
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/van-der-waals-force
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Regarding the cationic formulations and respective reagents, reductions in ZP values were 

observed in the presence of mucin, potentially attributed to the neutralisation of the anionic 

mucin moieties with the cationic polyelectrolyte functional groups. However, the ZP values of 

the formulations were statistically equivalent to those of the respective controls 

(reagents/formulations dispersed in ultrapure water pH 7.4 alone).  

 

Figure 5.2: Changes in ZP observed upon incubation of the individual reagents, PECs, and 

chitosan-NAD+ formulations with porcine mucin (Type II) for 2 hours at 37°C. (Dark blue – 

without mucin, light blue – with mucin). Data is expressed as mean zeta potential ± S.D. (n = 

3). (Green * - statistically different from mucin alone). 

Ultimately, both the PEC and chitosan-based formulations exhibited some degree of 

mucoadhesive capabilities, with the chitosan-based formulations exhibiting greater affinity for 

mucin binding due to favourable electrostatic interaction. As such, both formulations may 
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exhibit extended pre-corneal retention times upon administration, thus increasing the 

likelihood of enhanced NAD+ permeation and increased bioavailability. 

5.3.2 Cytotoxic Assessment of NAD+ on Corneal Epithelial Cells 

A cytotoxic evaluation of both NAD+ alone and the NAD+-laden complex formulations was 

conducted to determine the maximal concentration of NAD+ that can be administered without 

eliciting a cytotoxic response. In line with EN ISO 10933-5:2009, a formulation exhibiting a 

cell viability of above 80% is considered non- cytotoxic. Percentage cell viabilities ranging 

from 60% to 80% indicate a weak cytotoxic response whereas a reduction in cell viability by 

40% or more is considered highly cytotoxic [567], [568]. The concentration-dependant decline 

in cell viability following incubation of IMHCE cells with NAD+/NAD+-laden complexes is 

depicted in Figure 5.3. 

 

Figure 5.3: Cell viabilities of IMHCE cells with each NAD+ concentration/NAD+ complex 

for 24 hours at 37°C under 5% CO2. (Dark blue – NAD+ control, yellow – blank PECs, orange 

– blank CH-NAD+ (120% (w/w)), grey – blank CH-NAD+ (140% (w/w)), green – NAD+-

associated PECs, red – CH-NAD+ (120% (w/w)), purple – CH-NAD+ (140% (w/w)). Data is 
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expressed as mean % cell viability ± S.D (n = 3). (* = statistically significant difference 

between cell viability of the sample and that of the control (100 ± 3.7%) at a 5% confidence 

interval). (The cell viability categories are shown on the graph). 

A significant decrease in viability in comparison to the control was observed for both the CH-

NAD+ (120% (w/w)) (71.7 ± 6.6% - p = 0.003 < 0.05) and CH-NAD+ (140% (w/w)) (69.0 ± 

6.5% - p = 0.004 < 0.05) at the lowest concentration of NAD+ analysed. No significant 

difference was found between the viability of the blank chitosan-based complexes and that of 

the control, thus indicating that the cytotoxic response observed was not due to chitosan alone. 

It was expected that chitosan may elicit a cytotoxic response, particularly at high 

concentrations, due to the binding of the cationic amine groups to the cell membranes. 

However, due to the electrostatic binding of NAD+ to the available amine groups during 

complexation, this would not explain the decrease in cell viability. The cytotoxic potential of 

crosslinked chitosan-based nanoformulations has been critically evaluated by Zoe et al. [569]. 

Although numerous in vitro and in vivo disease models, including cancer cell lines, 

hypercholesterolemic plasma, and zebrafish embryonic models, were summarised in this 

review, the vast majority of the studies highlighted observed a dose-dependent increase in 

cytotoxicity upon incubation with chitosan-based formulations. Zebrafish embryos exhibited 

an increase in mortality rate of over 80% after incubation with 40 mg/L chitosan and TPP 

nanoparticles (200 nm) upon comparison with those incubated with 5 mg/mL of the same 

formulation [570]. Incubation with 340 nm nanoparticles evoked a smaller cytotoxic response 

(approximately 15% mortality rate), thus highlighting that particle size is also a governing 

factor of the cytotoxic response. Increased cellular apoptosis, as evidenced by an increase in 

acridine orange dye uptake (higher degree of green fluorescence) was also observed after 96 

hours of incubation of the zebrafish larvae with 20 mg/mL chitosan and TPP nanoparticles. 

Although not statistically significant, a decrease in corneal stromal fibroblast cell viability from 

above 95% to 82% was observed by Radwan et al. [571] for chitosan-decorated bovine serum 

albumin nanoparticles, with the same sample exhibiting enhanced in vitro cell uptake (14,000 

relative fluorescent units) in comparison to the uncoated formulation (8,000 relative fluorescent 

units). Furthermore, a study conducted by Jesus et al. [572] demonstrated that the self-assembly 

of chitosan via TPP-mediated ionotropic gelation resulted in decreased cell viability in 
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comparison to an equivalent concentration of chitosan in a RAW 264.7 cell line. A more 

prominent decrease in cell viability was also observed when the degree of chitosan 

deacetylation decreased from 93 to 80%, primarily attributed to the concurrent reduction in 

particle size. The decline in cell viability observed in our study may be attributed to enhanced 

intracellular nanoparticle permeation in comparison to the individual chitosan chains. 

Nevertheless, a weak cytotoxic response was observed for both of the CH-NAD+ formulations 

containing 40 µM of NAD+ and therefore, CH-NAD+ formulations containing a lower 

concentration of NAD+ (20 µM) were analysed in further in vitro safety and efficacy studies. 

The viability of IMHCE cells incubated with NAD+-associated PECs containing up to 200 µM 

of NAD+ was statistically equivalent to that of the control and therefore did not elicit a 

cytotoxic response. Despite attaining suitable cell viability upon incubation with 400 µM of 

NAD+ alone, high variability of viability in cells incubated with PECs containing 400 µM of 

NAD+ was observed. This was not observed in cell samples incubated with lower 

concentrations of NAD+-associated PECs. This, combined with the significant decline in 

viability in cells incubated with PECs alone (100.0 ± 3.7% - control vs. 82.0 ± 3.2% - PECs 

alone, p = 0.003 ≪ 0.05), suggests that the PEC components themselves elicit a cytotoxic 

response at higher concentrations from 400 µM onwards (600 µM – 76.5 ± 5.2%, 800 µM - 

65.8 ± 1.4%). This was further corroborated by a significant decline in viability with NAD+-

associated PECs containing 600 (68.4 ± 6.0%) and 800 µM of NAD+ (51.0 ± 2.9%). The 

cationic charge of PLL may be causing a cytotoxic effect due to enhanced electrostatic 

interaction with the anionic phospholipid bilayers of cell membranes, with the likelihood of 

electrostatic bond formation increasing with an increase in concentration. Both Mohamed et 

al. [573] and Fan et al. [574] observed a PLL concentration-mediated decline in normal human 

keratinocytes and human corneal epithelial cells, respectively, upon incubation with PLL-

modified polymeric nanoparticles. Kennedy et al. [575] also demonstrated the amoebicidal 

effect of PLL against trophozoites associated with acanthamoeba keratitis in a concentration-

dependent manner. An increase in PLL-hydrogel concentration from 0.2 to 2.2 mM led to an 

almost 40% increase in trophozoite death. Incubation with NAD+ alone at concentrations of 

600 and 800 µM also led to a reduction in cell viability to 57.8 ± 15.3% and 57.1 ± 5.8%, 

respectively, presumably attributed to the accumulation of potentially toxic metabolites from 
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increased NAD+ consumption [134]. Also, as discussed in Section 1.2.2.2, an increase in 

NAD+ concentration could also lead to increased competitive inhibition of NAD+-consuming 

enzymes due to hyperexpression, thus hindering enzymatic activity that is responsible for 

maintaining cellular homeostasis. Both Zhu et al. [140] and Zhou et al. [576] also observed a 

decrease in ARPE-19 and lens epithelial cells with an increase in NAD+ and nicotinamide 

riboside (NR) concentration from 0 to 1 mM, and 0 to 10 mM, respectively.  

5.3.3 Analysis of Protective Effects of NAD+ in Response to Oxidative Stress 

Firstly, the cytotoxic potential of H2O2 on IMHCE cells was confirmed via exposure of IMHCE 

cells to increasing concentrations of H2O2 over time. As shown in Figure 5.4 (a), cell viability 

declined in both a time- and concentration-dependent manner, with cell viability dropping to 

below 50% after just 2 hours upon exposure to NAD+ concentrations of 400 µM of H2O2 and 

above.  

IMHCE cells were subsequently incubated for 2 hours with increasing concentrations of NAD+ 

before the addition of between 400 to 1200 µM of H2O2 for 24 hours to determine if NAD+ 

could effectively preserve cell viability. No significant difference was found between the 

viabilities of the 800 and 1200 µM H2O2-treated cells and those treated with an equivalent 

concentration of H2O2 and each concentration of NAD+ at any of the timepoints analysed. 

However, treatment with 20 to 200 µM of NAD+ after exposure to 400 µM of H2O2 resulted 

in a statistically higher cell viability (20 µM – 16.2 ± 0.5% (p =0.000), 200 µM - 20.6 ± 1.8% 

(p = 0.005)) in comparison to that of the positive control (14.0 ± 0.4%) (Figure 5.4 (b)). Nguyen 

et al. [577] observed a similar trend upon incubation of ARPE-19 cells with a TPP and niacin-

based polyelectrolyte complex, in which pre-supplementation for 2 hours with increasing 

niacin concentration protected against the deleterious effects caused by 300 µM of H2O2. 

However, despite this seemingly positive increase in IMHCE viability with NAD+ addition in 

our study, over 75% of the cells were non-viable upon exposure to 400 µM of H2O2, indicating 

a severely cytotoxic response. Basal intracellular H2O2 concentration typically ranges from 1 

to 100 nM, with the induction of biomolecule damage and oxidative distress occurring at 

concentrations above 100 nM [578], [579]. However, as detailed by Ransy et al. [580], H2O2 

concentrations between 100 and 500 µM are typically required to observe oxidative damage in 
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an H2O2-stressed cell model, primarily due to the loss of H2O2 via conversion to molecular 

oxygen, which is subsequently utilised in the synthesis of both ATP and superoxide radicals. 

With this in mind, and with the assumption that these NAD+-associated formulations be used 

as a supplementary treatment before the accumulation of supraphysiological oxidant 

concentrations, an H2O2 concentration of 200 µM was selected for investigation of treatment 

supplementation time. 

 

 

Figure 5.4: Percentage cell viabilities upon incubation of IMHCE cells with varying 

concentrations of H2O2 (200 to 1200 µM) (a) and H2O2 concentrations of 400, 800, and 1200 

(a) 

(b) 
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µM + NAD+ concentrations of 20 µM to 200 µM for 24 hours (b). * - significant difference 

between a sample and an H2O2-treated sample.  

Pre-supplementation of IMHCE cells with 20 and 200 µM of NAD+ for 17 and 24 hours, prior 

to 24-hour exposure to 200 µM of H2O2, significantly attenuated oxidative stress-mediated 

damage (17 hours - 20 µM – p = 0.022 and 200 µM – p = 0.074 and 24 hours - 20 µM – p = 

0.020 and 200 µM – p = 0.012), as highlighted in Figure 5.5.  

 

 

Figure 5.5: Percentage cell viabilities upon incubation of IMHCE cells with 20 µM and 200 

µM NAD+/NAD+-associated formulations over set supplementation times before exposure to 

200 µM of H2O2 for 24 hours. * - significant difference between a sample and H2O2-treated 

sample, □ - significant difference between NAD+ alone and NAD+-associated formulation, * 

(with bridge) - significant difference between supplementation timepoint. (Data is expressed 

as mean % cell viability ± S.D (n = 3).  

Furthermore, the cell viabilities were statistically equivalent to that of the negative control cells 

(100.0 ± 6.1%), suggesting that NAD+ could restore cellular function to basal conditions even 

after exposure to H2O2. Cell morphology was also largely retained within NAD+-incubated cell 

samples in comparison to that of the negative control, as per the microscopic observations 
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presented in Figure 5.6. Conversely, floating dead cells were observed in the positive control 

sample, as evidenced by the detachment of cells during observation. 

