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ABSTRACT
Age-related Macular Degeneration (AMD) is a disease of the back of the eye and the most

common cause of vision loss in elderly people. Existing therapies involve repeated intravitreal
injections with poor patient compliance, which can be associated with serious side effects such
as retinal detachment and haemorrhage. In light of the need for the development of a non-
invasive treatment option for AMD, this study aims to develop a topically applied
nanoparticulate system encapsulating a corticosteroid and a flavonoid for extended drug
release. Triamcinolone acetonide (TA)-loaded chitosan-coated poly (lactic-co-glycolic acid)
(PLGA) nanoparticles (NPs) were fabricated using the thin-film hydration and oil-in-water

emulsion techniques and characterized to assess their suitability.

The particle size of uncoated and coated PLGA NPs fabricated using thin-film hydration ranged
from 411 nm to 456 nm, with an encapsulation efficiency of 63%. The zeta potential of PLGA
NPs was -4.10 mV increasing to +44.05 mV upon chitosan coating, indicating the formation
of stable NPs with polydispersity indices ranging from 0.08 to 0.19. In-vitro TA release from
the NPs was 28% in 32 hours, subsequently reaching a plateau, suggesting controlled release
of the drug. An emulsion formulation technique was also used to optimize the chitosan-coated
PLGA NPs encapsulating TA, using the Box-Behnken response surface statistical design. The
optimized surface-modified NPs were stable with a particle size of 334 to 386 nm, PDI
between 0.09 and 0.15 and zeta potential between +26 mV and +33 mV. These NPs
encapsulated 55% — 57% of TA and displayed a controlled release of the drug that reached a
plateau in 27 h.

Different pathological conditions were simulated using ARPE-19 cells and exposed to various
concentrations of TA and quercetin (QCN), in an attempt to investigate their potential for the
treatment of AMD. The concentrations utilised were non-toxic on ARPE-19 cells and showed
no signs of synergetic toxicity and changes in morphology of the cells (with cell viability
>80%). The ARPE-19 cells treated with combination decreased the cytokines expression by
3.4,5.2,1.7, and 2.2 folds for IL-6, IL-8, MCP-1, and VEGF-C, respectively, indicating the
anti-inflammatory and anti-VEGF effects. The combination drugs exhibited a synergetic
antioxidant effect compared to the individual treatments (P <0.05). Investigated dual drugs
were successfully encapsulated into the optimised NPs. Future work will focus on investigating
the stability and transport of the dual drug-loaded NPs in in-vitro and ex-vivo conditions. The
size of the NPs in conjunction with the biodegradable and biocompatible properties of the

polymers suggest these particles might be promising for topical ocular drug delivery.
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1.1 Introduction

The eye is an important organ that gathers significant information about our surroundings. It is
designed for protection from foreign bodies, with a range of physiological and anatomical
barriers. It is these barriers, as well as its complex structure that makes it so challenging to treat
many ocular diseases. Anatomically, the eye is divided into two segments: the anterior and the
posterior segments. The anterior segment is the visible part of the eye whereas, the back of the

eye is known as the posterior segment [1].

According to the World health organisation (WHO), the majority of people with vision loss
and vision impairment are aged over 50 [2]. As the percentage of aging in the global population
continues to increase, the number of people suffering from age-related ocular diseases will also
significantly rise (>21.1% of Europe’s population are now over 65) [3]. Diseases of the
posterior segment of the eye, such as age-related macular degeneration (AMD), diabetic

retinopathy and macular edema, are the most common causes of vision loss [4].

AMD is a multifarious degenerative disease with gradual loss of central vision in people aged
over 50 years. At present, there is no cure for this disease, but treatment will slow down its
development [5]. AMD is classified into two types: wet AMD (neovascular and exudative) and
dry AMD (atrophic and non-exudative), ~67 million Europeans are suffering from AMD and
the numbers are expected to increase by 15% in the next 25 years [6]. This condition is typically
treated by regular intravitreal (IVT) injections of expensive monoclonal antibodies
(bevacizumab and ranibizumab), where the injection is given into the vitreous of the eye [7].
This can be associated with serious side effects, such as retinal detachment [8], retinal
haemorrhage [9], endophthalmitis [10] and an increase in intraocular pressure [11]. Together
with an increased financial burden, this treatment leads to poor patient compliance and a
significant number of patients not turning up for follow-up injections [12,13]. As such, there is
an unmet clinical need for the development of both new therapeutics and controlled-release
drug delivery systems for the treatment of AMD and similar diseases of the posterior segment
of the eye.

Targeted drug delivery systems with controlled release properties could provide benefit in the
treatment of posterior segment disorders [14—16]. To this end, emerging drug delivery systems
include implants [17], polymeric-controlled release injection [18], nanoparticles (NPs) [19] and
genetic medicines [20], etc. The current study aims to investigate new combination therapy and
to develop an effective nanoparticulate system that can deliver dual drugs in an extended-
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release manner to treat AMD, thereby reducing the listed side effects. In this chapter: ocular
diseases, routes of drug delivery to the eye, polymers and methods used to fabricate NPs and

their characterization are discussed along with previous investigations.

1.2 Ocular Diseases

The eye can be broadly divided into anterior and posterior segments, where the latter constitutes
about two-thirds of the eye [21]. The anterior segment includes the tear film, cornea,
conjunctiva, iris, ciliary body, lens, and aqueous humor, while the posterior segment
encompasses the sclera, choroid, retina, Bruch's membrane, vitreous humor, optic nerve, and

retinal blood vessels, as represented in Figure 1.1.

Anterior Segment Posterior Segment

Ciliary body

Suspensory

ligament Retina

Cornea

Iris Fovea (center
of visual field)

Puph Optic nerve

Aqueous B

Central artery
and vein of the retina

Optic disc
(blind spot)

Vitreous humor

Figure 1.1: Schematic representation of the eye [22].

Several diseases can affect the structure of the eye with outcomes starting from discomfort to
vision loss. Globally there are at least 2.2 billion people with vision impairment and the
common diseases resulting in vision impairment include glaucoma, cataract, AMD and diabetic

retinopathy [23].
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1.2.1 Anterior segment diseases

Diseases that can affect the front of the eye include cataract [24], conjunctivitis [25], and dry
eye disease [26], etc. The development of opacification or cloudiness within the lens due to
damaging of the crystallin protein leads to cataracts [27], which, if left untreated leads to vision
loss and which is one of the common causes of blindness [28]. The most frequently performed
ophthalmic operation is cataract surgery, where the cataract is extracted [29]. Conjunctivitis
occurs due to infection or inflammation to the conjunctival tissue. It is the most common ocular
disease, which occurs by bacterial, viral, fungal infections, irritants and allergens and is
commonly called ‘pink eye' or ‘red eye’. Meibomian gland dysfunction (MGD) is blockage of
the Meibomian glands, which impacts the production of enough tear film lipids and which can
lead to the rapid evaporation of tears. [30]. MGD is the leading cause of dry eye disease (DED)

and both have similar symptoms [31].

DED is a multifactorial disorder of the tears and ocular surface resulting in discomfort, visual
obstruction, and unstable tear film with possible ocular surface damage. It is characterized by
the elevated osmolarity of the tear film accompanied by subacute inflammation of the eye
surface. The disease can be of two types: dry eye with less tear production (aqueous deficient)
and rapid evaporation of tears (hyper evaporative). The location of the tear film and tear glands
in the eye are shown in Figure 1.2. Around 10% of cases arise from aqueous deficiency whereas
80% is accounted for by hyper evaporation, mostly caused by Meibomian gland dysfunction
and mixed cases of both types of DED [32]. Although the complete pathology of DED is
unknown, the unstable tear film and osmolarity can damage the ocular surface, initiating an
inflammatory cascade, which generates immune responses. These immune-inflammatory
responses continue to damage the ocular surface by developing self-regulating inflammatory

cycles until treated [33].
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Tear film:
Meibomian glands
Lipid Layer ————a
{Meibomian glands)

Aqueous Layer ———————s
(Lacrimal glands) . -
Goblet cells(Conjunctiva)

Mucin Layer ——————n

{Epithelial cells)

Figure 1.2: Representation of tear film made of lipid, aqueous and mucin layers along with tear (lacrimal )
glands [34].

1.2.2 Posterior segment diseases

Posterior segment eye diseases commonly affect the retina, choroid and optic nerves and
include retinitis pigmentosa [35], glaucoma [36], diabetic macular oedema (DME) [37],
diabetic retinopathy [38], AMD [39], etc. Glaucoma is a condition, which effects the tissues of
both anterior and posterior segments, it is characterized by an optic neuropathy that leads to
the gradual degeneration of optic nerve axons and the death of retinal ganglion cells [40]. It is
generally caused due to elevated intraocular pressure because of abnormal production or
blockage of the aqueous humor, which may damage the optic nerve. An irreversible disease,

the signs of glaucoma begin with a gradual loss of vision leading to complete blindness [41].

1.2.2.1 Diabetic retinopathy

Diabetic retinopathy (DR) is one of the leading causes of blindness in working age adults and
it is a future health problem due to the increase in the diabetic population [42]. It is a specific
vascular complication of Type | and 1l diabetes mellitus, with around 60% of Type Il diabetics
and almost all Type | diabetics showing some signs of DR [43]. DR is of two types based on
its development: proliferative and non-proliferative. Non-proliferative DR is characterized by
increased permeability of retinal vessels, exudate deposits, basement membrane thickening,
and micro-haemorrhages. Proliferative DR is complicated and includes the same clinical

symptoms as non-proliferative DR, but with the inclusion of pathologic angiogenesis. These
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new vessels are delicate and leak fluid and blood into the eye. Blood in the vitreous can obstruct
the path of light to the retina, resulting in spots within the visual field [38].

1.2.2.2 Age-related macular degeneration (AMD)

AMD is a degenerative, posterior segment disease and it is the leading cause of vision loss in
developed countries with gradual loss of central vision in people over 50 years [44]. Millions
of people suffer from severe retinal diseases like AMD and glaucoma and globally the numbers
are increasing every year, 243.4 million people are expected to have AMD by 2030 as seen in
Figure 1.3 [45].

Prevalence

— 300+
[72]
=
2
= - AMD
% 200+ -= Glaucoma
= /_—r—‘"————/_—‘ —=— Other ocular pathologies
g
+ 1004 —
@
=] -—
£
3
Z 0 T r .
2015 2020 2025 2030

Year

Figure 1.3: Estimated number of people globally with AMD and glaucoma projection for 2025 and 2030
[45].