 

 

 

Figure 5.6: Morphology of IMHCE cells incubated with culture media (a), 20 µM NAD+ (b), 

200 µM NAD+ (c), and 200 µM H2O2 (d). (Magnification – 20x). 

The PECs loaded with 200 µM of NAD+ exhibited statistically equivalent efficacy (79.8 ± 

0.7%) to that of NAD+ alone (93.1 ± 6.5%). Similarly, the viabilities of cells incubated with 

the CH-NAD+ (120% and 140% (w/w)) formulations containing 20 µM of NAD+ (85.7 ± 6.3% 

(p = 0.507) and 77.4 ± 6.8% (p = 0.081), respectively) were statistically equivalent to those 

obtained from 20 µM of NAD+ alone (89.3 ± 5.8%). Furthermore, the viabilities of IMHCE 

cells incubated with blank formulations of equivalent concentration were statistically lower 

than that of the NAD+-associated formulations. (blank PEC – 60.8 ± 3.2% (p = 0.004), blank 

CH-NAD+ (120% (w/w)) – 53.5 ± 7.8% (p = 0.005), and blank CH-NAD+ (140% (w/w)) – 

35.3 ± 4.8% (p = 0.001)). This suggests that the formulations themselves did not invoke a 

therapeutic response and that association of NAD+ with polyelectrolyte-based formulations 

does not impact its ability to protect corneal cells against H2O2-mediated damage. Also, the 

(a) (b) 

(c) (d) 
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sustained release of NAD+ from the formulations may protect its stability in vivo and prevent 

premature NAD+ clearance from the ocular surface. 

The cell viabilities calculated at the 10-hour supplementation timepoint suggested that the 

NAD+-associated formulations may have evoked a more significant therapeutic response in 

comparison to NAD+ alone. 59.3 ± 7.0% of the available IMHCE cells were metabolically 

active after 10 hours of pre-supplementation with the CH-NAD+ (120% (w/w)), whereas 29.0 

± 14.3% of the available cell population remained metabolically active when pre-supplemented 

with 20 µM of NAD+ alone. Similarly, incubation with PECs containing 200 µM of NAD+ 

(52.4 ± 2.7%) led to a significant increase in cell viability in comparison to an equivalent 

concentration of NAD+ alone (37.5 ± 3.8%) ( p = 0.005). In comparison to that of the positive 

control, all of the formulations produced a higher percentage cell viability at 10 hours (PEC - 

p = 0.001, CH-NAD+ (120% (w/w)) – p = 0.002, and CH-NAD+ (140% (w/w)) – p = 0.02). 

This suggests that the delivery of NAD+ via nanoparticle supplementation may require a 

shorter supplementation time to illicit a therapeutic response in comparison to NAD+ alone, 

potentially attributed to enhanced intracellular permeation via polyelectrolyte bioactivity and 

protection due to NAD+ association to a polymeric network.  

Lastly, to determine whether association with the polyelectrolyte formulations could prolong 

the efficacy of NAD+ in comparison to NAD+ alone, IMHCE cells were supplemented with 

the NAD+-associated PECs for 48 hours before oxidative stress induction. Although no outliers 

were detected upon conducting statistical outlier tests (PECs – p = 0.121, CH-NAD+ (120% 

(w/v)) – p = 0.652, and CH-NAD+ (140% (w/v)) – p = 0.196), high variabilities in cell viability 

were detected in each sample well at the 32-hour timepoint. As high variability is indicative of 

cell culture non-uniformity, which may introduce bias upon treatment of the cells with the 

respective NAD+-laden nanoformulations, results taken at the 32-hour timepoint were not 

considered. 

However, a significant increase in cell viability was observed with an increase in 

supplementation time from 24 (79.8 ± 0.7%) to 48 (93.2 ± 0.6%) hours in the PEC-treated 

IMHCE sample (p = 0.003). Also, conversely to what was observed at the 24-hour 

supplementation timepoint, no significant difference was found between the viability of the 
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PEC-treated IMHCE cells and that of the negative control at 48 hours (p = 0.416). Equivalent 

efficacy was observed with the CH-NAD+-based formulations, both between 24 and 48 hours, 

and with the negative controls at each timepoint. Particularly with the PEC, this may be 

attributed to the sustained release of NAD+ from the formulation under in vivo conditions, thus 

prolonging the therapeutic activity of NAD+ over a longer period of time prior to the onset of 

oxidative stress. Ultimately, this study provides an initial indication of the antioxidant 

capabilities of NAD+, both alone and in association with a polyelectrolyte-based 

nanoformulation and highlights its strong potential to improve ocular health as a supplementary 

treatment.  

5.3.4 Complex Formulation Permeation via Fluorescence Microscopy 

Corneal distribution of both the FITC-CH-NAD+ and FITC-PECs was assessed using both the 

IMHCE cell line and an ex vivo porcine cornea model. Without histological preparation, 

fluorescence within the isolated scleral tissues could not be accurately identified due to the 

thickness of the tissue itself. The inverted microscopy images taken for each formulation at 20x 

magnification are presented in Figure 5.7. 
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Figure 5.7: Fluorescent microscopy images of FITC-PECs (0.1% (w/v) FITC) (a), FITC-CH-

NAD+ (120% (w/w)) (b), FITC-CH-NAD+ (140% (w/w)) (c), a 0.1% (w/v) FITC solution (d), 

and negative control (incubation with 0.01 M PBS (pH 7.4)) (e), taken after incubation of 

porcine corneal tissues at 37 °C for 6 hours. (20 x magnification with scale – 50 µm) 

(Representative images of n = 3). 

The positive (Figure 5.7 (d)) and negative (Figure 5.7 (e)) control fluorescent images were 

equivalent. Therefore, any FITC fluorescence observed in the formulations was attributed to 

that associated with the formulations and not free FITC. Free FITC did not permeate through 

the corneal tissues and was effectively removed during the rinsing step with ice-cold 0.01 M 

PBS. Both the FITC-CH-NAD+ formulations and FITC-PECs were visible within the porcine 

apical epithelium layer 6 hours post-incubation at 37 °C, with the former exhibiting a higher 

fluorescent intensity. Its enhanced retention in comparison to the PECs may be attributed to the 

superior mucoadhesive capabilities of chitosan due to electrostatic bond-mediated association 

with corneal mucosa and apical epithelial tight junction disruption.  

(d) 

(a) (b) (c) 

(e) 

FITC-PECs FITC-CH-NAD+  

(120% (w/w)) 

FITC-CH-NAD+  

(140% (w/w)) 

+ CONTROL - CONTROL 
FITC – Green 

DAPI - Blue 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/fluorescein-isothiocyanate
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Although formulation retention was visible on the porcine cornea (FITC fluorescence 

following ex vivo permeation), internalisation of the FITC-based formulations at a cellular level 

was difficult to observe due to the presence of a multilayered network of cells and extracellular 

matrices within the tissue. In the absence of histological preparation, the extent of FITC-based 

formulation internalisation within a monolayer of cells was investigated using a monolayer of 

IMHCE cells. As depicted in Figure 5.8, FITC fluorescence was also visible within IMHCE 

cells after 24 hours of incubation, thus suggesting that the formulations were successfully 

internalised. This further supports the trends observed upon analysis of the protective effects 

of the formulations against H2O2-mediated dysfunction in IMHCE cells, in which high cell 

viability was attained following pre-supplementation of cells with formulations for 24 hours 

before stress induction. NAD+-mediated cell preservation at this timepoint may be due to 

maximal uptake of the formulations.  

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Fluorescent microscopy images of FITC-PECs (a), FITC-CH-NAD+ (120% 

(w/w)) (b), FITC-CH-NAD+ (140% (w/w)) (c), and FITC solution of equivalent concentration 

(a) (b) 

(c) (d) 

FITC-PECs 

FITC-CH-NAD+  

(120% (w/w)) 

FITC-CH-NAD+  

(140% (w/w)) 
+ CONTROL 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/fluorescein-isothiocyanate
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to that of the formulations (d) taken after incubation of IMHCE cells at 37 °C for 24 hours. (40 

x magnification with scale – 20 µm – SAMPLES, 20 x magnification with scale – 50 µm -

CONTROL ) (Representative images of n = 3). 

Conversely to what was observed in the ex vivo tissue model, the intensity of FITC fluorescence 

is higher in cell samples incubated with FITC-PEC in comparison to those incubated with the 

FITC-CH-NAD+ formulations. This may be attributed to the size of the FITC-PECs in 

comparison to that of the FITC-CH-NAD+ formulation, which may experience hindered 

intracellular internalisation via size-mediated hindrance. Aside from the components of the cell 

culture media themselves, exhibiting an approximate size of 17.2 nm, PECs in cell culture 

media exhibited a mean hydrodynamic diameter of 22.2 ± 1.8 nm, with 51.1% of the size 

distribution exhibiting a size of 90.5 nm. Conversely, although a larger percentage of the size 

distribution was within the 80 to 200 nm range (CH-NAD+ (120% (w/w) – 83.2% at 155.4 nm 

and CH-NAD+ (140% (w/w) – 78.3% at 149.6 nm)), hydrodynamic diameters of 2341.0 ± 

372.4 nm and 2171.0 ± 261.8 nm were observed for the respective formulations.  

This study provided preliminary evidence to support the idea that both formulations were 

effectively retained on the corneal surface and exhibited uptake into an in vitro human epithelial 

cell line, thus further highlighting their suitability for NAD+ delivery to the ocular surface. 

Such results provide justification for further studies to investigate the pharmacodynamics of 

epithelial retention and cell uptake via analysis of receptor-mediated endocytosis and 

immunofluorescent staining of tight junction complex disruption. There is also scope to revisit 

the cell uptake of the NAD+-associated PECs to determine the progression of IMHCE cell 

internalisation as a function of time. 

5.3.5 Quantification of NAD+ Cellular Uptake 

Preliminary quantification of NAD+ internalisation, both alone and in association with the 

respective formulations, was conducted to determine if the formulations could deliver an 

equivalent, or larger concentration, of NAD+ to the intracellular environment. PEC 

formulations containing between 100 to 200 µM of NAD+, and CH-NAD+ formulations 

equivalent to 20 µM of NAD+, were analysed to directly match concentrations that exhibited 

efficacy in attenuating H2O2 cell damage whilst maintaining a sufficient percentage cell 
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viability. Control cells incubated with media alone were treated and lysed in a similar fashion 

to those treated with formulations. As depicted in Figure 5.9, a peak representing the elution of 

NAD+ at approximately 4 minutes was not detected in the chromatograms of the control cell 

lysates. Therefore, it was conclusive that the NAD+ quantified in the formulation-treated cell 

lysates was due to the NAD+ in the formulations alone during treatment and not from the 

presence of endogenously produced NAD+.  

 

 

 

 

 

Figure 5.9: Representative HPLC chromatogram of cell lysate isolated from control IMHCE 

cells incubated with corneal epithelial culture medium alone for 24 hours. The peak 

representing typical NAD+ elution, as shown in the insert, is not present. 

 

As shown in Table 5.4, upon lysis of the IMHCE cells, the intracellular concentration of NAD+ 

was higher in cells incubated with the NAD+-associated PECs at each theoretical loading 

concentration in comparison to those incubated with NAD+ of equivalent concentration, 

particularly in the 200 µM sample (NAD+ associated PECs - 27.99 ± 2.82 µM, NAD+ alone -

11.38 ± 5.81 µM). The PECs were capable of delivering an effective therapeutic dose (> 20 

µM), as determined by the in vitro efficacy study detailed in Section 5.3.3, to the intracellular 

environment over 24 hours, further supporting that this timeframe is suitable for effective 

corneal cell supplementation. 
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Table 5.4: Quantification of both NAD+ internalisation in IMHCE cells and retention in cell 

culture media following 24-hour incubation. Data is expressed as mean ± S.D (n = 3). (LOD – 

4.76 µM). 