Our vision is generated by conversion of light into electrochemical signals by the retina and
the macula, which is the centre part of the retina and consists of light sensitive cells responsible
for sharp central vision [46]. The damage to the macula in AMD affects the central vision of

the patient (Figure 1.4), which plays a vital role in leading an independent life.

(a) (b)

Figure 1.4: Vision of (a) normal person and (b) AMD patient [47].
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Taylor et al. have documented the experiences of AMD patients regarding diagnosis of their
disease and the effect of loss of central vision on their everyday life, as well as strategies for
coping with AMD [48]. The progression of AMD is characterized by the evolution of new
blood vessels (angiogenesis) in the retinal pigment epithelium (RPE), which results in atrophy,
and detachment of Bruch’s membrane as seen in Figure 1.5. As stated in Section 1.1, no cure

has been developed for this disease, but treatment may slow down its development [49].

(c)
Figure 1.5: Fundus photographs showing the macula and optic nerve: (a) Normal subject; (b) Patient with
multiple drusen within the posterior pole; (¢) Patient with advanced AMD showing geographic atrophy
within the macula [49].

AMD is generally classified into two types: wet AMD (neovascular and exudative) and dry
AMD (atrophic and non-exudative). The characteristic lesions of dry AMD are smooth drusen,
as seen in Figure 1.5 (drusen are round, discrete, multiple, and various sized sub-RPE deposits
in the macula) and changes with the pigmentation of RPE. In wet AMD, new blood vessels
developed, leading to leakage of fluid and blood under the macula. This may result in scarring,
retinal detachment, and irreversible vision loss [50]. The pathogenesis of AMD includes:
oxidative stress, lipofuscin build-up in the RPE, abnormal extracellular matrix, apoptosis and
atrophy [51].
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The AREDS (Age-Related Eye Disease Study) categorised AMD based on the characteristics
of the drusen, neovascularization, and atrophy [52]. According to their clinical trial studies,
drusen measuring 63 um, 63-124 um and larger than 125 pm in diameter were considered as
small, intermediate, and large, respectively. ARED subtypes of AMD were listed as: (1) if there
were less than five small drusen considered as no AMD; (2) mild AMD if the presence of
numerous small drusen or one intermediate-sized drusen was seen; 3) intermediate AMD
involves the appearance of multiple intermediate-sized drusen along with large drusen, or non-
central geographic atrophy (GA); and 4) advanced AMD includes central GA or CNV causing
vision loss (4 (a) involves categories 1, 2, and 3 whereas 4 (b) associated with low visual acuity
<20/32).

1.2.2.3 Age related macular degeneration therapeutics

The current standard treatment for AMD is through IVT injections with anti-VEGF (vascular
endothelial growth factor) agents. These anti-VEGF agents control choroidal
neovascularization (CNV), which occurs in the late stage of AMD where branching and
development of new blood vessels evolve from the choroid (these blood vessels reach the RPE
and damages central vision). Marketed anti-VEGF agents include: pegaptanib, ranibizumab,
bevacizumab, aflibercept, conbercept, abicipar-pegol, brolucizumab, faricimab, ziv-
aflibercept, and Tarcocimab tedromer. According to their molecular structures and synthesis
procedure, these anti-VEGF agents can be aptamers, monoclonal antibodies (mAbs), or

recombinant fusion proteins. [53].

While these anti-VEGF treatments have revolutionized the therapy for this complicated
disease, as mentioned in Section 1.1 they require regular IVT injections, which are associated
with many side effects [54]. Together with an increased financial burden, this treatment leads
to poor patient compliance, with an estimated 1 in 4 patients not returning for follow up
treatment [55]. This creates a defined need for new advanced therapeutic approaches, which
can either reduce or negate the need for current IVT injections. Novel therapies could include
those given topically or long-acting controlled release approaches that have a suitable safety
profile [56].

1.2.2.3.1 Glucocorticoids for AMD
The strong immune protection of the eye, while guarding the retinal tissue against any damage,
can also expose it to autoimmune targeting [57]. Autoantibodies in response to retinal antigens

have been traced for many ocular diseases including AMD [58]. The inflammation causes
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frequent damage to adjacent cells and the immune system cannot protect tissues with low
regenerative capacity, like the retina. A detailed understanding of the pathogenesis of
autoimmune retinopathy will be needed for the development of novel and effective therapies
for AMD [59]. Drusen contains amyloid P, vitronectin, apolipoprotein E, IgG immune
complexes, factor X, complement factors (C5 AND C5b-9 complexes), interleukins,
carboxyethyl pyrrole protein adducts and tissue metalloproteinase 3 (TIMP-3) [60]. Most of
these components are found to be inflammatory and immune factors. These findings point to
the fact that both immunity and inflammation have a role in drusen formation [61,62].
Morohoshi et al. found that 94% of patients with early AMD and 83% of late AMD patients
displayed high amounts of retinal autoantibodies and also noticed that several retinal antigens

are being targeted by autoantibodies in the serum of AMD patients [63].

The importance of glucocorticoids (GCs) for the treatment of ocular inflammatory disorders
was initially noticed in the early 1950s [64]. GCs are extremely important steroid hormones,
which regulate various homeostatic and metabolic functions in the physiological systems [65].
These can be considered as a therapeutic option for many posterior segment eye disorders for
their antiangiogenic, anti-inflammatory and anti-proliferative properties [58]. An anomalous
proliferation of cells is triggered and associated with inflammation with intra-retinal fluid
accumulation related to blood-retinal barrier dysfunction, which may be restored with steroidal
treatment. Proliferation of intraocular tissue is one of the major problems left unsolved in
clinical ophthalmology and GCs have been shown to suppress the proliferation of cells [66].
Synthetic GCs are one of the most commonly used drugs for the treatment of allergy,
autoimmune and inflammatory diseases [67]. They are mainly used for their
immunosuppressive and anti-inflammatory properties, which are regulated through signal
transduction by the glucocorticoid receptors in the human body. In ophthalmology, GCs such
as dexamethasone, triamcinolone, fluocinolone, prednisolone and their derivatives have shown
to be useful in treating disorders like uveitis, macular edema and AMD [68-70]. Recently,
Gaballa et al. reviewed corticosteroids usage for ocular diseases, their route of delivery,
adverse effects and future perspectives [71]. One such adverse effect is an increase in
intraocular pressure (IOP) with topical administration of corticosteroid. As the trabecular
meshwork cells drain around 90% aqueous humour, it contains high amounts of corticosteroid
receptors. It has been hypothesised that the interaction between corticosteroid and these
receptors could be the reason for elevated IOP. The authors suggested these adverse effects can

be negated by regular ocular examinations for patients on long-term treatment with
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corticosteroids, by choosing a suitable dosage form with the right route of drug delivery based

on the disease and by preferring targeted therapy instead of generalized therapy.

Jonas et al. studied the effect of IVT triamcinolone acetonide on 67 AMD patients using an
interventional case series study [72]. Results of the study revealed that IVT injection of 25 mg
of triamcinolone acetonide showed maximum visual acuity in 66.2% and unchanged visual
acuity in 19% of AMD patients. The remaining patients encountered side effects of
triamcinolone acetonide IVT injections. Cataract and increased intraocular pressure were
noticed, which increased with the number of IVT injections. As stated by the authors of the
work, these complications are treatable with cataract surgery and topical antiglaucomatous
therapeutics and post-injection side effects like retinal detachment and endophthalmitis were

not reported in any of the patients.

1.2.2.3.2 Flavonoids for AMD

In the 20th century, most approved drugs were natural products or analogues derived from
them [73]. Natural source-derived antibiotics such as penicillin, immunosuppressants for organ
transplants such as cyclosporine, and anticancer drugs such as Taxol®, revolutionized
medicine and improved quality of life [74-76]. The functions and structures of natural products
and their molecular targets are believed to have evolved to interact with one another, suggesting
that natural products might serve as optimal small molecule ligands for some human targets
[77]. Flavonoids are widely distributed in the plant kingdom and are categorized as flavanol,

flavanone, flavones, anthocyanidin and isoflavone (Figure 1.6) [78].

Quercetin is a typical flavanol-type flavonoid abundantly present in fruits and vegetables. It
has been shown to have antioxidant properties with anti-inflammatory [79], anti-proliferative
[80] and gene expression changing capacities [81] and found to be effective for AMD in

primary research [82—84].
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Figure 1.6: Chemical structure of flavonoids.

Chen et al. studied the effect of quercetin on choroidal and retinal angiogenesis and it has
shown dose dependant inhibition (by inhibiting the growth of vascular endothelial cells) on a
rhesus choroidal-retina endothelial cell line [85]. With the increase in quercetin concentration
from 10 uM to 100 uM, inhibition elevated from 10% to 65%. Migration and tube formation
of the choroidal-retina endothelial cell line was also inhibited in a dose dependent way. Several
mechanisms such as inhibition of lactate transport [86], suppression of glycolysis and ATP
production [87], inhibition of protein kinases [88], interference with ion pump systems [89],
and various signal transduction pathways [90] have been associated with anti-proliferation

activity of quercetin.

Wang et al. studied the protective effect of quercetin and chlorogenic acid (polyphenols) on
visible light induced retinal degeneration in rabbits [83]. Experimental rabbits were divided
into four groups: normal group (NG), model group (MG), quercetin group and chlorogenic
group (CA). The rabbits from the MG, quercetin and CA groups were treated daily with PBS,
quercetin, and CA respectively for 21 days. Rabbits in the MG, quercetin and CA groups were
exposed to 18,000 Ix light to induce retinal degeneration. All rabbits were euthanized after the

study and the retinas were isolated for further analysis. Upon light exposure, inflammatory
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cytokines (MCP-1, IL-1p and IL-8) were upregulated in the MG group whereas quercetin
treated groups showed a decrease in cytokines, as seen in Figure 1.7. The mRNA and protein

levels of the cytokines expressed were analysed by PCR and western blot.
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Figure 1.7: Effects of quercetin and chlorogenic acid on [A, B] monocyte chemoattractant protein 1 (MCP-
1), [C, D] interleukine-8 (IL-8), and [E, F] interleukin-1 g (IL-1B). (A, C, E) protein and (B, D, F) mRNA
levels in rabbit retinas after light exposure [83].

To determine the inhibitory effect of quercetin and CA on CNV, the levels of VEGF and
hypoxia-inducible factor-1a (HIF-1a) were quantified in the retinas of rabbits. Quercetin and
CA reduced the VEGF and HIF-1a expression levels compared to the MG group as depicted

in Figure 1.8.
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Figure 1.8: Expression levels of [A] VEGF and [B] HIF-1a determined using ELISA in the four
experimental groups [83].

The outer nuclear layer (ONL) thickness of retinas was measured through histological
examination to track the changes in retinal morphology (Figure 1.9). Thicker ONL (35 um)
was observed for the quercetin group (P <0.05) compared to MG (30 um) and CA groups (32

um) indicating the potential of quercetin in protecting retinal morphology from light induced

damage.
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Figure 1.9: Histological image showing the effect of quercetin and chlorogenic acid (CA) on the retinal
outer nuclear layer (ONL) thickness in rabbits after light exposure [83].

The properties of quercetin together with a proper dosage form may help to treat multifactorial
diseases such as AMD. The use of natural products on sensitive organs like the eye could

minimise side effects and may protect the retina while healing or prolong eye health [91].
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1.3 Ocular drug delivery

Ocular drug delivery is one of the most challenging tasks for formulation development experts.
The eye is a complex organ with vast anatomical, biochemical, and physiological barriers
restricting the entry of drug molecules to the site of action. Considering these features, it may
be beneficial to design an ocular formulation with some requirements to efficiently compensate
for the associated limitations. Generally ophthalmic drugs are administered topically, which
are suitable for anterior segment eye diseases [92]. Whereas for posterior segment eye diseases
alternative routes have been evolved (periocular and IVT routes) considering the clearance
mechanisms and poor bioavailability associated with the topical route [93]. As mentioned in
the earlier sections, the invasive nature of these treatments along with serious side effects can
lead to poor patient compliance. Developing a non-invasive treatment option for posterior
segment diseases is a great challenge for drug delivery researchers. Understanding the various
routes of drug administration with their related challenges is of utmost importance to overcome

this challenge.

1.3.1 Routes of ocular drug delivery

There are three main ways of delivering therapeutics to the eye: topical, local delivery (IVT
[94], periocular [95], implants [96], etc.) and the systemic route as represented in Figure 1.10.
The selection of drug delivery route depends on the type of disease, the area of the eye to be

treated and patient compliance.
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Figure 1.10: Routes of drug transportation via topical administration (1 and 2), subconjunctival injection
(3), subretinal injection (4), intravitreal injection (5), and drug transportation from systemic circulation (6)
[97].

1.3.1.1 Topical

Due to ease of application and patient compliance, topical instillation is the most widely chosen
route to treat anterior segment ocular diseases with topical methods accounting for 90% of
commercial eye formulations [98-100]. Addo et al. detailed the anatomical and physiological
limitations of the eye (Figure 1.11) resulting in poor ocular bioavailability of the drug with
topical instillation resulting in difficulty to attain a therapeutic concentration of the drug in the
posterior segment [101]. Precorneal fluid drainage is one of the key reasons for low drug
absorption into the ocular tissues [103]. After topical instillation, the instilled volume is drained
into the nasolacrimal duct which maintains only 7-10 pul of the precorneal fluid, the excess fluid

is lost due to physiological nasolacrimal drainage [104].
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Figure 1.11: Ilustration of movement of the drug into the eye crossing the blood-aqueous barrier (BAB)
and blood-retinal barrier (BRB) after topical administration [102].

The administered drug reaches the tear film, which is the first barrier of the topical route, where
the drug is diluted by tears and cleared from the ocular surface through tear turnover rate and
blinking [105]. A majority of the topically administered drug is cleared from the corneal surface
in 2-3 min, this reduces drug residence time on the cornea. The thickness of the tear film is
between 4-7 um and is composed of lipid, aqueous, and mucin layers [106]. The outer lipid
layer prevents the tear film evaporation of the tear film and controls the tear overflow. The
middle aqueous layer contains proteins and enzymes that can bind and metabolize the active
drug, impacting the drug's bioavailability. High sulfate and sialic acid groups in the mucin layer
provide a negative charge, therefore mucins can repulse or attract drugs via electrostatic
interactions based on the charge of the drug or nanoparticulate system. The tear film volume is
7.0-30.0 uL with an average tear turnover rate of 1.2 ml/min, hence topical formulations with

a minimal volume containing high drug concentration might achieve effective bioavailability.
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The drug permeates through the corneal route and the conjunctival route as shown in Figure
1.11. An avascular, transparent dome like structure, the cornea sits at the front of the eye
measuring 11.5 mm in diameter, 500 pm thick in the centre and 700 um towards the periphery.
The cornea consists of five different layers: epithelium, Bowman's membrane, stroma,

Descemet's membrane, and endothelium, as represented in Figure 1.12 [107].
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Figure 1.12: Representation of ocular barriers with pharmacological targets [108].

Among the five layers of the cornea, the epithelium plays a vital role in drug permeation. The
corneal epithelium is lipophilic with tight junctions, which restricts the permeation of
hydrophilic molecules. Epithelial tight junctions have a paracellular pore measuring 2.0 nm in
diameter, therefore molecules with a molecular radius <5.5 A or with a molecular weight of
500 Da generally pass through corneal epithelium via the paracellular route [109]. Apart from
molecular weight and lipophilicity of molecules, corneal permeability is also affected by the
charge of the solute. The surface of the cornea is negatively charged above its isoelectric point
of 3.2, where cationic compounds bind and permeate more effectively than anionic molecules
[110-112]. The corneal epithelium and endothelium prevent the passage of hydrophilic
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molecules into the aqueous humor while allowing permeation of small-sized lipophilic
molecules. On the other hand, the stroma allows permeation of hydrophilic molecules but
restricts lipophilic molecules. Considering all these factors, only small molecules with optimal
lipophilicity can permeate effectively through these barriers [113]. Due to the corneal barriers
and pre-corneal factors, <5% of the administered drug reaches the aqueous humor, resulting in

poor ocular bioavailability of most compounds [114-116].

In humans, the conjunctiva has a 17-fold larger surface area than the cornea, which allows for
higher drug absorption across the tissue. Intercellular spacing in the conjunctival epithelium is
wider than the cornea (3.0 nm in bulbar and 4.9 nm in the palpebral conjunctiva) [117]. Due to
this, penetration of drugs through the conjunctiva is higher than through the cornea, but still,
the drug absorption is minimal due to the presence of conjunctival blood vessels and

lymphatics, which may cause loss of drug into systemic circulation [118].

The aqueous humor in the intraocular environment is protected by the blood-aqueous barrier
(BAB). The non-pigmented ciliary epithelium and the endothelium of the iris-ciliary blood
vessels form the BAB in the anterior part of the eye. It regulates the transfer of solutes between
anterior and posterior segments and is less permeable due to the presence of tight junctions
[119]. The BAB restricts the permeation of plasma-derived albumin and hydrophilic drugs into
the aqueous humor from plasma and the permeation of drug molecules from the anterior to
posterior segment is further limited by constant aqueous humor drainage (2.1 to 3.4 pl/min)
[120].

1.3.1.2 Systemic route

After systemic injection, the drug permeates through the scleral pores and passes to choroidal
circulation, posterior choroid and finally to RPE from the choroidal blood vessels [121]. The
BRB and the BAB with tight junctions are the major barriers for drugs administered through
the systemic route (Figure 1.13). The sclera acts as a physical barrier to many drugs due to its
dense nature, given that drug permeability depends on molecular weight (smaller molecules up
to 150 KDa diffuse easily) [122]. The choroid has more blood vasculature delivering oxygen
and nutrients from the blood flow into the outer retina. There are two barrier functions
associated with the choroid: on the one hand, it acts as a molecular filter and on the other,
choroidal blood flow has a clearance mechanism [123]. Lipophilic molecules have proved to
have increased choroidal delivery due to the bonding of lipophilic molecules to binding sites

such as membranes and melanin [124].
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Figure 1.13: Illustration of blood ocular barriers, blood-retinal barrier (BRB) and blood-aqueous barrier
(BAB) [125].

The BRB mainly obstructs substance diffusion from the systemic circulation into the retina.
There are two portions of the BRB, the inner and outer BRB. The inner BRB consists of retinal
capillary endothelial cells (RCE), it possesses intercellular tight junctions and protects the
retina from foreign substances present in systemic circulation. The outer BRB consists of RPE,
which governs the diffusion of compounds [126]. Hydrophilic molecules permeate through
tight junctions via the paracellular route, while lipophilic molecules traverse through the
transcellular route [127]. Verteporfin (Visudyne®) is the commercially available systemic drug

given intravenously to treat wet AMD by photodynamic therapy [128].

1.3.1.3 Intravitreal route

As stated in Section 1.1, the most commonly used route to deliver drugs or drug delivery
systems to the posterior segment (choroid, retina and vitreous chamber) of the eye [129-131].
The drug, in the form of solution, particles, suspension or emulsion is injected through the
ocular surface to intraocular tissue. Mostly, injections are directed in the pars plana region due
to its lesser innervation. In the case of implants, vitreoretinal surgery is required for installing,
removing, or replacing the implants. As highlighted in Section 1.1, frequent use of this route
leads to retinal detachment, retinal haemorrhage, endophthalmitis and increase in intraocular
pressure. The IVT route provides direct local treatment with enhanced bioavailability hence

despite the disadvantages, it is used in the present day [132-134].

There are also other routes such as the periocular route where the drug is delivered to periocular

tissue for local effects or may travel to intraocular tissues. It consists of other specific routes
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like subconjunctival, subtenon, peribulbar, retrobulbar, suprachoroidal and trans-scleral [135].
Peribulbar and retrobulbar are generally used for giving anaesthesia and the remaining routes

are for delivering drugs to the posterior segment [136].

In the subconjunctival route, the injection or implant is placed under the conjunctiva. A bleb is
formed for injection, which slowly acts as a depleting depot and the drug overcomes the
elimination by conjunctival blood and lymphatic system as it will pass to the sclera and choroid
to reach the retina [137]. The suprachoroidal route is used to diffuse drugs slowly from the
suprachoroidal space to the choroid or retina. It does not interfere with the optical path and also

has lesser side effects and more bioavailability than other periocular routes [138].

1.4 Nanotechnology: A strategy for ocular drug delivery

Scientists have achieved remarkable success in the field of nanoscience and nanotechnology
since their discovery in the twentieth century. Nanotechnology is any technology on the
nanoscopic scale, which has diverse applications in everyday life. It is an interdisciplinary field
including, physics, chemistry, material science, biology, etc., where materials and functional
systems are created with special properties. Nanotechnology has a wide range of applications
in the fields of textiles, agriculture, engineering, electronics, forensic science, space, medical
therapeutics, etc. [139].