Sample 

Conc. Of 

NAD+ 

Remaining in 

Culture 

Media (µM) 

% of 

Administered 

NAD+ 

Conc. Of 

NAD+ 

Internalised 

(µM) 

% of 

Administered 

NAD+ 

NAD+ (20 µM) 8.48 ± 1.83 42.41 ± 9.15 BELOW LOD  N/A 

NAD+ (100 µM) 22.08 ± 1.68 22.08 ± 1.68 34.10 ± 1.68 34.10 ± 1.68 

NAD+ (150 µM) 22.07 ± 3.02 14.71 ± 2.01 20.46 ± 11.73 13.65 ±7.82 

NAD+ (200 µM) 18.24 ± 1.49 9.12 ± 0.74 11.38 ± 5.81 6.35 ± 2.90 

NAD+ -PECs (100 µM) 17.54 ± 0.30 17.54 ± 0.30 28.77 ± 1.82 28.77 ± 1.82 

NAD+ -PECs (150 µM) 18.87 ± 1.04 12.58 ± 0.69 30.79 ± 0.10 20.53 ± 0.07 

NAD+ -PECs (200 µM) 19.07 ± 1.21 9.54 ± 0.61 27.99 ± 2.82 13.24 ± 1.41 

CH-NAD+ (120% (w/w)) 

(20 µM) 
21.17 ± 2.38 105.85 ± 11.90 BELOW LOD  N/A 

CH-NAD+ (140% (w/w)) 

(20 µM) 
9.45 ± 0.59 47.24 ± 2.94 BELOW LOD  N/A 

 

Conversely, the concentration of NAD+ within the cells incubated with 20 µM of CH-NAD+ 

formulations was below the LOD and could not be accurately quantified. Also, although the 

only difference between the two CH-NAD+ formulations is the NAD+ loading during 

formulation, the formulations exhibited highly varied behaviour during cell uptake. None of 

the loaded concentrations of NAD+ were internalised in the CH-NAD+ (120% (w/w))-treated 

sample, with 105.9 ± 11.9% of the 20 µM of NAD+ remaining within the culture media. This 

supports observations made during the analysis of CH-NAD+ cell uptake via fluorescence 

microscopy, in which CH-NAD+ uptake was hindered in comparison to that of the PECs. 

Conversely, only 47.2 ± 2.9% of the 20 µM of NAD+ remained in the media in the CH-NAD+ 

(140% (w/w))-treated sample.  

 

Despite the successful uptake of therapeutically relevant NAD+ concentrations, particularly in 

the PEC samples, a large percentage (> 50%) of the loaded NAD+ concentration was 

unaccounted for in each sample analysed. No NAD+ was detected within the washings 

withdrawn after rinsing the IMHCE cells with 0.01 M PBS. The presence of secondary peaks, 
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as shown in the representative HPLC chromatogram in Figure 5.10, suggests that intracellular 

NAD+ enzymatic degradation into its respective by-products, nicotinamide and ADP-ribose, 

could be occurring, thus resulting in an overall reduction in NAD+ concentration. Similarly, 

the generation of peaks at 340 nm may be the result of NAD+ reduction into NADH [581]. This 

enzymatic degradation of NAD+ could be investigated further by using HPLC coupled with 

mass spectroscopy to determine the structural composition of the eluted analytes in comparison 

to the mass spectra of reference standards of known NAD+ by-products. However, this was 

outside of the initial scope of the research project and due to time constraints, will be the focus 

of future investigations. Similarly, analysis of the cell lysates using a diode array detector could 

provide an indication of spectral homogeneity across the eluted peaks, which can be compared 

with that of the reference standards. 

 

 

Figure 5.10: Representative HPLC chromatogram of cell lysate isolated from IMHCE cells 

incubated with CH-NAD+ (140% (w/w)) for 24 hours. The NAD+ peak at 260 nm is not 

present (4 minutes). 

5.3.6 Corneal vs. Scleral Permeation of Complex Formulations 

An estimation of NAD+ absorption and intraocular bioavailability was obtained using an ex 

vivo porcine tissue model [582]. As highlighted in Figure 5.11, NAD+ permeation through 

isolated corneal tissue, both alone and in association with the PEC formulations could be 

successfully quantified after 6 hours (NAD+ - 146.1 ± 103.8 µg/cm2, PEC – 66.7 ± 17.8 
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µg/cm2). However, NAD+ could not be quantified within the receptor chambers of porcine 

corneas treated with the CH-NAD+ (120 and 140% (w/w)) formulations. This further supports 

the hypothesis that transcorneal absorption of the chitosan-based formulations is hindered by 

comparison with the PECs, as evidenced by the decrease in intracellular fluorescence (Section 

5.3.4) and intracellular NAD+ concentrations below the LOD (Section 5.3.5).  

Due to its greater affinity towards the permeation of hydrophilic compounds, the permeation 

of NAD+ through porcine scleral tissue was also obtained. Recent studies have also conducted 

ex vivo permeability analysis for nanoparticles exhibiting high degrees of hydrophilicity and 

formulations intended for targeted posterior segment delivery [583], [584]. Furthermore, 

regarding the PECs, it was hypothesised that NAD+ permeation through the sclera may be 

greater than that of the cornea due to similar physicochemical attributes of residual HA on the 

PEC surface and the anionic scleral network of hydrophilic collagen fibrils. 

 

 

 

 

 

 

 

 

Figure 5.11: Cumulative mass of NAD+ permeated from NAD+ alone and NAD+-associated 

PECs per cm2 of excised porcine corneal and scleral tissue isolates. Data is expressed as mean 

± S.D (n = 3).  
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In both tissue samples, the mass of NAD+ permeated per cm2 of tissue was higher for NAD+ 

alone in comparison to that of the NAD+-associated PECs. This could be attributed to the more 

sustained release of NAD+ from the PECs in comparison to NAD+ alone, thus decreasing its 

rate of permeation through the isolated tissues. Although each tissue was visually examined 

prior to and after analysis to ensure tissue integrity, there may have been a small tear in one of 

the scleral tissues utilised for the NAD+ control, thus resulting in the calculation of a large 

degree of error.  

The lower flux value obtained from the corneal and scleral tissues from the NAD+-associated 

PECs (13.2 ± 8.0 µg/cm2/h (cornea) and 108.6 ± 10.7 µg/cm2/h (sclera)) in comparison to the 

NAD+ control (37.3 ± 33.5 µg/cm2/h (cornea) and 122.2 ± 122.8 µg/cm2/h (sclera)), may also 

be attributed to the retention of the PECs on the apical corneal surface, as highlighted in the 

fluorescent microscopy study. Fathalla et al. [585] observed a similar trend upon analysis of the 

permeation of ketorolac tromethamine-laden chitosan and alginate complex microparticles 

using ex vivo bovine corneal tissues. Due to its lipophilicity, ketorolac tromethamine exhibited 

increased corneal permeation in comparison to the results obtained for NAD+, equating to a 

flux of 119.6 ± 1.0 µg/cm2/h. However, upon association to the complexes, corneal flux 

decreased to 91.4 ± 2.1 µg/cm2/h (chitosan – 0.1% (w/v), alginate – 0.05% (w/v)) and 79.1 ± 

1.2 µg/cm2/h (chitosan – 0.15% (w/v), alginate – 0.1% (w/v), attributed to enhanced precorneal 

retention and mucoadhesion to the corneal surface via formulation-mediated bonding that 

increased with an increase in polyelectrolyte concentration. The hindered diffusion of NAD+ 

through the residual HA chains on the surface of the PECs upon application to the porcine 

cornea may have also limited the number of NAD+ molecules available for permeation. This 

trend was also observed by Tighsazzadeh et al. [586], in which the crosslinking of timolol 

maleate with HA resulted in a reduction in permeation flux through a porcine cornea from 

1045.1 ± 0.2 µg/cm2/h to 549.0 ± 0.3 µg/cm2/h. Whilst analysing the ex vivo scleral and corneal 

permeability of meloxicam, Mohamed et al. [587] also observed a decrease in permeation flux 

through both tissues resulting from the electrostatic association of meloxicam with chitosan in 

comparison to meloxicam alone. Due to its lipophilicity, meloxicam demonstrated a higher 

degree of flux through the corneal tissue in comparison to the scleral tissue. 
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Cumulative NAD+ permeation from the PEC formulation through scleral tissue (495.7 ± 47.0 

µg/cm2) was also significantly higher (p = 0.000) in comparison to that through corneal tissue 

(66.7 ± 17.8 µg/cm2). This suggests that the opposing physicochemical attributes of the NAD+-

associated PECs and the multilayers of the cornea are the rate-limiting factors of NAD+ corneal 

permeation [588]. The large decrease in permeation flux for the PECs (cornea - 13.2 ± 8.0 

µg/cm2/h vs. sclera - 108.6 ± 10.7 µg/cm2/h (p = 0.000)) and apparent permeability coefficient 

(cornea - 2.5 x 10-7 ± 1.5 x 10-7 cm/sec vs. sclera – 2.0 x 10-6 ± 2.0 x 10-7 cm/sec (p = 0.000)), 

confirm the restrictive nature of the cornea in comparison to the sclera. The CH-NAD+ 

formulations also exhibited a degree of transscleral permeation, with the CH-NAD+ (120% 

(w/w)) and CH-NAD+ (140% (w/w)) generating a flux of 67.2 ± 46.1 and 48.2 ± 22.1 µg/cm2/h, 

respectively.  

A large percentage of the theoretical mass of NAD+ within the donor chamber of the Franz 

diffusion cell remained unaccounted for. The mass of NAD+ remaining within the donor 

chamber, and that retained within the tissue isolate, are shown in conjunction with the mass of 

NAD+ permeated in Table 5.5. Similar to what was observed during the in vitro cell uptake 

studies, this could be attributed to the metabolism of NAD+ during transcorneal and 

transscleral permeation. 

Table 5.5: Mass balance analysis of NAD+ quantified at each step during ex vivo corneal and 

scleral permeation and retention analysis. Data is expressed as mean ± S.D (n = 3). 

Cornea 
NAD+ CONTROL – 

15.03 mg 

NAD+ PEC – 15.18 

mg 

Corneal Tissue 

Control 

Mass Permeated (mg) 0.18 ± 0.13 0.08 ± 0.02 N/A 

Mass Retained in Tissue (mg) 0.30 ± 0.27 0.02 ± 0.02 N/A 

Mass Remaining in Donor 

Chamber (mg) 
6.29 ± 0.74 3.17 ± 0.67 N/A 

NAD+ Recovery (%) 45.09 ± 4.29 21.55 ± 4.47 N/A 

Cornea  
CH-NAD+ 120% 

(w/w) – 14.9 mg 

CH-NAD+ 140% 

(w/w) – 14.9 mg 
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Mass Permeated (mg)  BELOW LOD BELOW LOD 

Mass Retained in Tissue (mg)  0.18 ± 0.1 0.26 ± 0.25 

Mass Remaining in Donor 

Chamber (mg) 
 1.06 ± 1.03 2.14 ± 1.1 

NAD+ Recovery (%)  11.75 ± 9.50 18.93 ± 10.04 

Sclera 
NAD+ CONTROL – 

15.2 mg 

NAD+-PEC – 15.07 

mg 

Scleral Tissue 

Control 

Mass Permeated (mg) 1.42 ± 1.21 0.66 ± 0.06 N/A 

Mass Retained in Tissue (mg) 0.20 ± 0.34 0.10 ± 0.15 N.A 

Mass Remaining in Donor 

Chamber (mg) 
3.82 ± 0.94 2.00 ± 1.73 N/A 

NAD+ Recovery (%) 32.67 ± 13.51 21.11 ± 13.76 N/A 

Sclera  
CH-NAD+ 120% 

(w/w) – 15.1 mg 

CH-NAD+ 140% 

(w/w) – 15.4 mg 

Mass Permeated (mg)  0.51 ± 0.33 0.35 ± 0.14 

Mass Retained in Tissue (mg)  0.22 ± 0.10 0.31 ± 0.12 

Mass Remaining in Donor 

Chamber (mg) 
 2.31 ± 0.94 2.97 ± 1.56 

NAD+ Recovery (%)  21.49 ± 3.08 27.72 ± 11.77 

 

Reference chromatograms taken from the respective donor and receptor chambers of NAD+ 

and NAD+-associated PECs after corneal and scleral permeation analysis also highlight a 

greater number of secondary peaks for the permeated NAD+ sample ( 

Figure 5.12). Conversely, the NAD+ peak is largely preserved within the donor chamber 

chromatograms. The CH-based formulations exhibited a similar degradation profile for 

samples taken from the receptor chamber in both the corneal and scleral tissue. However, the 

NAD+ peak is predominantly absent, thus confirming the limited capability of the CH-NAD+ 

formulations to deliver NAD+ across a cellular membrane. Although not initially outlined in 

the research objectives of this project, there is scope to repeat the ex vivo analysis upon 

obtaining reference standards of the NAD+ metabolic by-products to obtain a clear profile of 

NAD+ degradation under in vivo conditions. Also, conducting ex vivo permeation analysis 
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under static conditions in Franz diffusion cells does not provide a true evaluation of therapeutic 

permeation under dynamic in vivo conditions [589]. However, it can be used to estimate how 

the physiochemical properties of both therapeutics and therapeutic-laden nanoformulations can 

influence their interaction with ocular tissues that would be in close proximity to the target 

administration site. Conducting ex vivo permeation using an Ussing chamber or under 

physiological flow rates would also allow for the measurement of corneal and scleral integrity 

via measurement of the transepithelial electrical resistance, and an assessment of NAD+ 

permeation under conditions that more closely align the in vitro-in vivo correlation.  

 

 

 

(a) 

A
b

so
rb

a
n

ce
 (

m
A

u
) 

Time (mins) 



192 

 

 

 

 

 

Figure 5.12: Representative HPLC chromatogram taken from the receptor chambers of the 

porcine cornea (a) following incubation with NAD+/NAD+-associated PECs. The donor 

chambers from the corneal sample (b) show preservation of the NAD+ peak at 4 minutes.  

5.4 CONCLUSIONS 

In vitro and ex vivo assessments of the respective NAD+-laden nanoformulations confirmed 

their suitability for the safe and effective delivery of NAD+ to the ocular surface and 

surrounding tissues. Both formulations (PEC and CH-NAD+ complexes), exhibited some 

degree of mucoadhesion when analysed concurrently with porcine mucin (Type II, stomach) 

via QCM-D and ZP analysis, with the mucoadhesion of the CH-NAD+ formulation being 

enhanced via electrostatic-mediated bonding with the anionic mucin carboxyl and sulfate 
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groups. Cytocompatibility, equating to cell viability values above 80%, was confirmed upon 

incubation of IMHCE cells with concentrations of between 20 and 200 µM of NAD+. Cells 

incubated with PECs containing 200 µM of NAD+ were statistically equivalent to that of 

NAD+ alone of equal concentration, whereas CH-NAD+ complex laden with 20 µM of NAD+ 

were used to prevent significant decreases in cell viability during the in vitro efficacy trials. 

NAD+ was effective in preventing a significant loss in cell viability resulting from oxidative 

stress-mediated dysfunction, with a direct correlation obtained between cell viability and 

NAD+ supplementation time. Association to the respective formulations did not hinder the 

ability of NAD+ to protect the IMHCE cells from H2O2 during supplementation, as evidenced 

by the non-significant difference in cell viability between the NAD+ and the NAD+-laden 

formulation-treated cells at 24 hours. However, association with the respective 

polyelectrolytes, decreased the supplementation time required to illicit a therapeutic response. 

NAD+ association with the HA and PLL PECs also appeared to prolong its therapeutic window 

over 48 hours. 

The barrier properties of the cornea appeared to be the governing factor of transcorneal 

permeation, with both the PECs and CH-NAD+ formulations exhibiting very little to no 

permeation. Conversely, the hydrophilic nature of the sclera, in combination with its greater 

porosity in comparison to that of the corneal epithelium, allowed for enhanced permeation. 

Fluorescent microscopy images taken of the DAPI-stained corneal tissues highlighted the 

surface association of the respective formulations, with the CH-NAD+ formulations exhibiting 

a more intense fluorescence signal. However, upon observing the uptake of fluorescent-tagged 

formulations using a monolayer of IMHCE cells, those incubated with the NAD+-associated 

PECs showed a higher degree of fluorescence. This was further corroborated upon 

quantification of the mass of NAD+ internalised in IMHCE cells, with NAD+ delivery via PEC 

administration achieving a higher internalised mass of NAD+ (27.99 ± 2.82 µM) in comparison 

to NAD+ alone (11.38 ± 5.81 µM). NAD+ internalisation could not be accurately quantified 

within the IMHCE cell samples incubated with the respective CH-NAD+ formulations. The 

fluorescence intensity of the IMHCE cells incubated with the CH-NAD+ formulations was also 

low, potentially attributed to the electrostatic-mediated interaction of the formulations with the 

anionic phospholipid bilayers, resulting in subsequent removal during the removal of media 
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and washing steps. Further analysis of the enzymatic by-products of NAD+ is required to obtain 

a complete degradation profile of NAD+ in vivo. 

The results outlined in Chapter 5 highlight the suitability of the NAD+-laden formulations, 

particularly the HA and PLL-based PECs, to deliver NAD+ to the ocular surface and anterior 

tissues in a safe and effective manner. Such studies provide scope to explore the antioxidant 

and respiration restorative capabilities of NAD+ further, utilising the studies outlined in Section 

7.2, which would provide a thorough evaluation of its effectiveness for further pre-clinical 

investigations. 
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PRELIMINARY TRIALS – NAD+-LADEN NANOFORMULATIONS FOR 

POSTERIOR SEGMENT DELIVERY 
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6. PRELIMINARY TRIALS – NAD+-LADEN NANOFORMULATIONS FOR 

POSTERIOR SEGMENT DELIVERY 

To date, this project has focused on the supplementation of the corneal surface with NAD+, 

primarily due to the physicochemical behaviour of the formulations when placed under 

physiological conditions. However, there is scope to develop NAD+-laden formulations for 

delivery to, and subsequent supplementation of, posterior segment tissues that are susceptible 

to age-related decline and dysfunction.  

Due to its high oxygen consumption and enhanced mitochondrial activity, the retina is 

particularly predisposed to oxidative stress, which, as discussed in Section 1.1.3.1, is at the 

forefront of the degenerative processes of age-related diseases such as AMD. However, based 

on their physicochemical attributes, the complex formulations prepared may not be suitable for 

retinal supplementation. Due to its hydrophilic nature, NAD+ may have preferentially 

associated with the surface of the complex-based formulations, thus aiding its release under 

physiological ocular conditions over a relatively short period of time (< 48 hours). Also, surface 

association enhances NAD+ exposure to physiological conditions in comparison to its 

entrapment within a nanoparticle. This is unfavourable, particularly for posterior 

supplementation, primarily due to the significant potential for premature NAD+ loss during 

PEC/CH-NAD+ permeation through the increased number of anatomical barriers to the 

posterior segment.  

Preliminary screening studies were conducted to investigate the development of poly (lactic-

co-glycolic acid) (PLGA) and lipid-based formulations, using formulation methods such as 

water-in-oil-in-water emulsion, thin film hydration, and diethyl ether injection for both NAD+ 

and NAD+-associated PEC encapsulation. Aside from tunable release properties and improved 

stability in vivo, lipids are also inherently biocompatible and exhibit low toxicity as they 

possess similar characteristics to those within the phospholipid bilayers of cellular membranes. 

PLGA is a widely used, biodegradable, synthetic polymer that has been approved for ocular 

use by the Food and Drugs Administration [590]. In vivo enzymatic hydrolysis of PLGA into 

its constituent monomers - lactic acid and glycolic acid monomers, in combination with its 

lactic acid:glycolic acid ratio-dependent degradation and solubility, renders it a highly suitable 
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candidate for formulations intended for sustained therapeutic release [591], [592]. Both PLGA 

and lipid-based formulations have exhibited efficacy in sustaining therapeutic release within 

posterior tissues whilst preserving cytocompatibility and enhancing therapeutic bioavailability 

in comparison to free therapeutic solutions [593]–[597]. For example, Kakkar et al. [597] 

demonstrated the prolonged release of fluconazole from pegylated-Compritol® 888 ATO and 

Phospholipon 90 G solid-lipid nanoparticles over 25 hours in comparison to a free fluconazole 

solution (< 1 hour – > 90% release). The lipid nanoparticles also exhibited equivalent efficacy 

to free fluconazole in decreasing the colony count in a Candida keratitis murine model, whilst 

also demonstrating enhanced permeation through the Bruch’s membrane, the inner plexiform 

layer, and the choroidal vessel endothelial cells 2 hours post instillation. Entrapment of 

adalimumab and aflibercept within a PLGA-PEG-PLGA triblock polymeric hydrogel reduced 

corneal alkali injury-mediated retinal ganglion cell loss by 45% three months post-injury, as 

compared to the 45% loss observed in human IgG isotype treated control group [598]. Similarly, 

encapsulation of bevacizumab in a PLGA-based nanoparticle was capable of inhibiting 

oxygen-induced retinal angiogenesis and preventing neovessel formation to a higher degree 

than the free bevacizumab treatment in a neonatal murine model [599]. 

Ultimately, the aim of this chapter was to investigate the feasibility of preparing formulations 

intended for sustained delivery of NAD+ to the posterior segment. Such formulations could 

have the potential to improve the NAD+ bioavailability within retinal tissues and provide a 

supplementary treatment option to attenuate cell health decline before age-related dysfunction.  

 

6.1 EXPERIMENTAL METHODOLOGY  

6.1.1 Materials 

PLGA (Resomer® - RG503H – 24 -38 kDa) was purchased from Sigma Aldrich Ireland Ltd. 

(Wicklow, Ireland). Poly(vinyl) alcohol (PVA) (fully hydrolysed) (Mowiol 10-98 (61 kDa)) 

and PVA (partially hydrolysed ≈ 88%) (25 kDa) were purchased from Fisher Scientific 

(Loughborough, UK). Pluronic® F-127 was purchased from Sigma Aldrich (Missouri, U.S.). 
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Gas chromatography (GC) grade dichloromethane (DCM) (purity ≥ 99.0%) was purchased 

from Honeywell Specialty Chemicals Seelze GmbH (Germany). 

The materials outlined in Sections 2.2.1 and 3.2.1 were used in the formulation and 

characterisation of lipid-PEC hybrid nanoparticles (LPHNP) and NAD+-laden liposomes 

(NAD+-Lipo), with the addition of the following:  

Lecithin (purity:90%, soybean) and cholesterol (purity: 95%) were purchased from Fischer 

Scientific Ireland (Dublin, Ireland). Laboratory grade Triton™ X-100 and oleic acid (purity ≥ 

99% (GC)) were purchased from Sigma Aldrich Ireland Ltd. (Wicklow, Ireland). Chloroform 

(purity ≥ 99.0% with ~ 50 ppm amylene stabiliser) was purchased from RCI Labscan Ltd. 

(Poland). GC grade diethyl ether (purity ≥ 99.5%), GC grade dichloromethane (purity ≥ 99-

99.4%), and HPLC grade acetone (purity ≥ 99.8%) were purchased from Honeywell Specialty 

Chemicals Seelze GmbH (Germany). HPLC grade acetonitrile (purity ≥ 99.8%) was purchased 

from Fischer Scientific Ireland (Dublin, Ireland) 

6.1.2 NAD+ Stability in Lipid Extraction Solvents  

1% (w/v) Triton™ X-100 solutions were prepared by adding 107 mg of Triton™ X-100 

(equivalent to 100 µL – density = 1.07 g/mL) to 10 mL volumetric flasks and diluting to volume 

with deionised water:methanol mixtures with volume ratios ranging from 50:50 to 95:5 

(deionised water:methanol). 10 mg of NAD+ was dissolved in 5 mL of the resulting extraction 

solvents. NAD+ stability was assessed by monitoring peak splitting in the primary NAD+ peak 

(retention time: 4-5 minutes) and an increase in peak area of the known impurity peak at a 

retention time of 3 minutes. 

6.1.3 Preparation of NAD+-Laden PLGA Nanoparticles. 

NAD+-laden PLGA (NAD+-PLGA) nanoparticles were prepared using a double emulsion-

solvent evaporation method. Briefly, 60 to 100 mg of PLGA was dissolved in 2 mL of DCM 

whereas 15 to 30 mg of NAD+ was dissolved in 50 or 250 µL of ultrapure water. The aqueous 

phase was added to the organic phase dropwise under sonication at 60% amplitude, yielding 

primary emulsions with NAD+:PLGA mass ratios of 1:3.3 to 1:4 and inner aqueous:organic 

ratios (AQ1:O) of 1:8 to 1:40. Under magnetic stirring at 250 rpm, the primary emulsion was 
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added dropwise to 10 or 20 mL ultrapure water containing 0.5 to 2% (w/v) PVA (partially or 

fully hydrolysed) emulsifier. The double emulsion was then sonicated for 2 minutes at 60% 

amplitude and left overnight, loosely covered and under magnetic stirring at 250 rpm, to allow 

for evaporation of DCM. Centrifugation of the resulting formulation was conducted as per 

Figure 6.1. Each fraction (pellet or supernatant) isolated during the work-up steps was 

lyophilised and retained for subsequent NAD+ quantification and encapsulation efficiency 

(%EE) analysis. 
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Figure 6.1: Schematic of the preparation and purification of NAD+-laden PLGA nanoparticles 

via ultracentrifugation. (Figure generated using templates available on Biorender.com). 