Nanotechnology in drug delivery deals with an entire range of nanomaterials that have specific
size dependant characteristics related to biological and biomedical applications. Nanoscale
materials have evolved in various forms with unique characteristics for ocular drug delivery.
Different forms of nanomaterials being tested for anterior and posterior segment eye diseases
include: NPs [19], nano-micelles [140], nano-suspensions [141], liposomes [142], dendrimers
[143], nanoparticle-loaded contact lens [144] and sub-conjunctival implants with
nanostructures [145], etc. NPs are poly-colloidal particles with sizes ranging from 10 to 1000
nm [146]. Drug can be dissolved, wrapped, embedded or adsorbed within the NPs [147]. For
the use of ocular drug delivery, NPs are generally composed of proteins, lipids, synthetic
polymers ((poly (D, L-lactic-co-glycolic acid) and polycaprolactone) and natural polymers
(albumin and chitosan) [148-150].

NPs can be tailored to have important biological properties like biodegradability [151],
biocompatibility [152], non-toxicity [153], mucoadhesiveness [154] and can be designed to
improve drug targeting, drug penetration and controlled release [147]. Additionally, NPs with
good physical stability can be formulated with simple techniques. Considering all of these

combination of properties, NPs have been chosen widely in recent times to overcome the
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drawbacks of delivering the drug through the barriers of the eye [155-157]. Drug-loaded NPs

are often depicted as being either nanocapsules or nanospheres as seen in Figure 1.14.

Polymeric membrane Polymeric matrix
Drug molecules

Nanocapsule Nanosphere

Figure 1.14: Diagrammatic representation of nanocapsule and nanosphere.

The drug is enclosed inside the polymeric shell for nanocapsules, whereas drug is dispersed

uniformly in the polymer matrix for nanospheres [158].

1.4.1 Synthetic polymeric nanoparticulate systems

Synthetic polymers have well-defined structures, which can be altered for functionality and
degradability. Due to the tailorable structure and modification, they have many biomedical
applications [159]. Synthetic polymers such as poly (lactic-co-glycolic acid) (PLGA) [160],
polylactic acid (PLA) [161], poly (epsilon-caprolactone) (PCL) [162] and poly (alkyl
cyanoacrylate) (PACA) [163] are widely used in drug delivery due to their drug release
properties [164].

1.4.1.1 Poly (lactic-co-glycolic acid) nanoparticles

Poly (lactic-co-glycolic acid) [PLGA] is a copolymer of PLA and poly (glycolide) (PGA).
PLGA is one of the most explored polymers for ocular drug delivery due to its biocompatibility
[165], biodegradability [166] and sustained release characteristics [167]. Hydrolysis of PLGA
results in glycolic and lactic acids as seen in Figure 1.15, which further enter the tricarboxylic
acid cycle where these acids get metabolized into carbon dioxide, energy, and water, making
PLGA degradable in-vivo. There is a wide range of PLGAs available with varying molecular
weights and PLA:PGA ratios. Generally, polymers with high molecular weight show slow

degradation as more time is needed to degrade polymer chains [168].
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Figure 1.15: Structure of PLGA and its hydrolysis. x = number of units of lactic acid, y = number of units
of glycolic acid.

There is a wide range of procedures for the formulation of PLGA NPs, which have both
advantages and disadvantages. The nature of the drug, nanoparticle size, size distribution and
preparation procedure play a vital role in PLGA NPs. Work on PLGA NPs in the 90s, by Yoo
HS et al. formulated doxorubicin (an anti-cancer drug) conjugated (the hydroxyl terminal group
of PLGA was activated by p-nitro phenyl chloroformate and reacted with a primary amine
group of doxorubicin for conjugation) and unconjugated PLGA NPs using an emulsion-solvent
diffusion technique [169]. They reported that doxorubicin conjugated to PLGA NPs
demonstrated a 96.6% loading/encapsulation efficiency (amount of drug encapsulated into the
particles compared to the initial weight of drug taken) and 3.5% loading percentage (% weight
of the drug going into the particles compared to the total weight of the system). Sustained
release was achieved over 25 days, whereas doxorubicin unconjugated to PLGA NPs achieved
only 6.7% loading efficiency with around 5 days of sustained release. This shows that the

method of preparation of the NPs has a high impact on drug loading and release.

Jayamanti et al. prepared chitosan-coated PLGA NPs containing bevacizumab using a double
emulsion solvent evaporation technique to target the retina [170]. The prepared chitosan-coated
PLGA NPs obtained had a particle size of 222 nm with a charge of +32 mV and encapsulation
efficiency of 69%. In-vitro drug release was performed by incubating the formulation in
phosphate buffer saline (PBS) containing antibacterial and antifungal agents, 0.1% sodium
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azide and 0.02% thiomersal, respectively. Both the PLGA and chitosan-coated PLGA NPs
(chitosan-coated NPs showed reduced initial burst release) showed 25% drug release in 72 h
whereas 90% of drug suspension was released within 24 h. Transscleral permeation was carried
out on excised goat sclera with a diffusion area of 0.80 cm? using a Franz diffusion cell. The
flux, a measure of permeability of the particles/drug through the sclera, of the drug from
chitosan-coated PLGA NPs was significantly increased (0.32 pg/cm?/h) compared to the free
drug (0.25 pg/cm?/h). Egg hen’s test chorioallantois membrane (HET-CAM) was used as an
alternative to the Draize test to determine ocular irritation and tolerance. The chitosan-coated
PLGA NPs showed less vascular damage compared to the positive control as seen in Figure
1.16.

Formulation Negative control Positive control

(a) (b) (c)

Figure 1.16: HET-CAM study images of (a) formulation, (b) negative control-saline and (c) positive control-
0.1 M sodium hydroxide [170].

Controlled release of drug from the NPs and the ocular tolerance exhibited in the study

suggested chitosan and PLGA as suitable polymers for ocular drug delivery.

1.4.1.2 Polylactide nanoparticles

Polylactide (PLA) is a synthetic, aliphatic, biodegradable (by enzymatic activity and
hydrolysis), hydrophobic polyester formed by lactide polymerization [171]. Different
molecular weights of PLA with varying crystallinity can be formed by altering polymerization
conditions. PLA is prepared from renewable sources, which makes it affordable and easily
available for biomedical use. PLA’s wide range of physical and chemical properties can be

altered depending on the application [172].

Bourges et al. synthesised PLA NPs containing the fluorochromes Rh-6G (Rh) and Nile red
(Nr) to investigate the cellular localization and Kinetics of these NPs in intraocular tissues after

36



IVT injections to rat eyes [173]. IVT injection of 5 uL Rh NPs (140 nm, -60 mV), Nr NPs (310
nm, -6 mV), blank NPs and free dyes were applied to the rat eyes. At specific time intervals (1,
6, 18, 24, 48 h, and 4 weeks) rats were sacrificed and the eyes were subjected to examination
using confocal microscopy, immunohistochemistry, and electron microscopy. The
fluorescence and confocal microscopy showed the appearance of Rh NPs settling on the
internal limiting membrane after one hour of injection, while no NPs were identified in the
retina. After 6 h, Rh NPs were detected on the retinal surface and retinal layers, as Rh dye had
diffused into the RPE. After 18-24 h of injection, Rh NPs localised in the RPE and at this time
point, NPs were noticed in the vitreous and the red staining diffused into the retina, RPE and
the rods outer segment. At later time points (48 h and 4 weeks) and up to 4 months, Rh NPs,
Rh diffused from degrading NPs and Rh leaked from NPs was noticed on RPE cells and neural
retinal tissues. A similar pattern of kinetics was seen for Nr NPs except for the prominent Nr
dye and diffusion of dye from NPs authors suggested this could be due to the low aqueous
solubility of the Nr dye. Immunohistochemistry and histology studies revealed the
inflammatory reaction post IVT injection of all the NP samples and control with a significant
increase of infiltrating cells, but the reaction improved after 48 h. The authors stated anti-
inflammatory treatment might be useful along with injection. Along with the post-
inflammatory reaction non-specific activation of the glial cells was also noticed, which could
be a side effect of IVVT injection. This activation could affect the integrity of the retina as glial

cells maintain stability. .

In the above study, NPs were seen in RPE up to 4 months after injection. These systems may
benefit the extended and controlled release of the active agents. But the side effects of the IVT
injection noticed might be minimised by delivering these particles via the topical route in a

suitable platform.
1.4.1.3 Poly (epsilon-caprolactone) nanoparticles

Poly (epsilon-caprolactone) [PCL] is a synthetic, aliphatic, semi-crystalline polymer formed
by the polymerization (ring opening) of epsilon-caprolactone. This polymer is negatively
charged due to the terminal carboxyl group and degraded hydrolytically with ester bond

cleavage in aqueous media resulting in biocompatible products [174].

Lee et al. studied the effect of pilocarpine-loaded PCL nanocapsules and nanospheres on
treating glaucoma in rabbits [175]. The particle size of both NPs was around 200 nm,

nanocapsules had a hollow uniform barrier of 50 nm thickness (analysed using transmission
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electron microscopy) around the particle whereas the nanospheres had a PCL matrix. The
hollow structure of nanocapsules loaded 90% of the drug, which was 3 times more than
nanospheres (30% - drug loading). The nanocapsule barrier diffused the drug in a controlled
manner up to 42 days and reduced the intraocular pressure in rabbits but the nanosphere treated
group of rabbits returned to the hypertensive stage after 7 days (electroretinogram was used to
determine changes in intraocular pressure). This study showed the importance of selecting the

correct type of nanoparticle for the application.

1.4.2 Natural polymeric nanoparticulate systems

Polysaccharides, proteins, and polyesters extracted from plant and animal kingdoms constitute
the natural polymers. Among the wide range of natural polymers, polysaccharides are the most
studied for drug delivery, due to their high stability, biodegradability, biocompatibility,
hydrophilicity and low toxicity [176]. They have an added advantage compared to synthetic
polymers of being a renewable resource, cost effective and environmentally friendly [177].

1.4.2.1 Alginate nanoparticles

Alginate is an anionic natural polymer obtained from the extraction of algae and soil bacteria.
Alginate is an unbranched, linear polysaccharide consisting of a-L-guluronic acid (G) and B-D
mannuronic acid (M), which are arranged as both homopolymers (G or M blocks) and

heteropolymers (MG block) as shown in Figure 1.17 [178].
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Figure 1.17: Structure of alginate showing a-L-guluronic acid (G) and -D mannuronic acid (M).