6.1.4 PEC Coating via Diethyl Ether Injection 

20 mg of NAD+-associated PECs were dispersed in 10 mL of ultrapure water, heated to 55 °C. 

5 mL of a 0.8% (w/v) diethyl ether solution of lipid material (100% cholesterol, 4:1 (w/w) 
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soybean lecithin:cholesterol, or 1.5:1 (w/w) soybean lecithin:cholesterol) was gradually 

injected into the aqueous phase under magnetic stirring at 200 rpm. After 30 minutes, the 

diethyl ether was removed from the formulation via rotary evaporation under reduced pressure. 

The lipid-PEC hybrid nanoparticles (LPHNP) formed were then centrifuged at 3000 rpm for 

10 minutes at 25 °C. Upon separation of the residual lipid material via centrifugation, the 

supernatant was decanted into Amicon® ultracentrifuge tubes and centrifuged a second time 

under the same conditions. 

6.1.5 PEC Coating via Mixing-Solvent Evaporation 

20 mg of NAD+-associated PECs were dispersed in 5 mL of 0.8% (w/v) diethyl ether solution 

of soybean lecithin or cholesterol. The resulting mixture was stirred overnight, uncovered and 

at ambient temperature, to allow for solvent evaporation. The resulting dried material was 

redispersed in 10 mL of ultrapure water and centrifuged in accordance with Section 6.1.4. 

6.1.6 Preparation of Liposomal Formulations via Thin Film Hydration  

Soybean lecithin and cholesterol, in a 4:1 (w/w) mass ratio, were dissolved in 15 mL of 

chloroform. The chloroform was left to evaporate over two to three hours via rotary evaporation 

(Rotavapor R 110, Buchi AG, Switzerland, and water bath Bibby RE200B, Akribis Scientific 

Ltd., UK) under reduced pressure at 25 °C. Hydration of the resulting thin lipid layer was 

carried out using 5 mL or 20 mL of a NAD+-laden PEC suspension via agitation at 55 °C. The 

mass of PEC dispersed within the hydration volume was selected to yield a final lipid:PEC 

mass ratio of 1.5:1 (w/w). Resulting PEC liposomes (PEC-Lipo) were sonicated for 5 minutes 

at 60% amplitude, followed by centrifugation as outlined in Section 6.1.4. The PEC-Lipo 

formulations were then redispersed in 5 mL of ultrapure water (pH 5) and stored under ambient 

conditions for further characterisation. NAD+-Lipo were also prepared in a similar fashion 

using thin-film hydration (TFH) methodology, using a lipid:NAD+ mass ratio of 5:1 (w/w).  



202 

 

 

 

6.1.7 Physicochemical Characterisation of the PLGA- and Lipid-Based NAD+ 

Formulations 

The characterisation of the PLGA and lipid formulations, in terms of size, NAD+ %EE and in 

vitro NAD+ microfluidic release were conducted as outlined in Sections 2.2.5.2, 3.2.3.6, and 

3.2.3.8, respectively, with the following additions:  

NAD+ %EE (PLGA Formulations) - A given mass of the lyophilised fractions isolated during 

NAD+-PLGA purification were dissolved in DCM to yield 1% (w/v) solutions. A given volume 

of ultrapure water, equating to a DCM:water volume ratio of 1:10 was added and the mixture 

was vortexed using a vortex mixer (Fisherbrand™), Fisher Scientific, Ireland for 2 minutes at 

high speed. The mixture was left undisturbed for 24 hours to allow for the separation of the 

aqueous and organic layers. 500 µL of the aqueous layer was withdrawn, filtered through 0.45 

µM syringe filters, diluted to volume (1 mL) with mobile phase and analysed via RP-HPLC. 

NAD+ %EE (Lipid Formulations)– After the first centrifugation cycle, the resulting pellet was 

redispersed in 5 mL of ultrapure water, 100 µL of which was dispersed in 900 µL of 1% 

Triton™ X-100 in 95:5 20 mM potassium phosphate buffer (pH 8):methanol. Similarly, after 

the second centrifugation cycle, 100 µL of both the top (encapsulated NAD+) and bottom 

(unencapsulated NAD+) fractions was withdrawn and added to a fresh aliquot of the same 

extraction solvent. All aliquots were filtered through sterile, 0.45 µM syringe filters before RP-

HPLC analysis.  

6.2 RESULTS AND DISCUSSION  

6.2.1 Discrepancy between Indirect and Direct NAD+ Encapsulation Efficiency in 

PLGA Nanoparticles 

As highlighted in Table 6.1, despite optimising a number of formulation parameters in an effort 

to improve NAD+-PLGA nanoparticle %EE, significant discrepancies were observed between 

indirect and direct NAD+ %EE values. 
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Table 6.1: Mass balance and %EE values obtained upon analysis of the lyophilisates (pellets 

and supernatants) isolated during centrifugation of the NAD+-PLGA nanoparticles. 

Sample 

Mass of NAD+ 

in 1st  

15,000 rpm 

Supernatant 

(mg) 

Mass of NAD+ 

Recovered (%) 

% 

Indirect 

EE 

% 

Direct 

EE 

Initial Trial 

NAD+:PLGA Mass Ratio – 1:4 (15 

mg:60 mg) 

PLGA Concentration (% (w/v)) – 3 

AQ1:O Volume Ratio – 1:8 

O:AQ2 Volume Ratio- 1:8.9 

Emulsifier - PVA (Fully Hydrolysed) 

Emulsifier Concentration (% (w/v)) - 

0.5 

N/A 98.1 ± 0.2 
1.9 ± 

0.9 
N/A 

Increased PLGA Concentration 

(3 → 5% (w/v) 

NAD+:PLGA Mass Ratio – 1:6.6 (15 

mg:100mg) 

AQ1:O Volume Ratio – 1:8 

O:AQ2 Volume Ratio- 1:8.9 

Emulsifier - PVA (Fully Hydrolysed) 

Emulsifier Concentration (% (w/v)) - 

0.5 

N.A 87.4 12.4 N/A 
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Increased W1:O Ratio (1:8 → 1:40) 

PLGA Concentration (% (w/v)) – 5 

NAD+:PLGA Mass Ratio – 1:3.3 (30 

mg:100 mg) 

O:AQ2 Volume Ratio- 1:9.8 

Emulsifier - PVA (Fully Hydrolysed) 

Emulsifier Concentration (% (w/v)) - 

0.5 

16.78 59.2 41.0 0.3 

Different Emulsifier (PVA -≈ 88%) 

PLGA Concentration (% (w/v)) – 5 

NAD+:PLGA Mass Ratio – 1:3.3 

AQ1:O Volume Ratio – 1:40 

O:AQ2 Volume Ratio- 1:9.8 

Emulsifier Concentration (% (w/v)) - 

0.5 

18.37 63.7 32.4 0.01 

Different Emulsifier (Pluronic® F-

127) 

PLGA Concentration (% (w/v)) – 5 

NAD+:PLGA Mass Ratio – 1:3.3 

AQ1:O Volume Ratio – 1:40 

O:AQ2 Volume Ratio- 1:9.8 

Emulsifier Concentration (% (w/v)) - 

0.5 

10.26 39.9 60 0.08 

Increase in PVA ≈ 88% 

Concentration to 2% (w/v) 

PLGA Concentration (% (w/v)) – 5 

NAD+:PLGA Mass Ratio – 1:3.3 

AQ1:O Volume Ratio – 1:40 

O:AQ2 Volume Ratio- 1:9.8 

Emulsifier - PVA Partially 

Hydrolysed (≈ 88% ) 

21.14 73.1 27.6 0.09 
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Increase in NAD+:PLGA mass 

ratio (1:10 – 10 mg:100mg) 

PLGA Concentration (% (w/v)) – 5 

AQ1:O Volume Ratio – 1:40 

O:AQ2 Volume Ratio- 1:9.8 

Emulsifier - PVA Partially 

Hydrolysed (≈ 88% ) 

Emulsifier Concentration (% (w/v)) - 

2 
 

6.97 74.6 25.7 0.03 

Removal of the Second Sonication 

Step 

PLGA Concentration (% (w/v)) – 5 

AQ1:O Volume Ratio – 1:40 

O:AQ2 Volume Ratio- 1:9.8 

Emulsifier - PVA Partially 

Hydrolysed (≈ 88% ) 

Emulsifier Concentration (% (w/v)) – 

0.5 

8.10 67.4 72.2 0.03 

Decrease in Centrifugation Speed 

(15,000 rpm→ 10,000 rpm) 

PLGA Concentration (% (w/v)) – 5 

AQ1:O Volume Ratio – 1:40 

O:AQ2 Volume Ratio- 1:9.8 

Emulsifier - PVA Partially 

Hydrolysed (≈ 88% ) 

Emulsifier Concentration (% (w/v)) – 

0.5 

9.20 31.9 68 ≈ 0 

 

Initial trials were conducted to determine if intermolecular interaction with the respective 

nanoparticle reagents (PLGA, PVA (≈ 88%), Pluronic® F-127) was leading to NAD+ 

entrapment within the organic layer during liquid-liquid extraction, thus resulting in a decrease 

in NAD+ %EE. However, upon spiking solutions of the reagents with a known mass of NAD+ 
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and conducting NAD+ extraction and quantification as before, % NAD+ recoveries of 

approximately 100% were recorded (PLGA: 98.1 ± 1.1%, PVA (≈ 88%): 98.8 ± 1.7% and 

Pluronic® F-127: 98.6 ± 1.8%). PLGA nanoparticle stability was identified as a potential root 

cause for poor NAD %EE. The loss of a large percentage of nanoparticle yield during the 3,000 

rpm and first 15,000 rpm centrifugation cycle, in addition to the loss of a large quantity of 

loaded NAD+ during the first 15,000 rpm cycle suggested that the PLGA nanoparticles were 

unstable, resulting in premature NAD+ loss during work-up. Optimisation of critical 

formulation and process parameters, such as emulsifier concentration, sonication time, PLGA 

concentration etc. is vital to the formation of stable PLGA nanoparticles via double emulsion-

solvent evaporation [600], [601]. Failure to optimise such attributes can lead to particle 

instability and aggregation, which is further enhanced via compaction of particle aggregates 

during centrifugation at high centrifugal speeds [602].  

 Despite an increase in available surface area for NAD+ entrapment during emulsification, and 

reinforcement provided by an increased number of PLGA chains during the formation of the 

hardened PLGA shell during DCM evaporation [238], [603], an increase in NAD+:PLGA mass 

ratio from 1:33 to 1:6.6 to 1:10 did not improve direct % NAD+ %EE.  

Also, lowering the volume of AQ1 from 250 to 50 µL, resulting in an increase in the AQ1:O 

ratio from 1:8.8 to 1:40 did not improve %EE. Hypothetically, an increase in AQ1:O ratio 

should have increased NAD+ entrapment, primarily due to the reduction in both primary 

emulsion viscosity and the resulting frequency of collisions between inner aqueous phase 

droplets during emulsification. A reduction in collision frequency decreases the likelihood of 

inner phase coalescence and hinders the formation of pores during PLGA solidification, thus 

increasing the stability of the primary emulsion [604]–[606]. Whilst investigating the effect of 

AQ1 volume on the encapsulation of antihypertensive small peptides in PLGA nanoparticles, 

Yu et al. [607] observed a decrease in peptide encapsulation from > 80% to < 60% with an 

increase in AQ1 volume from 33 to 200 µL. This was attributed to the insufficient 

encapsulation of the inner phase droplets with the organic phase during primary emulsification. 

Abdelkadar et al. [608] also reported a significant decrease in insulin entrapment efficiency 

from > 80% to below 40% with an increase in AQ1 volume from 0.5 to 1.0 mL at constant 
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organic phase volume (4mL) and PLGA concentration of 7.5% (w/v), due to leeching arising 

from the decreased thickness of the organic phase surrounding the aqueous phase droplets. 

 

Neither the use of PVA (≈ 88%) (increased number of vinyl acetate groups) nor Pluronic® F-

127 (poly(propylene) oxide group), resulted in an improvement in NAD+ %EE. Further, an 

increase in emulsifier concentration from 0.5 to 2% (w/v), did not improve NAD+ %EE. 