Addition of alginate to cross-linkers like calcium chloride and polyelectrolytes with opposite
charge produces hydrogel, alginate beads or nano/microparticles, which can encapsulate
hydrophobic and water-soluble drugs [179]. The capacity of alginate to produce hydrogels
under mild pH and temperature conditions and their inherent biocompatibility makes them

capable of biomedical usage including drug delivery [180], implantation of living cells [181]
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and tissue engineering [182]. Alginate has many hydroxyl groups to form H-bonds with
carboxyl groups present on mucin glycoproteins, which is the major component of the inner
ocular mucosa, this could increase the residence time for alginate carriers. Additionally, due to
the hydrophilic nature of the alginate, it swells in aqueous media leading to high exposure to
target sites. Also, the distance between the chains leading to effective penetration and higher
molecular weight polymer contributes to mucoadhesion [183]. Considering these beneficial

properties several alginate based carriers were developed for ocular drug delivery [184,185].

Ibrahim et al. prepared brimonidine-loaded alginate NPs for topical ocular drug delivery using
an emulsification solvent diffusion technique and tested them against commercial eye drops
(Alphagen P®) in mice [186]. The particle size of the NPs varied between 115 nm and 157 nm
with a zeta potential of +35 mV and —37 mV; encapsulation efficiency and loading capacity of
the drug was 74% and 11% respectively. The time to decrease IOP and duration of drug action
were 7 and 21 h for alginate NPs and 2 and 5 h for commercial eye drops, respectively. The
commercial eye drops showed Newtonian flow behaviour whereas the prepared system had
non-Newtonian pseudoplastic flow (measured using plate rotatory viscometer), which is
suggested for topical ocular drug delivery as it does not interfere with the pseudoplastic
properties of the tear film. This non-Newtonian flow and bioadhesive properties of alginate
when combined with polymers like PLGA, which can control the release of therapeutics, might
be beneficial in developing topical formulations for back of the eye diseases.

1.4.2.2 Albumin nanoparticles

Albumin is a natural polyanionic protein extracted from a wide range of sources like bovine
(BSA) [187], egg white (ovalbumin, OVA) [188] and human plasma (human serum albumin,
HSA) [189]. Albumin is a single polypeptide chain consisting of 575 amino acids, including
large amounts of aspartic acid, cysteine, lysine, glutamic acid and arginine and small amounts
of methionine and tryptophan [190]. It has various functional groups, which can bind to
complex drugs and different ligands. In terms of safety, albumin is biocompatible,
biodegradable and it is produced within the body. These characteristics have encouraged the

use of albumin for ocular drug delivery [191-193].

Redin et al. formulated bevacizumab-loaded HSA NPs (B-NP) employing the desolvation
process and freeze-drying (without any physical or chemical cross-linking processes) as

represented in Figure 1.18 [194].
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Figure 1.18: Preparation and testing of bevacizumab NPs [194].

The prepared NPs were compared with HSA NPs cross-linked with glutaraldehyde (B-NP-
GLU). The B-NP encapsulated approximately 13% of bevacizumab with more residence time
whereas B-NP-GLU showed very low encapsulation (0.1 pg/mg). The authors suggested this
may have been due to inactivation of bevacizumab while interacting with glutaraldehyde (from
XRD and FTIR analysis). B-NPs were radiolabelled and topically instilled on rat eyes with the
NPs remaining in the eye for 4 h and progressively moved towards the gastrointestinal tract
whereas the radiolabelled free drug was visualized in the gastrointestinal tract after 1 h. In this
study, NPs fabricated by protein-protein interaction were suggested for topical ocular drug

delivery.

1.4.2.3 Chitosan nanoparticles

Chitosan is a polycationic polysaccharide obtained from chitin by chemical deacetylation
(Figure 1.19). It is the second most abundant natural polymer after cellulose and is mainly
extracted from crustaceans. The molecular weight, composition, and purity of chitosan varies
with the source, extraction and processing methods [195]. Chitosan is an unbranched and linear
polymer consisting of [-linked D-glucosamine with N-acetyl glucosamine groups.
Deacetylation provides amino groups and makes it soluble at pH < 6 leading to the formation
of the polycationic polymer, which can interact with both anionic cross-linking agents (e.g.
tripolyphosphates [196] and anionic polymers (e.g. alginate and hyaluronic acid [197,198])

resulting in polyelectrolyte-based systems for drug delivery.
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Figure 1.19: Structure of chitin and chitosan.

Biodegradation of chitosan occurs through a broad range of hydrolytic enzymes, which are
found in human beings and animals. The degradation products are monosaccharides or
oligosaccharides and natural metabolites of glycosaminoglycan or glycol-amino proteins [199].
The positive charge in the chitosan provides it with its mucoadhesive property, due to the
interaction with negatively charged mucosa. Another property of chitosan, which might be
useful in ocular drug delivery is its ability to open the tight junctions between epithelial cells,
improving drug permeation via the paracellular route [200-202]. A schematic representation

of this process is presented in Figure 1.20.
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Figure 1.20: Schematic representation of chitosan mediated opening of reversible tight junction [203].

Sung et al. studied the mucoadhesive and permeating enhancing behaviour of insulin-loaded
chitosan NPs on a Caco?2 epithelial monolayer using TEM micrographs [203]. Insulin-loaded
NPs were prepared by the addition of an aqueous poly (y-glutamic acid) with insulin into an
aqueous chitosan solution under magnetic stirring. Electrostatic interaction between these two
polyelectrolytes in an aqueous environment (pH 6.0) induced the formation of neutralized
complexes, which segregated into colloidal NPs. The positively charged chitosan NPs were
shown to interact with negatively charged sialic acid groups on the mucin layer. Claudin-4 is a
transmembrane protein present in the epithelium, which maintains the integrity of tight
junctions. Upon reaching the epithelium, chitosan lowers the expression of claudin-4 and
dilates the intracellular spaces; claudin-4 expression was significantly increased upon the

clearance of chitosan (Figure 1.20).

Chaiyasan et al. developed chitosan-dextran sulphate NPs (with the mean size of 400 nm and
a surface charge of +48 mV) employing a polyelectrolyte complexation technique for sustained
ocular delivery [204]. The stability of NPs in tear fluid was assessed by incubating in lysozyme
(as chitosan may be hydrolysed with lysozyme present in tears) and there was no change in
size and charge after incubation. The mucoadhesion of fluorescein dye tagged chitosan was
studied on excised porcine eyes. After 6 h of topical instillation, NPs were accumulated in the
corneal epithelium but not found in the corneal stroma. However, when the corneal epithelium
was removed, NPs penetrated through the stroma, which highlights the binding of positively

charged chitosan particles to the negative corneal epithelium. This reveals the increase in
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corneal residence time of nanoparticles leading to improved ocular bioavailability, particularly
for anterior segment diseases, and highlights the mucoadhesive property of cationic chitosan

towards the corneal epithelium.

1.4.3 Nanoparticle formulation techniques

NPs can be prepared from polymers directly or by polymerization of monomers. Preparation
techniques with preformed polymers include: solvent evaporation [205], salting out [206],
supercritical fluid technology [207], dialysis [208], etc. For polymerisation of monomers, NPs
can be prepared using mini-emulsion [162], micro-emulsion [209], interfacial polymerization
[210], etc.

1.4.3.1 Solvent evaporation

In the solvent evaporation method, polymer solutions are prepared using volatile organic
solvents (e. g. dichloromethane [211], chloroform [212] and ethyl acetate [213]) and the
emulsion is formed when the organic solvent is added to the aqueous solution. Upon
evaporation of the organic solvent, the emulsion turns into a nanoparticle suspension, as seen
in Figure 1.21. In some instances, the mixture of organic and aqueous solutions is subjected to
ultra-sonication or high-speed homogenization to form a nano emulsion. Subsequently, the
organic solvent is evaporated under reduced pressure or by continuous magnetic stirring and

solidified NPs are collected with the help of centrifugation or filtration [214].

Drug + Polymer in
organic solvent

Continuous

aqueous phase < : ”

K‘\

Oil-in-water emulsion Solvent evaporation Recovery of NPs

Figure 1.21: Representation of the solvent evaporation method.

Salama et al. formulated ofloxacin-loaded bioadhesive NPs utilising a solvent evaporation
technique to treat ocular inflammation [215]. Dichloromethane was used as an organic solvent
to dissolve drug and polymer (PCL), which was added to an aqueous surfactant (Kolliphor

P188) phase under homogenisation and followed by evaporation of organic solvent using rotary

43



evaporation. During the optimization of NPs, the authors reported an increase in particle size
with an increase in molecular weight of the polymer and surfactant concentration (possibly due
to a higher number of polymer chains and accumulation of surfactant molecules around/within
the nanoparticulate system [216]). The optimized NPs showed a particle size of 195 nm with
+55 mV of zeta potential and 90% encapsulation efficiency. In-vitro drug release displayed
60% drug release in 6 h. These NPs were incorporated into the in-situ gel system made of
Pluronic F-127 (PG), methylcellulose and fructose (MCFG). All these formulations (NPs, NPs
-loaded on PG and MCFG gels) and marketed formulation (Oflox®) were instilled on rabbit
eyes to investigate anti-microbial activity and permeation across the cornea, conjunctiva and
sclera using confocal laser microscopy. Both the NPs and NPs incorporated onto PG gel
demonstrated no significant difference whereas the NPs in MCFG gels showed maximum
penetration across ocular barriers and exhibited 8 times more anti-microbial activity compared
to Oflox®. This investigation demonstrated the effectiveness of NPs incorporated in MCFG

gels in reducing the dosing frequency compared to commercial eye drops.

1.4.3.2 Nanoprecipitation

The nanoprecipitation method is also known as the solvent displacement method [217].
Diffusion of the polymer solution into non-solvent decreases the interfacial tension between
two phases leading to an increase in surface area and the formation of droplets of organic
solvent (Figure 1.22). This system consists of three main components: the polymer, the

polymer solvent and the non-solvent [217].
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Figure 1.22: lllustration of nanoprecipitation technique [218].

Ahuja et al. prepared a chitosan-itraconazole nanosuspension using the nanoprecipitation
technique for ocular delivery [219]. Itraconazole encapsulated chitosan NPs were formulated
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by controlled co-precipitation of itraconazole and chitosan from aqueous acetate solution with
non-solvent addition and pH change. It was noticed that co-precipitation with poloxamer-188
as a stabilizer yielded smaller particle size (100 nm) with a 12-fold increase in itraconazole
aqueous solubility. A comparative permeation study of formulated itraconazole
nanosuspension (1% (w/v)) with commercial itraconazole suspension (1% (w/v)) was carried
out on goat cornea. The formulated itraconazole nanosuspension displayed 1.73-fold higher
corneal permeability compared to the commercial suspension. This increase in corneal
permeability may have been due to the smaller size of the NPs along with the positive charge
of chitosan NPs. Using the nanoprecipitation method, smaller size NPs were produced that had
90% encapsulation efficiency with poloxamer-188 maintaining stability, without

agglomeration of the NPs.

1.4.3.3 lonic gelation

In ionic gelation, NPs are formed by electrostatic interactions and involve noncovalent cross-
linking between the polymer and cross-linking agent. Electrostatic interactions occur between
polycations and polyanions [220], as seen in Figure 1.23. The size and surface charge of NPs
can be altered by changing the ratios of polymer and the cross-linking agent. This can be as

simple a process as mechanical stirring at room temperature followed by ultracentrifugation.
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Figure 1.23: Representation of ionic gelation method [221].

Silva et al. formulated daptomycin-loaded chitosan NPs using sodium tripolyphosphate as a
cross-linking agent via the ionic gelation technique for the ocular treatment of bacterial
endophthalmitis [222]. The spontaneous formation of complexes resulted in the formation of
stable chitosan NPs of 200 nm with charge +35 mV and encapsulating 97% of the drug. The

stability study of nanoparticles in precorneal fluid (lysozyme and mucin) showed no interaction
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with lysozyme, possibly due to electrostatic repulsion between cationic lysozyme and chitosan.
If the chitosan interacted with lysozyme, it would degrade the polymer before reaching the
cornea. The chitosan NPs incubated in mucin turned the overall charge negative because of the
ionic interactions between chitosan and mucin. These findings further suggest that chitosan

NPs may increase the contact time with the ocular surface.

1.4.3.4 Dialysis

In the dialysis method of fabricating NPs, the polymer dissolved in an organic solvent is placed
inside the dialysis tube having the appropriate molecular weight cut-off, as seen in Figure 1.24.
The dialysis tube is placed in a non-solvent, which leads to displacement of the polymer solvent
followed by polymer aggregation due to its loss of solubility. This leads to the formation of a

homogeneous suspension of nanoparticles [223].
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Figure 1.24: Synthesis of NPs using a dialysis method.

Chronopoulou et al. formulated homogenous chitosan-coated PLGA NPs containing
dexamethasone using an osmosis/dialysis method and studied their release on cell culture
models [224]. The negatively charged PLGA NPs (-58 mV) of 200 nm became positively
charged (+18 mV) after chitosan coating. There was no significant change in spheroidal
morphology upon chitosan coating as pictured in Figure 1.25, indicating the formation of a thin
layer of chitosan on PLGA NPs, which was not detected in SEM analysis.
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(a) (b)

Figure 1.25: SEM micrographs of dexamethasone encapsulated (a) PLGA NPs and (b) chitosan-coated
PLGA NPs, the scale bar is 500 nm [224].

Mouse fibroblast and human hepatocyte cell lines were used for in-vitro cell studies. The cell
internalization study was performed using fluorescent coumarin-6 dye by confocal microscopy.
The cellular uptake of chitosan-coated NPs appeared to be faster than uncoated NPs. The
authors noted that internalization of cationic chitosan NPs occurs mainly by adsorptive
endocytosis as these NPs adhere to the negatively charged cell membrane. An antiproliferative
study was performed using dexamethasone and dexamethasone-containing PLGA and
chitosan-coated PLGA NPs. The chitosan-coated PLGA NPs showed highest inhibition of cell
proliferation, due to faster internalization of these particles leading to an effective cellular

response.

1.4.3.5 Microfluidic technique

Microfluidic devices are fabricated to control the flow of fluids in channels on the microscale,
these devices can be single-phase or multiphase flow systems [225]. Nanoparticles are prepared
in microfluidic systems with the help of microreactors that have dimensions of less than 1 mm.
Microreactors consist of tubular designs or lab-on-chip designs where the chips are prepared
using silicon, glass, or polymers such as poly(methyl methacrylate), poly(dimethyl siloxane),
or Poly(methyl methacrylate), etc. The laminar flow is attained at the microscale and the
mixing of fluids occurs by diffusion at the interface of laminar layers. To achieve homogeneous
particles, the nucleation should occur in a short time with slow addition of materials. As the
concentration of materials should be lower than the critical concentration for the nucleation to
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occur. The microfluidic technique proved to be advantageous in achieving high reaction yield

with improved particle size and distribution when compared to bulk synthesis [226].

1.4.4 Characterization of nanoparticulate systems
NPs and nano-based formulations have occupied an important place in drug delivery. As such,
it is essential to characterize these NPs for physical, chemical, thermal and biological properties

for both storage and in order to administer them into living systems [227-229].

1.4.4.1 Particle size and surface charge

NPs are evaluated for their particle size distribution and morphology as these characteristics
play a major role in drug delivery [230]. Electron microscopy can be used to evaluate the
particle size and morphology of the NPs [231]. The shape and size of NPs will affect how cells
in the body receive them and it impacts their distribution, targeting ability and toxicity [232].
Spherical polymeric NPs of smaller particle size have been found to be non-toxic on ocular cell
lines [150]. It has been mentioned previously how important the nanoparticulate systems are,
but these systems would not be beneficial if the drug is not released effectively. As the particle
size gets smaller, their surface area to volume ratio gets higher. This would imply that most of
the drug is closer to the surface of the particle compared to a bigger particle [233-235].

Dynamic light scattering (DLS) or Photon-correlation spectroscopy (PCS) is the most used
approach to measuring the hydrodynamic particle size and the distribution of the particles.
When the spherical particles in Brownian motion are exposed to monochromatic light, a
Doppler shift is created. The monochromatic light hits the particles in motion and leads to a
change in wavelength of the incoming light; the range of wavelength change determines the
particle size [236]. This feature aids in the determination of particle size distribution and it is
represented as the polydispersity index (PDI). PDI values vary between 0 and 1, where 0 is a
highly homogenous nanosuspension and 1 is a highly heterogeneous distribution [237]. DLS
instruments have three major components: laser, sample and light detector as shown in Figure
1.26. The laser source produces a consistent beam of monochromatic light, and an attenuator
alters the strength of the laser. The sample should be homogenous and clear without any
aggregates and precipitates. DLS instruments are equipped with avalanche photodiode
detectors having ~65% quantum efficiency in red wavelengths thus, lasers of 633 nm are
utilised. The detectors are placed at a 173° angle for measuring backscattering and removes
extra scattered light. This helps to uncover scattered light signals of less intensity generated

from smaller particles [238]. The fluctuations of the scattered light are converted into electrical
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pulses by the avalanche photodiode detector or photomultiplier tube and are processed into a

digital correlator, which generates the data.
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Figure 1.26: Instrumentation of DLS [239].

The surface charge helps to determine the electrostatic interaction of particles with biological
components [240]. Zeta potential (ZP) is an important parameter for knowing the surface
charge of NPs and for predicting their stability in suspension. It is also known as the electro-
Kinetic potential, which is the potential at the slipping/shear plane of a moving colloid particle
under an electric field [241]. An electric potential of a surface is the amount of effort that is
needed to bring a unit positive charge from infinity to the surface without acceleration. ZP
reflects the potential difference between the EDL (electric double layer) of electrophoretically
mobile particles and the layer of dispersion media around them at the slipping plane as shown
in Figure 1.27 [242].
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Figure 1.27: Representation of electric double layer of a negatively charged particle [239].

When a charged particle is dispersed in a solvent, an adsorbed double layer known as the EDL
is formed on its surface. The inner layer comprises of ions and molecules with the opposite
charge to that of the particle known as the stern layer. Beyond the stern layer, the electrostatic
effects caused by the surface charge on the particles decrease as per Debye's law (The law
states that with the distance of each Debye length the field decreases by a factor of 1/e) [243].
NPs with ZP higher than +30 mV or less than -30 mV are considered to be highly stable [244].

Mohd et al. formulated hyaluronic acid (HA)-coated chitosan NPs for topical eye delivery of
dexamethasone [245]. The HA coating acts as a protein repellent and facilitates the free flow
of the NPs whereas chitosan aids in mucoadhesion and permeation through the ocular barriers.
Using DLS the particle size and zeta potential of the prepared NPs were determined. Chitosan
and HA-coated NPs were found to be 305 nm and 400 nm, respectively, and the polyanionic
nature of HA altered the zeta potential from +32 mV to -33 mV. 72% of the drug was
encapsulated and the in-vitro drug release study (using simulated tear fluid as release medium)
showed 75% cumulative drug release in 12 h with Fickian diffusion. Stability studies revealed
no change in NPs (particle size, charge, encapsulation efficiency, drug release and
physicochemical characteristics) after 3 months of storage at 25 °C. This study highlights the
importance of DLS to study the stability and surface modification of the NPs used for drug

delivery.

1.4.4.2 Scanning electron microscopy
Scanning electron microscopy (SEM) determines the shape, size, and surface morphology of
NPs with direct visualization. SEM images the NPs by scanning it with a high energy beam of

electrons [246]. The beam of electrons strikes the surface of the sample and interacts with
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atoms of the sample leading to the generation of signals (in the form of backscattered electrons,
secondary electrons, and X-rays), which contain information about surface topography, electric
conductivity etc. In the typical SEM, the beam passes through a pair of deflector plates or
scanning coils to the final lens in the electron column. The beam changes into horizontal and
vertical directions to scan the sample surface in a rectangular shape; image displayed is the

representation of the signal intensity emitted by the scanned area of the sample [247].

Park et al. studied the effect of silica NPs (SiNPs) on human corneal epithelial cells (HCECs)
[248]. They prepared SiNPs of 50 nm, 100 nm and 150 nm sizes and evaluated the toxicity on
cultured HCECs for 48 hours. The morphology of the prepared SiNPs was analysed by SEM
(Figure 1.28). SiNPs were internalised by HCECs inside cytoplasmic vacuoles and SiNPs of

all the three sizes up to a concentration of 100 pg/mL did not show any cytotoxicity on HCECs,

as determined by changes in the cell and cell membrane. A cell viability study on HCECs
showed 93.54%, 91.45% and 92.11% cell viability for 50 nm, 100 nm, and 150 nm NPs

respectively, while the smaller particles displayed high viability with intact cell membrane.

(a) (b) (©)
Figure 1.28: SEM images of silica NPs (a) 50, (b) 100, (c) 150 nm.