Anchoring of the hydrophobic groups to the surface of PLGA should have increased the density 

and thickness of the emulsifier layer at the oil-to-water interface upon addition to the aqueous 

continuous phase [609]. The concurrent increase in viscosity and decrease in interfacial tension 

at the interface should have improved PLGA stability, thus reducing particle size. The particle 

sizes highlighted in Table 6.2 support this hypothesis, yet direct NAD+ %EE remained below 

0.1%. Ismail et al. [605] also observed the inverse relationship between PVA concentration and 

liraglutide encapsulation, with an increase in PVA concentration from 0.5 to 2% (w/w) resulting 

in a decrease in encapsulation from above 29% to below 24% during a seven-factor, two-level 

Plackett Burman analysis. This was attributed to the accelerated cavitation and breakdown of 

the inner aqueous phase with an increase in PVA concentration. 

Table 6.2: Particle sizes of NAD+-PLGA nanoparticles prepared with various emulsifier 

stabilising agents. Data is expressed as mean size ± S.D (n=3). 

Emulsifier Concentration (% (w/v)) Size (nm) 

PVA - fully hydrolysed 0.5 3689.3 ± 1214.8 

PVA – partially hydrolysed 

(≈ 88%) 

0.5 294.1 ± 39.6 

2 223.6 ± 6.7 

Pluronic® F-127 0.5 348.9 ± 87.9 

 

The removal of mechanical stresses (sonication, centrifugation speed, etc.) from the 

formulation process led to an increase in indirect NAD+ %EE and decreased the mass of NAD+ 

lost during the first centrifugation step at 15,000 rpm.  
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Ultimately, due to the continual discrepancy between the indirect and direct NAD+ %EE within 

the PLGA nanoparticles, the scope of the research work was shifted to focus primarily on the 

formulation and characterisation of lipid-based, NAD+-laden nanoformulations.  

6.2.2 Selection of Lipid Extraction Solvent for NAD+ 

Due to its ability to permeate cellular membranes and lyse cells for organelle extraction, 

Triton™ X-100, a non-ionic surfactant, is typically used to disrupt the lipid bilayers in lipid-

based nanoformulations during drug encapsulation analysis [610]. Increasing volumes of 

methanol were also analysed as methanol is a commonly used organic solvent in lipid 

extraction studies [611]. However, as the volume ratio of methanol increased, the area of the 

primary NAD+ chromatographic peak (retention time = ~ 4-5 minutes) began to decrease, with 

a concurrent increase in the area of the known impurity peak (retention time = ~ 3 minutes) 

also observed under these conditions. As shown in  

Figure 6.2, peak splitting was also observed in the extraction solvents with a 60:40 and 50:50 

water:methanol volume ratio in comparison to that with a 95:5 volume ratio. To ensure that 

peak splitting was not resulting from the material precipitation on the head of the column, a 10 

µL aliquot of the NAD+ solution with a 50:50 deionised water:methanol volume ratio was 

pipetted into a volume of mobile phase that was equivalent to one column volume (4.15 mL). 

No precipitation was observed. A HPLC equipped with a PDA detector could also be used in 

future studies to evaluate whether the peak splitting observed is due to the co-elution of lipid 

components with NAD+ at an increased methanol concentration. 
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Figure 6.2: The HPLC chromatogram generated for NAD+ in 1% (w/v) Triton™ X-100 in (a) 

95:5 (deionised water:methanol) and (b) 50:50 (deionised water:methanol) extraction solvent. 

 These trends suggest that NAD+ may be degrading in extraction solvents with larger volumes 

of organic solvent, with NAD+ exhibiting fluctuating elution times due to the combined 

polarity of the injection solvent and the mobile phase. Therefore, 1% (w/v) Triton™ X-100 in 

extraction solvents containing the smallest volume of methanol (95:5 – deionised 

water:methanol) were chosen for use in the NAD+ %EE studies. 

6.2.3 PEC Coating with Lipid Material 

Preliminary trials were carried out to screen potential preparation methods for effective PEC 

encapsulation. Diethyl ether was selected for the coating trials from preliminary results due to 

its ability to both dissolve the chosen lipid materials and disperse the PECs whilst preventing 

PEC solubilisation. Mixing-solvent evaporation was investigated due to the absence of a PEC 

hydration step, thus preserving NAD+ association due to affinity-mediated intracomplex 

diffusion during formulation work-up. However, as shown in Table 6.3, despite high NAD+ 

%EE values, almost 100% of the loaded mass of NAD+ dissociated from the LPHNP 

formulations within one hour after placement in physiological medium, conducted as per 

Section 3.2.3.10. The mass of NAD+ retained from the PECs alone was statistically larger than 
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that within the respective LPHNP formulations (p = 0.024 < 0.05 – 1.5:1 lecithin:cholesterol 

and p = 0.022 < - 4:1 lecithin:cholesterol), suggesting that, even in the absence of a hydration 

step, NAD+ dissociation may be accelerated due to incompatibility with the lipid material. 

Table 6.3: Physicochemical attributes of LPHNP formulations prepared via diethyl ether 

injection. Data is expressed as mean ± S.D (n=3).  

 
PECs + 100% 

Cholesterol 
PECs + 4:1 

(Lecithin:Cholesterol) 
PECs + 1.5:1 

(Lecithin:Cholesterol) 

Mass of NAD+ added 

to formulation (mg) 

7.13 

(in 20.7 mg of 

PEC) 

6.99 

(in 20.3 mg of PEC) 

6.88 

(in 20.0 mg of PEC) 

 %EE 75.1 ± 1.4 91.6 ± 1.2 70.0 ± 1.2 

NAD+ Disassociation 

(%) (at 1 Hour) 

91.4 ± 8.4 87.8 ± 6.0 N/A* 

Size (nm) 518.3 ± 24.0 431.9 ± 57.3 1949.7 ± 100.7* 

* Sedimentation observed during DLS analysis → sample not used for subsequent % NAD+ disassociation 

analysis. 

 

As shown in Figure 6.3 (a), significant coagulation of the cholesterol-coated PECs, prepared 

via mixing-solvent evaporation, was observed during preparation and was therefore excluded 

from further characterisation.  

 

Figure 6.3: The cholesterol (a) and lecithin (b)-coated PEC formulations prepared via mixing-

solvent evaporation. 

(a) (b) 



211 

 

 

 

Replacement of cholesterol with soybean lecithin improved the dispersibility of the LPHNP 

formulation. However, significant NAD+ release (98.3% (n = 1)) was observed from the 

LPHNP after 1 hour in 0.01 M PBS (pH 7.4). A large quantity of lecithin material, depicted in 

Figure 6.3 (b), was also isolated during the first centrifugation cycle at 3,000 rpm, suggesting 

that the majority of the added soybean lecithin was not associated with the PEC surface. 

Therefore, no further trials were conducted using these preparation methods and focus was 

shifted to investigate the formation of liposome-based formulations for PEC and NAD+ 

encapsulation. 

6.2.4 NAD+-Laden Liposomes– Suitable Attributes but Irreproducible Release 

It was proposed that the encapsulation of the NAD+-laden PECs within a liposomal bilayer 

may attain the beneficial physiological attributes of the PEC whilst preventing premature 

NAD+ release upon administration and prolonging formulation stability for effective delivery 

to the posterior segment in vivo. The TFH method used during these trials was adapted from 

methods previously used to coat chitosan-based PECs with mixtures of phosphatidylcholine 

derivatives and cationic lipids [612], [613]. Additionally, unlike methods such as 

nanoprecipitation and emulsification-solvent evaporation, the PECs would not be exposed to 

organic solvents during formulation, thus avoiding potential cytotoxicity risks [614]. The 

lipid:PEC mass ratio was maintained at 1.5:1 (w/w) as this mass ratio yielded PEC liposomes 

(PEC-Lipo) with small particle sizes and stable zeta potential (ZP) values in the aforementioned 

studies. As shown in Table 6.4, an increase in NAD+ %EE was observed with an increase in 

hydration volume from 5 mL to 20 mL during TFH. 
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Table 6.4: Summary of the physicochemical attributes of the PEC-Lipo and NAD+-Lipo 

formulations investigated. Data is expressed as mean ± S.D (n = 3). 

Formulation 

Hydration 

Volume 

(mL) 

Size 

(nm) 

Zeta 

Potential 

(mV) 

PDI 
Direct 

%EE 

Indirect 

%EE 
 

Control PECs n/a 235.1 ± 19.0 -38.0 ± 1.1 0.21 ± 0.14 77.2. ± 9.5 90.3 ± 1.3  

PEC-Lipo 
5 364.3 ± 19.8 -48.8 ± 0.6 0.38 ±0.03 20.1 ± 6.0 44.7 ± 20.1  

20 163.2 ± 1.9 -66.1 ± 1.2 0.26 ± 0.0 77.8 ± 2.7 86.7 ± 1.4  

NAD+-Lipo 
5 132.8 ± 3.6 -45.1 ± 3.0 0.27 ± 0.03 15.8 ± 0.3 21.7 ± 0.8  

20 167.5 ± 1.9 -44.9 ± 7.3 0.30 ± 0.05 71.2 ± 0.7 77.6 ± 2.2  

 

Regarding the PEC-Lipo formulation, a concurrent, significant decrease in particle size, 

yielding particles with sizes less than that of the control PECs, was observed with an increase 

in hydration volume (p = 0.003 << 0.05). This may have been attributed to the preferential 

association of the PECs with an increased volume of aqueous hydration volume during 

formulation, thus minimising PEC encapsulation within the liposomes formed. The significant 

decrease in zeta potential (ZP) with an increase in PEC-Lipo hydration volume corroborates 

this hypothesis (p = 0.000 << 0.05), suggesting that the anionic surface of the PECs was being 

measured in tandem with the anionic phosphate headgroups of the phosphatidylcholine chains. 

Upon comparison to the control PECs, the ZP of the PEC-Lipo (5 mL) were significantly more 

negative (p = 0.000 << 0.05). Also, statistically similar ZP values were obtained for the NAD+-

Lipo formulations (p = 0.104 > 0.05), in which no HA carboxylate anions are present, thus 

suggesting the PECs were sufficiently encapsulated using a lower hydration volume and the 

ZP obtained was attributed to phosphatidylcholine alone. The higher %EE value for the PEC-

Lipo (20 mL) formulation may have resulted from the intrapolyelectrolyte swelling and release 

of NAD+ from the PECs in a larger aqueous volume during hydration. This may have led to 

the encapsulation of now free, more readily accessible NAD+ molecules within the thin, lipid 

layer, rather than NAD+-associated PECs as a whole. 

Regarding the PEC-Lipo 5 mL formulation, a large quantity of the mass of loaded NAD+ (21.8 

± 7.9 mg) was removed during the second centrifugation cycle. Also, similar to that observed 
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during the diethyl ether injection trials, over 87.1 ± 6.6% (n = 3) of the loaded mass of NAD+ 

leaked from the PEC-Lipo formulations within one hour under physiological conditions. 

Despite the trends observed during size analysis, suggesting that sufficient encapsulation of the 

PECs was achieved with a decrease in hydration volume, the majority of the loaded NAD+ 

preferentially resided in the 5 mL hydration volume during preparation and was subsequently 

removed during centrifugation. This may be attributed to the organisation of soybean lecithin 

into phospholipid bilayers during hydration, which would have hindered PEC encapsulation 

due to electrostatic repulsion between the phosphate headgroups and the HA carboxylate 

anions.  