Whereas silica NPs of 600 nm have shown toxicity with cell wall damage, the 100 nm particles
remained nontoxic [249].This study is in agreement with other studies where smaller spherical
NPs were shown to have less cytotoxicity but the larger NPs may cause cell membrane
distortion leading to cell rupture [250,251].

1.4.4.3 Transmission electron microscopy

TEM is used for the analysis of morphology and structure of samples. The core components of
the TEM microscope consist of an electron gun, electrostatic lenses and a transmitted electron
detection system [252]. The electron gun present in the TEM accelerates electrons (accelerating

voltage = 80-300 kV) to give them enough energy to pass through up to 1 pum of material.
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Condenser lenses present before the specimen focus the electrons into a beam of controlled
diameter and the objective lens focuses the transmitted electrons for the formation of a
diffraction pattern or first image. The transmitted electrons pass the sample and are focused by
the post sample lenses to generate the image and the formed image can be tracked live on a

phosphor screen or using a wide-angle camera.

Ameeduzzafar et al. formulated levofloxacin-loaded chitosan NPs for topical ocular delivery
[253]. The size of NPs increased from 79 to 456 nm with an increase in chitosan concentration
from 0.05 to 0.3% (w/v) with varying zeta potential from +21 to +30 mV. The prepared NPs
were imaged using both SEM and TEM and compared with particle size analysed by DLS

(Figure 1.29) and observed similar particle sizes from the three instruments.
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Figure 1.29: Levofloxacin NPs examined by PCS, SEM and TEM [253].

The HET-CAM (Hen's Egg Test Chorioallantoic Membrane) test and histopathology study on
excised goat cornea revealed that levofloxacin NPs were non-irritant and safe for ocular
delivery (no change in integrity/anatomy of goat cornea upon instillation of NPs). The in-vivo
gamma scintigraphy study on rabbits showed rapid elimination of levofloxacin solution from
the ocular region to systemic circulation through nasolacrimal drainage (in 30 min) whereas
levofloxacin NPs were retained for a long duration on the topical ocular region (over 6 h) and

showed sustained release.
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1.4.4.4 Stability studies

The ability of nanoparticles to retain their physical and chemical properties over a period in
different storage conditions describes their stability. Agglomeration [254], sedimentation [255]
and change in crystallinity [256] are the common physical stability issues in nanosuspensions.
The specific functional groups of molecules and the nanoparticle preparation procedures might
affect the chemical stability in suspension form with conversion of the suspension to dry

powders leading to stable dosage forms [257].

Sah et al. formulated loteprednol etabonate-loaded PLGA NPs using the solvent evaporation
method for ocular drug delivery [214]. The particle size, ZP and encapsulation efficiency of
the prepared PLGA NPs were found to be 167 nm, -16 mV and 96%, respectively. The ex-vivo
transcorneal permeation on goat eyes showed 55% of the nanoformulation and 38% of the drug
suspension permeated across the cornea in 4 h. A stability study on the NPs was performed at
three storage temperatures: ambient (25 °C), refrigerated (4 °C) and accelerated temperature
(45 °C) for three months and the observed changes in particle size and encapsulation efficiency
monitored. There was negligible variation in particle size at refrigerated and ambient
temperature (+2 nm) and slight variation at accelerated temperature (+9 nm). The encapsulation
efficiency remained the same at refrigerated temperature and reduced by 1% and 12% for
ambient and accelerated temperatures, respectively. At high temperature there could be a
rupture of the polymer sheath, which resulted in lower encapsulation efficiency. This study
highlighted the importance of stability studies for nanoformulations to identify their ideal
storage conditions.

1.4.5 Drug release studies

Assessing the drug release kinetics from nanoparticles gives important information about their
capability to alter drug release. As mentioned in Section 1.4, polymeric NPs can be
nanocapsules or nanospheres based on their preparation method. The release of drug from these
polymeric NPs is based on desorption of surface adsorbed or bound drug (in some instances,
there will be an initial burst release of drug [258]), diffusion from particles [259], and
erosion/degradation of polymeric NPs along with diffusion [260]. NPs composed of
biodegradable polymers release the drug by enzymatic degradation, polymers like PLGA [261],
PCL [262] undergo hydrolytic degradation leading to drug release.
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1.4.5.1 In-vitro and ex-vivo drug release studies

Nanoparticles can be designed to regulate drug release to have a controlled/sustained release
of the drug which may result in minimal side effects on non-targeted sites. In-vitro drug release
kinetics are mostly represented by ‘cumulative drug release Vs time’, which shows the ability
of NPs to release the encapsulating drug [263-265]. Drug release studies from NPs can be
performed by different methods. In the dialysis technique of drug release, the nanoformulation
is placed inside the dialysis bag with the specific molecular weight cut off and the drug that
passes through the dialysis membrane into the release medium is quantified at regular periods
[266]. A drawback for the drug release study using dialysis membrane is accounting for the
actual release from the particles as the released drug is quantified from the release
compartment, but there is a dialysis membrane barrier between the particles and release media
[267]. Translocation of the released drug takes time to reach the outer compartment and the
dialysis membrane also acts as a second barrier apart from the actual polymeric matrix of the
NPs [268]. To address this issue mathematical models have been developed to predict the actual

release Kinetics of the drug from the particles [269].

Alternatively, nanoparticles are suspended in a certain volume of release medium and
incubated under agitation. At specific time intervals, the suspension is centrifuged and the
supernatant is analysed to quantify the drug release [270]. Complete separation of the free drug
from the NPs might be a challenge considering the smaller particle size, however, syringe
filtration [271] and centrifugation [272] have been used for the separation of the released drug.
In-vitro drug release is also performed using Franz diffusion cells where the donor and receptor
chambers are separated by a dialysis membrane. The nanosuspension is placed in the donor
compartment and the drug released into the release medium is quantified from the receptor
compartment over time [273]. Abouelmagd et al. investigated the importance of studying the
stability, saturated solubility of the drug in the release media and volume of the release media
to be taken based on the concentration of drug present in the NPs [274]. If the solubility of the
hydrophobic drug in release media is not considered there is the possibility of reporting an
underestimate of drug concentration resulting in a misleading controlled or sustained release

estimate.

Ex-vivo drug release studies are similar to in-vitro but instead of dialysis membrane excised
animal/human tissue is used in the diffusion cell [275]. The whole organ excised from the living

system can also be used to study drug release and drug permeation by maintaining
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physiological conditions [276]. These studies can give valuable information about the potential
of a formulation before animal studies [277]. Maintaining the integrity of the animal tissues
and layers is a challenge for ex-vivo drug release. Integrity can be checked by staining the tissue
followed by histological examination [278].

1.4.5.2 In-vivo evaluation

Once the formulation shows effectiveness in preliminary in-vitro studies they are further
evaluated in biological species. The proposed use of the drug and route of administration
together with similarity in anatomy will determine the model and animal species for in vivo
evaluation. The pharmacokinetic [279], pharmacodynamics [280] and toxicity profile of drug
encapsulated NPs [281] have been analysed in living systems.

Lopez et al. formulated PEG-ylated PLGA nanospheres using the solvent displacement
technique for ocular delivery of dexibuprofen to treat corneal inflammation [282]. The
nanospheres measured 200 nm with a negative charge (-15.9 mV) and encapsulated 99% of
dexibuprofen (DXI). In-vitro, ex-vivo and in-vivo analysis of the nanospheres and the drug was
performed. In-vitro drug release was performed using a bulk equilibrium reverse dialysis
technique (the dialysis sacs were equilibrated before the experiment using dissolution medium)
and phosphate buffer saline as release medium. The excised corneal and scleral tissues were
placed in a Franz diffusion cell, the receptor compartment was filled with bicarbonate Ringer’s
solution and maintained at 32 °C and 37 °C for corneal and scleral permeation respectively.
New Zealand rabbits were used for assessing in-vivo ocular bioavailability. To achieve a
steady-state concentration, 50 pL of the formulation was instilled every 8 hours for 2 weeks.
The animals were sacrificed at the end to quantify the DXI in the aqueous and vitreous humor
and the drug retained in the cornea and sclera. An in-vitro drug release study showed that 100%
of free drug was released in 3 h whereas nanospheres showed 55% release in 12 h. The free
drug showed similar permeation in the cornea and sclera by an ex-vivo study but nanospheres

exhibited high corneal permeation compared to the sclera as seen in Figure 1.30.
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Figure 1.30: The release trends of free DXI suspension and DXI nanospheres [a] in-vitro release [b] ex-vivo
corneal permeation [c] ex-vivo scleral permeation.

The in-vivo ocular bioavailability analysis showed higher amounts of the drug in the cornea
(3.08 pg/mL) when compared to other tissues, including the sclera (1.28 pg/mL). The ex-vivo
corneal and scleral permeation study was in accordance with in-vivo permeation, which
highlights the importance of ex-vivo studies before animal studies. DXI nanospheres have been
suggested for treating corneal inflammation as the drug retention is higher in the cornea and

could release in a steady manner to inner tissues.

1.5 Nano-formulations for posterior segment ocular diseases
As mentioned earlier, nano-formulations have many advantages, such as enhanced permeation
and retention ability, passage through the reticuloendothelial system, biocompatibility, and

rapid internalization. Various tunable and biodegradable polymers and lipids are currently
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being used to develop formulations via different routes for controlled and sustained release.

Many nano-formulations have been investigated preclinically to deliver drugs to the posterior

segment, for example, NPs [283], nanoparticle-loaded in situ implants [284], liposomes [285],

nanostructured lipid carriers (NLC) [286] and solid lipid NPs [287] etc. and have demonstrated

positive results. The nano-formulations synthesised with the drugs mentioned in previous

sections are summarised in Table 1.1.