To improve the encapsulation of the hydrophilic PECs within a lipid layer, the lipid:PEC mass 

ratio was doubled to 3:1 (w/v) as it was postulated that a larger quantity of lipid material may 

be required for effective encapsulation. Oleic acid (OA) was also used in place of soybean 

lecithin to investigate the efficacy of a smaller, fatty acid moiety in terms of NAD+-laden PEC 

encapsulation. Bearing a molecular weight of 282.47 g/mol, OA may be able to penetrate the 

HA-based corona in comparison to soybean lecithin, which may experience increased steric 

hindrance during formation due to its larger molecular weight of 785.08 g/mol. Also, with a 

pKa value of 5.02, the negatively charged carboxylic acid group may preferentially reside at 

the solvent interface in the hydration medium (pH 5 ultrapure water), with the neutral fatty acid 

chain aligning with the PEC surface. However, although the addition of OA improved NAD+ 

%EE (47.9 ± 6.6%) in comparison to soybean lecithin at 1.5:1 (20.1 ± 6.0%) and 3:1 (21.8 ± 

1.3%) (w/w) lipid:PEC mass ratios, large quantities of unentrapped NAD+ were quantified 

upon completion of the second centrifugation cycle (17.7 ± 3.5 mg). In addition, the use of 

double the quantity of soybean lecithin resulted in the removal of over 71.0% of the 

encapsulated NAD+ concentration after 1 hour, with the PEC-Lipo formulated using OA losing 

74.9% within the same time period (n =1). Such trends suggested that the PECs were poorly 

encapsulated by the liposomal formulations, thus aiding rapid release of NAD+ due to 

repulsion with a highly lipophilic environment. As such, no further investigations were 

conducted using the PEC-Lipo. 
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As a high %EE value was obtained, the NAD+-Lipo (20 mL) formulations were selected for 

further in vitro release studies under microfluidic conditions. Initial studies confirmed that only 

8.4 ± 0.8% (n = 3) of the total loaded mass of NAD+ was released from the NAD+-Lipo 

formulations over 24 hours. Conversely, an NAD+ control of equivalent concentration 

exhibited a release of over 86.5 ± 9.6% of the loaded NAD+ over the same time frame. Forced 

dissolution trials were conducted using the NAD+-Lipo formulation as a reference to ensure 

the true loaded concentration of NAD+ was represented in the release study. Neither the 

addition of 1% (w/v) Triton™ X-100 to the 0.01 M PBS (pH 7.4) release medium (14.2% (n = 

1)), nor the use of an elevated temperature (55 °C) (0.09% (n = 1)) significantly enhanced 

NAD+ release. However, upon conducting an in vitro release study over 10 days, 55.9 ± 3.2% 

(n = 2) was released after 24 hours post-addition to the microfluidic device. The sudden 

increase in NAD+ mass released, and the small variations between indirect and direct %EE, 

suggested that the variability was not arising from the quantity of NAD+ within the particles, 

but instead from the stability of the particles and their physiochemical behaviour when placed 

in physiological medium. 

The optimal physicochemical size attributes and %EE values of the NAD+-Lipo contribute to 

the proof-of-concept of using such formulations for NAD+ ocular delivery. Further 

optimisation is required to enhance particle stability. As a starting point, the mass ratio of 

cholesterol, with respect to soybean lecithin, will be increased. The addition of cholesterol to 

the liposomal bilayer enhances its rigidity and minimises its permeability via hydrogen bond-

mediated packing of the bilayer structure, namely between the hydroxyl groups of cholesterol 

and the phospholipid fatty acid chains [615], [616]. Soni et al. [617] observed an increase in 

brimonidine tartrate %EE from below 40% to above 45% with a concurrent increase in 

cholesterol content from 30 to 50 mM during a Box–Behnken experimental design analysis. A 

significant decrease in cumulative in vitro release was also observed, primarily attributed to the 

restriction of drug permeabilisation through a more rigid, hydrophobic membrane bilayer. 

There is also scope to investigate alternative lipid materials for liposome formation. The double 

bonds present within the fatty acid chains of soybean lecithin, an unsaturated 

phosphatidylcholine derivative, may introduce kinks within the bilayer structure, resulting in 

disordered packing and enhanced fluidity [618], [619]. Conversely, the use of a saturated 
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phospholipid, such as dipalmitoylphosphatidylcholine or stearic acid, would form a more 

structured bilayer, this rendering it more impermeable to therapeutic diffusion. However, as 

investigated by Chaw et al. [620], a balance is needed between high %EE values and suitable 

in vitro efficacy, as the use of a fully saturated lipid building block significantly upregulated 

intraocular clearance of liposomal formulations post-administration to the subconjunctival 

region due to protein-mediated interaction and enhanced removal to circulation. The 

incorporation of a cationic phospholipid may be advantageous for prolonged intraocular 

retention within both the anterior and posterior segments. For example, Jounaki et al. [621] 

added stearylamine, a saturated, cationic lipid, to a stearic acid-based liposome to aid 

vancomycin encapsulation via electrostatic interaction with its negatively charged carboxyl 

groups. A similar technique could be used to enhance NAD+ entrapment within the aqueous 

core of the liposome via interaction with the anionic pyrophosphate bridge moiety. Finally, to 

attain the biological functionality of the PECs without their direct entrapment, HA may be 

deposited onto the surface of the optimised NAD+ liposomal formulation, a technique that has 

been used previously to improve permeabilisation in vivo whilst preserving physiological 

stability [619], [622]. 

6.3 CONCLUSIONS 

The research work highlighted in this chapter provides the first stepping stone for the 

optimisation of both PLGA and lipid-based formulations for the posterior segment delivery of 

NAD+. The initial optimisation studies conducted during the formulation an development of 

the NAD+-PLGA nanoparticles yielded large discrepancies between the direct and indirect 

%EE values. Although beyond the initial scope of this phase of work, the studies highlighted a 

number of critical quality attributes that could be optimised further using statistical Design of 

Experiment methodologies. There is also potential to investigate the effect of lactic 

acid:glycolic acid ratio and the addition of a hydrophobic emulsifier with a low hydrophilic-

lipophilic balance value to stabilise the primary emulsion [623]–[625]. 

Preparation of NAD+-laden liposomes via TFH was selected due to poor retention of NAD+ 

in physiological medium from the lipid-based formulations prepared via diethyl ether injection 

and mixing-solvent evaporation. A monodisperse nanoparticle formulation with an average size 
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of 167.5 ± 1.9 nm was prepared upon hydrating the NAD+-Lipo with 20 ml of ultrapure water. 

Although encapsulating over 77% of the loaded concentration of NAD+, NAD+ release from 

this formulation over 24 hours was not reproducible (8.4 ± 0.8% (n = 3) – initial study, 55.9 ± 

3.2% (n = 2) – long-term release study), potentially attributed to formulation instability in 

physiological medium. As only one lipid mixture (soybean lecithin and cholesterol) at one mass 

ratio (4:1 (w/w)) was investigated, there is scope to optimise the composition of the liposomal 

bilayer to improve physiological stability, particularly for the encapsulation and sustained 

release of NAD+ to the posterior segment. 
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7. FUTURE WORK AND CONCLUDING REMARKS 

7.1 FUTURE PERSPECTIVES 

Chapters 2 to 5 detailed the preparation and physicochemical characterisation of NAD+-

associated HA and PLL PECs and CH-NAD+ complex formulations as potential candidates for 

the once or twice-daily supplementation of the corneal surface. The in vitro cell studies 

conducted provide a baseline estimation of the in vitro safety and efficacy of the complex 

formulations. Building on the work conducted, one of the primary focuses of future research is 

the further characterisation of the complex-based formulations using in vitro cellular models to 

assess the pharmacological activity of NAD+, both in free form and upon association with the 

respective formulations. Cellular models that closely mimic the early-onset pathogenesis of 

corneal surface disorders will be selected for investigation to provide a well-rounded 

examination of the in vitro efficacy of the respective formulations. Completion of such studies, 

in combination with pre-clinical investigations using in vivo pharmacokinetic and 

pharmacodynamic methodologies, will aid the translation of these formulations into clinical 

application. 

In terms of energy efficiency and cost-effectiveness, complex-based formulations are highly 

suitable for commercial scalability due to their ability to form in aqueous solution under 

ambient conditions. However, despite their favourable physiochemical attributes, 

polyelectrolytes, exhibiting the dual character of a macromolecule and electrolyte, exhibit high 

variability and their functionality is particularly susceptible to changes in environmental 

conditions. Therefore, critical assessments of their feasibility for commercial scale-up and mass 

production must be conducted to ensure the stability of the formulations over the production 

process, including sterilisation and subsequent storage. An assessment of their stability upon 

exposure to additives and stabilisers during commercial formulation development should also 

be of pivotal focus. 

Future work should also focus on the feasibility of delivering the complex-based formulations 

via a pre-existing method of ocular administration. Due to the intended supplementary mode 

of action of these formulations, modes of administration involving frequent subjection to 

invasive procedures, such as intravitreal injections or implantations, would not be favourable 
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in terms of patient compliance. The delivery of the developed formulations utilising a topical 

delivery system, such as a hydrogel contact lens or eye-drop formulation, would be more 

suitable for the intended application whilst maximising user safety and ease of use, provided 

the addition of the complex-based formulations does not hinder the critical quality attributes of 

the chosen delivery system. 

7.2 PROPOSED EXPERIMENTAL WORK 

7.2.1 Addressing the Limitations of the Study 

The baseline safety and efficacy of the PEC and CH-NAD+ formulations were established on 

a secondary corneal epithelial cell line. Although the use of a secondary cell culture is more 

cost effective and minimises culture-to-culture variability between replicate experiments, 

manipulation of their proliferation for indefinite subculture can alter their physiological 

properties. This, in turn, affects their alignment to basal physiology of corneal cells in vivo. To 

provide a more accurate model of the biological and genetic properties of the corneal 

epithelium, both the cytotoxic potential and antioxidant behaviour of the formulations will also 

be evaluated using a primary human corneal epithelial cell (PHCECs) culture. Also, only 

corneal epithelial cells were utilised in this study as the formulations were initially evaluated 

as supplementary drug delivery systems or administration to the ocular surface. However, there 

is scope to investigate the safety and pharmacokinetic profiles of the formulations on a retinal 

cell line, such as ARPE-19, to evaluate their potential to deliver NAD+ to the posterior 

segment. 

As described in Section 5.3.6, Franz diffusion cells were used during the ex vivo permeation 

and retention study. Neither the impact of release media flow rate nor blinking mechanism on 

NAD+ permeation through the corneal tissue was considered. To ensure a high degree of 

correlation with in vivo condition, there is scope to repeat the ex vivo studies using an Ussing 

chamber under a dynamic physiological flow rate with transepithelial electrical resistance 

measurements to ensure tissue integrity throughout the study. Blinking and the spreading of 

tear fluid across the corneal explants could also be simulated via the use of a mechanical arm, 

thus allowing for the quantification of NAD+ loss to tear film clearance during re-establishment 

of equilibrium tear volume. 
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As outlined in Chapter 5, in vitro cellular and ex vivo porcine models were used to establish the 

baseline safety an efficacy of the formulations. In order to fully assess the pharmacokinetic and 

pharmacodynamic properties of the formulations, with a high degree of correlation to the 

complex anatomy and physiology of the ocular environment in vivo, experimental animal 

models must be used. To reduce the number of animal subjects required for trials. The 

tolerability and irritation potential of the formulations could be assessed using the hen’s egg-

chorioallantonic membrane test (HET-CAM) and the corresponding score classification. A 

pharmacokinetic and pharmacodynamic assessment of the formulations could be conducted 

using a healthy rabbit or murine model, with NAD+ bioavailability and mean residence time 

being quantified in tear fluid and aqueous humour. Mild-dry eye in the rabbit or murine model 

could be induced using benzalkonium chloride and used to assess in vivo NAD+ 

pharmacodynamics. Tear fluid production (Schirmers test), tear film break-up time and corneal 

and conjunctival injury (ocular surface staining score – observation under cobalt blue light 

from a slip lamp) could be used to assess the efficacy of both NAD+ and the NAD+-laden 

formulations in attenuating the deleterious effects of dry eye. 

7.2.2 Soft X-Ray Microscopy for Complex Internalisation 

7.2.2.1 Visualisation of Mitochondrial Dysfunction 

Soft x-ray microscopy (SXM) can be utilised to obtain a 3D tomogram of the intracellular 

environment via imaging intact, hydrated cells using soft x-ray radiation in the range of 2.3 to 

4.4 nm (the water window), achieving a spatial resolution of between 25 to 60 nm [626]. Water 

and oxygen molecules weakly absorb soft x-rays within the water window. Conversely, carbon 

and nitrogen molecules strongly absorb soft x-rays within this region, thus allowing for natural 

contrast between the organelles and the surrounding cytoplasm. More specifically, SXM can 

be utilised to quantify mitochondrial molecular densities, using theoretical linear absorption 

coefficient (LAC) values, and assess mitochondrial cristae morphology in both basal and 

diseased cellular states [627], [628]. Therefore, there is scope to utilise this technique to compare 

the subcellular arrangement of control corneal epithelial cells and those under oxidative stress. 

PHCECs will be purchased from ATCC and cultured in accordance with the subculture 

protocol. Following subculture and growth in media for 24 the media will be replaced with 
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either 100 µL of fresh media (negative control) or 100 µL of media containing 200 µM of H2O2, 

before incubation for a further 24 hours. Cell preparation for loading into the capillary sample 

holders and subsequent cryofixation will be conducted in accordance with the protocol detailed 

by Parkinson et al. [629]. The cryo-preserved cells will then be analysed via SXM and 

compared to investigate changes in cell morphology resulting from oxidative stress. 

Additionally, the mitochondria from both cell types can be extracted and imaged using a similar 

methodology outlined by Polo et al. [630]. Calculation of the LAC values and mitochondrial 

matrix shapes using the mitochondrial complexity index will provide an indication of 

mitochondrial decline or dysfunction resulting from oxidative stress. 

7.2.2.2 Restoration of Mitochondrial Homeostasis Following Complex Uptake 

Additionally, the impact of complex internalisation on the morphology of the intracellular 

environment can also be visualised using SXM. In vitro cell uptake will be conducted as per 

Section 5.2.3.4, without the work-up and quantification steps. Following incubation, the 

formulation-laden PHCECs will be prepared and imaged via SXM as before. Not only will this 

provide a clear visualisation of formulation intracellular uptake, but there is potential to 

visualise the restoration of mitochondrial function following supplementation of the cells with 

the respective formulations and induction of oxidative stress. PHCECs will be supplemented 

with either NAD+ alone, NAD+-associated PECs or CH-NAD+ complex for 24 hours prior to 

exposure to 200 µM of H2O2. Comparison of the SXM images of treated PHCECs to those 

obtained from the H2O2-stressed cells should yield changes in cell organelle morphology. 

7.2.3 Restoration of Basal Respiration via Seahorse Mito Stress Assay 

Induction of oxidative stress within mitochondria can significantly damage the mitochondrial 

respiratory chain, thus significantly upregulating mitochondrial dysfunction [631]. However, 

NAD+ plays a pivotal role in mitochondrial respiration, namely by acting as a central hydride 

donor to ATP synthesis through mitochondrial oxidative phosphorylation [632]. As such, it is 

hypothesised that the incubation of H2O2-stressed PHCECs with NAD+/NAD+-laden complex 

formulations may enhance mitochondrial respiratory function in comparison to PHCECs 

incubated with H2O2 alone. PHCECs will be incubated at a seeding density of 20 x 103 

cells/well in a Seahorse XF cell culture plate for 24 hours. The cells will be incubated for a 
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further 24 hours with 100 µL of media supplemented with; fresh media (negative control), fresh 

media (positive control), NAD+, NAD+-associated PECs, and CH-NAD+ formulations. The 

final 24-hour incubation period will involve the removal of the treatments and the addition of 

100 µL of media containing 200 µM of H2O2. 

Before analysis, the media will be removed and replaced with Seahorse XF assay media (1 mM 

HEPES buffer containing 25 mM glucose, 2 Mm GlutaMax and 1 mM sodium pyruvate) before 

incubating the plate in a humidified incubator at 37 °C (no CO2). Oxygen consumption rate 

(OCR), an indicator of mitochondrial respiratory function, will be assessed using a Seahorse 

XF Analyzer and a Seahorse XF Cell Mito Stress Kit. Baseline mitochondrial respiration, an 

indicator of the basal metabolic demands of the PHCECs, will be assessed prior to the addition 

of the mitochondrial stress test reagents. Measurements of ATP-linked respiration, maximal 

oxygen consumption rate, and residual OCR originating from non-mitochondrial sources, will 

also be analysed via sequential injection of 1 µM of oligomycin, 2 µM of phenylhydrazone 

(FCCP), and 0.5 µM of rotenone/antimycin A to each well, respectively [633]–[635]. The results 

obtained will be combined with those from the in vitro cell internalisation studies to critically 

evaluate the efficacy of the NAD+-associated formulations upon internalisation. 

7.2.4 Etheno-NAD+ Assay for Sirtuin Function Analysis 

A quantitative assessment of NAD+ hydrolase activity would be highly beneficial to both gain 

a thorough understanding of NAD+ consumption in PHCECs and to investigate whether 

association to a formulation impacts its enzymatic activity [636]. Upon washing and 

trypsinising the cells from the cell culture plates, the cells will be homogenised in NETN lysis 

buffer and centrifuged. Quantification of the total hydrolase content (CD38, PARP, SIRTS) in 

cell supernatants will be conducted using a bicinchoninic acid (BCA) assay and normalised 

across the cell samples. 10 µL of the sample lysates will be added to a 96-well cell culture 

plate, followed by the immediate addition of either nicotinamide 1,N6-ethenoadenine 

dinucleotide (etheno-NAD+), a fluorescent ADP-ribose byproduct of NAD+ hydrolysis, or 10 

µL of PEC/CH-NAD+ solutions containing an equivalent etheno-NAD+ concentration. 

Fluorescence will be read using a fluorescence microplate reader. The total NAD+ hydrolase 

activity of each well will be calculated by plotting the active fluorescent units as a function of 
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time and obtaining the slope of the resulting curve. There is also scope to analyse the behaviour 

of select NAD+ hydrolases via the addition of 10 µL of inhibitor solutions (apigenin – CD38, 

3-aminobenzamide – PARPs, etc.) before the addition of etheno-NAD+. This can also be 

applied to the analysis of PHCECs in a diseased state to quantify the effect of cellular 

dysfunction on NAD+ hydrolase activity. 

7.2.5 CD44 Receptor-Mediated Uptake of HA and PLL PECs 

As outlined in Section 1.4.1, corneal intracellular uptake of HA and PLL PECs may be 

governed by the binding of HA to CD44 receptors expressed on the corneal epithelium [637]. 

To investigate whether PEC uptake is mediated by receptor binding, PEC uptake will be 

conducted under conditions of CD44 inhibition. Firstly, the expression of CD44 receptors in 

the PHCEC line will be confirmed via Western blotting and immunofluorescence assays [638]. 

Based on the methods outlined by Conteras-Ruiz et al. [639], upon reaching the desired 

confluency, PHCECs will be incubated with anti-CD44 Hermes-1 antibody for 30 minutes prior 

to incubation with FITC-PEC and FITC-CH-NAD+ formulations for 24 hours. Changes in 

fluorescence upon comparison with that obtained during the cell uptake study outlined in 

Section 5.2.3.6 can be visualised via fluorescence microscopy. However, there is scope to 

quantify the hypothesised decline in fluorescence via analysis of the fluorescence intensity of 

the lysates from formulation-laden cells using a fluorescence microplate reader. 

7.2.6 Investigation of Chitosan-Mediated Tight Junction Opening 

Tight junction disruption and subsequent opening via CH-NAD+ formulation permeation will 

be investigated via means of immunofluorescence staining and fluorescence microscopy. 

PHCECs will be incubated with both CH-NAD+ formulations and chitosan alone (positive 

control – equivalent in concentration to the formulations) for 1, 6, 10 and 24 hours. Upon 

incubation with a primary antibody for zona occludens (ZO-1), an integral scaffold protein for 

tight junction integrity, for 1 hour and subsequent fixation, PHCECs will be stained with a 

FITC-labelled secondary antibody for 2 hours, protected from light. Control cells will be 

incubated in the absence of the primary antibody. Following counterstaining with 0.0001% 

(w/w) DAPI to highlight cell nuclei, the PHCECs will be imaged. A decrease in fluorescence 

and boundary pattern integrity upon incubation with chitosan/CH-NAD+ is indicative of tight 
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junction destabilisation. For example, as shown in Figure 7.1, Shi et al. [640] observed a 

decrease in ZO-1 fluorescence and discontinuity of the cell borders after incubation of human 

corneal epithelial cells with a chitosan conjugate eye drop formulation (CCH).  

 

Figure 7.1: A reduction in ZO-1 fluorescence observed in human corneal epithelial cells after 

pre-incubation with CCH for 2 hours [640]. 

 

FINAL REMARKS 

This research work details, for the first time, the development of a number of biopolymer-based 

nanoformulations exhibiting optimal physicochemical attributes for the direct delivery of 

NAD+ to the corneal surface and supplementary treatment of age-related ocular dysfunction. 

Further investigations are required to optimise the chosen NAD+-laden formulations intended 

for posterior segment supplementation. Particularly regarding the NAD+-associated PECs, the 

in vitro safety and efficacy profiles obtained within conditions mimicking that of the corneal 

environment render them a suitable candidate for further in vitro and in vivo pre-clinical trials.  

With NAD+ and NAD+ precursor oral and intravenous supplementation gaining increasing 

popularity in the field of anti-ageing research, the direct, targeted delivery of NAD+ provides 

a novel avenue of investigation for the preventative treatment of numerous age-related ocular 

diseases. This research work has provided a proof-of-concept for the development of a number 
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of promising nanoformulation platforms for ocular NAD+ delivery, with strong potential to 

improve ocular health and reduce susceptibility to the deleterious effects of ageing.  

 

RESEARCH DISSEMINATION 

Based on the literature review conducted in Chapter 1, a gap in scientific knowledge regarding 

the development of HA-based PECs specifically for ophthalmic applications was identified. 

Limited research has also been published regarding the considerations that must be made for 

the optimisation of the intrinsic and extrinsic properties of HA-based PECs during formulation. 

To fill the identified gap in the literature, a review article, entitled “Hyaluronic Acid: Its 

Versatile Use in Ocular Drug Delivery with a Specific Focus on Hyaluronic Acid-Based 

Polyelectrolyte Complexes” was successfully published in the Special Issue of the 

Pharmaceutics journal “Innovative Technologies to Treat Diseases of the Back of the Eye” 

(DOI: https://doi.org/10.3390/pharmaceutics14071479). 

Chapters 2,3, and 5 detail the successful development and characterisation of NAD+-associated 

PECs, in terms of method optimisation (Chapter 2), size parameters (Chapters 2 and 3), NAD+ 

loading and release (Chapter 3), in vitro biocompatibility (Chapter 5) and ex vivo permeation 

and retention (Chapter 5). Based on this experimental work, a research article, entitled “NAD+-

associated-hyaluronic acid and poly(L-lysine) polyelectrolyte complexes: An evaluation of 

their potential for ocular drug delivery”, was successfully published in the International Journal 

of Pharmaceutics and Biopharmaceutics (DOI: https://doi.org/10.1016/j.ejpb.2023.10.004). 

This work was also selected for poster presentation at the Association for Research in Vision 

and Ophthalmology Annual Meeting (ARVO) in New Orleans, Lousiana in April 2023, with 

the abstract later published in the corresponding book of meeting abstracts, Investigative 

Ophthalmology & Visual Science: An ARVO Journal (Link: 

https://iovs.arvojournals.org/article.aspx?articleid=2787647).  

A research paper, entitled “Preliminary, Comparative Evaluation of the Safety and Efficacy of 

Polyelectrolyte Complex-Based Nanoformulations for NAD+ Ocular Surface Delivery using 

In vitro and Ex vivo Models – Working Title”, is currently under preparation and is due for 

https://doi.org/10.3390/pharmaceutics14071479
https://doi.org/10.1016/j.ejpb.2023.10.004
https://iovs.arvojournals.org/article.aspx?articleid=2787647
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submission in 2024. This paper will highlight the development and characterisation of the CH-

NAD+ formulations (Chapter 4) and provide a comparative analysis of the in vitro 

mucoadhesion, efficacy, uptake, and ex vivo permeation and retention of the NAD+-associated 

PECs and CH-NAD+ formulations, based on the work detailed in Chapter 5. 
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APPENDIX 1.1 QCM-D DATA 
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Supplementary Figure 1: QCM-D raw data plots of the changes in Δf and ΔD after each equilibration, 

sample deposition and rinsing cycle for (a) HA, (b) PLL, (c) blank PECs, (d) NAD+-associated PECs, 

(e) chitosan, (f) CH-NAD+ (120% (w/w)), and (g) CH-NAD+ (140% (w/w)). 
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APPENDIX 1.2 EX VIVO PERMEATION – HPLC CHROMATOGRAMS 
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Supplementary Figure 2: Representative HPLC chromatogram taken from the receptor chambers (a) 

and donor chambers (b) of the porcine scleral tissues following incubation with NAD+/NAD+-

associated PECs. The receptor chambers of the corneal (c) and scleral (d) tissues following incubation 

with the CH-NAD+ formulations are also included. 
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