Table 1.1: Nano-formulations targeting posterior segment diseases.

and 18 ng/g in rabbit retina

Drug/route of Components | Characteristics Outcome Ref
administration
microRNA-150 and | dioctadecyl Size: 209 nm, PDI: | NPs effectively suppressed [288]
quercetin lipid dimethyl 0.15, ZP: +21 mV, | CNV in mice by
NPs/IVT ammonium EE: quercetin 85% | downregulating HIF 1o and
bromide, and mRNA-150 CXCRA4 target genes. Use of
asparagine- 99% peptide (asparagine-glycine-
glycine- arginine) significantly
arginine, enhanced cellular uptake of
PEG, the dual drugs (due to
Cholesterol peptide’s high affinity for
CD13)
Bevacizumab PLGA, Size: 190 nm, PDI: | Sterile stable formulation. [289]
NPs/IVT albumin 0.17, ZP: -24 mV, | Vitreous concentration
EE: 84% sustained over 500 ng/mL (for
56 days) and 3.3 times more
residence time compared to
control.
Dexamethasone Polysorbate | Size: 14 nm, ZP: Stable sterile formulation at 4 | [290]
nanomicelles/topical | 80, polyoxy- | 0.23 mV °C and 25 °C for 6 months.
40-sterate No irritation was observed at
43.27 ng/g and 67 ng/g on
retinal tissue of albino rats (on
single/multiple applications).
Bevacizumab-loaded | Silk fibroin not reported Initial burst release followed | [291]
hydrogel/IVT by sustained in-vitro drug
release. Showed sustained
release in rabbit for 3 months.
Avastin® PLGA, PEG | Pore size: 100-150 | In-vitro sustained release for | [292]
thermosensitive um, gelatin temp: | 14 days. Pharmacokinetic
hydrogel/IVT 22 °C study on rats for 6 weeks
using ELISA showed no
toxicity to retina.
Avastin® Annexin A5, | Single layered, Annexin A5-liposome [293]
liposomes/topical Phosphatidyl | size: 163 nm, PDI. | enhanced transcytosis (on
serine, PC, 0.203, ZP: -7.2 HCE, 127 ng/g Avastin® in
tocoferol mV, posterior segment of rat eye
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was quantified after topical
application.

and NLC/topical 0888 ZP: -2 mV, PDL: 25 °C and 40 °C. Sustained
(glyceryl 0.17, EE: 91.5% drug release over 6 hours. In-
behenate), NLC size: 227 nm, | vivo bioavailability study on
tween 80, ZP: -12.2 mV, male NZL albino rabbit
3M, miglyol | PDI: 0.23, EE: revealed superiority of NLC
(triglyceride), | 99.8% over other tested formulations
chitosan in terms of drug loading and

drug deposition in the eye.

Dexamethasone Caprolactone, | Size: 27 nm, PDI: | 2.5 days controlled in-vitro [294]
nanomicelles/topical | mPEG, SnCl, | 0.125, DEX drug release, 1.3x10° cm/s
solubility:1.36 permeability across HCE cell,
mg/ml and 3x10° cm/s permeability
across excised rabbit sclera.
MTT and LDH assays
revealed no toxicity.
Rapamycin PCL, Size: 40 nm, ZP: 1000-fold increase in water [295]
micelles/IVT monomethox | 0.89 mV solubility of rapamycin.
y PEG Retention of micelles in RPE
up to 14 days. Good intra-
ocular biocompatibility in
Sprague Dawley (SD) rats.
Triamcinolone Precirol®AT | Size: 173 nm, PDI: | Ocular deposition study [296]
acetonide 05 (solid 0.10, ZP: -46 mV | conducted on mice eye for 3
NLC/topical lipid), hour using Nile red dye with
Squalene® fluorescence microscopy
(liquid lipid), revealed NLC access to
Lutrol F68 retina.
(hydrophobic
surfactant)
Dasatinib poly Size: 54.3 nm, Solubility of dasatinib [297]
micelles/IVT (ethylene PDI: 0.14, ZP: 0.06 | increased to 190 pg/ml. More
glycol)- mV, EE: 95% than 75% cell proliferation
block-poly(e- inhibition at 137.7 uM on
caprolactone) ARPE-19 (immortal RPE cell
(PEG-b-PCL) line).
Indomethacin SLN CompritolAT | SLN size: 226 nm, | Stable for 3 months at 4 °C, [153]

The effectiveness of ciliary neurotrophic factor has been researched as a novel drug delivery
system for implant based technology, which can deliver the active agent up to 2 years [298]. It
contains a humanized cell line, which was genetically engineered to produce and express the
desired therapeutic protein (Ciliary neurotrophic factor) for a prolonged time. A semi-
permeable matrix was used to encapsulate this cell line and placed in the vitreous cavity. The
estimated half-life for this system in the vitreous was around 51 months. In a study by Solanki

et al., humanin, a novel neuronal peptide encapsulated in chitosan NPs reduced retinal
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apoptosis, while suppressing VEGF expression on RPE and protected the cells against
oxidative cytotoxicity. The free humanin and humanin NPs suppressed VEGF by 59% and
71%, respectively with desirable biocompatible and pharmacokinetic properties, highlighting
its potential for AMD treatment [299].

Nanoparticles for drug delivery commonly consist of biodegradable polymers such as PLGA,
PEG, chitosan, etc., but considering the complex ocular barriers, one or two polymers having
multiple properties are cross-linked, conjugated or co-polymerized, which can improve the
effectiveness of the NPs. The other strategy is the use of natural polymers such as chitosan,
alginate, and silk fibroin for surface modification. Surface modification is mainly used to obtain
the desired charge for the NPs to suit the application, which can prolong the retention of drugs

inside the eye and improve bioavailability [216,300].

1.5.1 Platforms to deliver nano-formulations to the back of the eye

To increase the efficiency of NPs and the bioavailability of the loaded drug they need to be
delivered to the eye using appropriate platforms. Every drug delivery system has its own
advantages and disadvantages but when multiple systems are combined, the ultimate drug
delivery system can have added benefits. Hence identifying an effective platform based on the
application of NPs is of utmost importance. Some of the drug delivery platforms implemented

for ocular drug delivery are discussed below.

As highlighted in Section 1.3.1.1, some of the major obstacles for topical delivery of drugs to
treat posterior segment eye disease are nasolacrimal drainage, tear fluid, blinking and poor
ocular surface retention [301]. Nanomaterials, when loaded onto platforms like in situ gels,
could be more effective in increasing retention and precorneal residence time. In-situ gels upon
instillation converts into a gel upon phase transition. The transition occurs by variation in
factors such as temperature, pH, ion-induced etc. Hirani et al. formulated thermo-reversible
gels by dissolving polymers (PLGA-PEG-PLGA) in distilled water at cold temperatures in a
slow process [302]. These gels containing NPs were in solution form at lower temperatures and
converted to a gel phase within the eye at a biological temperature. Sustained release of the
drug with local targeting is possible with thermo-gels due to the rapid formation of a gel in-
vivo. Previously prepared thermo-gels containing bevacizumab released the drug over 17
weeks on ocular cell lines (fresh primary bovine corneal cells and human retinal pigmental
epithelium cells-ARPE-19) in in-vitro conditions [303]. The other form of in-situ gel is an ion-

activated in-situ gel system; it consists of polymer, which converts into a gel upon cross-linking

59



with mono/divalent cations present in the tear fluid (Na*, Ca?* and Mg?*), leading to increased
pre-corneal residence time and reduced loss of drug upon topical instillation. Polymers like
gellan gum [304], sodium alginate [305] and pectin [305] have been used previously for ion-

activated gels.

In addition to thermosensitive and ion-activated gel systems, pH trigged in-situ gelling systems
consist of pH-sensitive polymers, which are polyelectrolytes containing an acidic or a basic
group that either accepts or releases protons in response to changes in pH in the surrounding
environment. At lower pH, the formulation exists as a solution and undergoes gel formation at
pH 7.4, that is, the pH of tear fluid [306]. pH activated gels made with polymers like Carbopol
940 [307] and polycarbophil [308] have shown promising results for topical ophthalmic drug

delivery.

Nanoparticles can be incorporated into eye drops and contact lens. Permeation enhancers can
be used in eye drops and contact lens to enable drug/NPs to pass through the poorly permeable
ocular barriers such as the cornea and retina. These penetration agents act by altering the
stability of the tear film and mucus layer, opening tight junctions and modifying cell membrane
components [309]. Benzalkonium chloride, Brij® 78, ethylenediaminetetraacetic acid,
cremophor, dimethyl sulfoxide, etc. have been used as ocular permeation enhancers [310,311].

Wang et al. formulated photo-targeted NPs and introduced them intravenously to mice to treat
choroidal neovascularization. These NPs were formed by self-assembly of a chemically
modified PEG-PLA block copolymer. The nanoparticle surfaces were modified with Tat-C
(cell penetrating peptide) as the targeting moiety due to its high cellular uptake. Accumulation
of the NPs near the retina of the eye was noted after intravenous injection following laser

application [312].

1.5.2 Clinical trials

Despite the enormous research effort on nanoformulations for ocular drug delivery, few
formulations make it to clinical trials. This is due to drawbacks they experience during the
development stages with regards to formulation parameters optimization, quality control,
stability issues, cytotoxicity profiling, and outcomes from in-vivo animal studies (inability of
rabbit and mouse eye to completely mimic human eye, etc.) [313]. Effective preclinical
efficacy outcomes from in-vitro and in-vivo experiments will lead to the progression to clinical

trials.
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Despite the various advantages of natural product-based new drugs and associated drug
delivery systems, pharma companies are cautious to invest, being more inclined towards
libraries of chemical compounds to discover new drugs [314]. However, natural products are
now being investigated to treat various diseases, such as diabetes, inflammatory,
cardiovascular, and immune-related diseases, etc. Despite having a great therapeutic potential
and the advantage of low cost, the biocompatibility and toxicity of these compounds appear to
be a challenge for the clinical trial phase [315]. Utilising large molecules for drug delivery is
also a challenge in terms of in-vivo stability, bioavailability, solubility, and absorption in the
body. In overcoming the challenges associated with natural products, hydrophobic drugs and

large molecules, nanotechnology plays a significant role.

Ocugen investigated the effectiveness of brimonidine tartrate 0.2% nanoemulsion, alone and
in combination with loteprednol 0.2% eye drops for dry eye disease (eye drops administered
two times a day for 4 weeks in 252 participants) [316]. In Phase two clinical trials, there was
no significant enhanced effect with the addition of loteprednol therefore, for the Phase three
clinical trial, brimonidine tartrate 0.2% alone is being investigated. Systane®, an eye drop
containing nanoemulsion made of propylene glycol-hydroxypropyl guar has completed phase
four clinical trial and is commercially available for the treatment of dry eye disease treatment
[317]. The nanoemulsion showed a sustained effect up to 8 h upon one eye drop application
and well tolerated by patients. A cationic emulsion containing 0.1% cyclosporin is currently
marketed as Ikervis® to treat DED . This emulsion consists of excipients such as triglycerides,
glycerol, poloxamer 188, etc. The cationic emulsion displays enhanced permeation across
negatively charged corneal and conjunctival cells leading to enhanced bioavailability compared

to anionic treatments.

An ophthalmic suspension comprising of dexamethasone-cyclodextrin NPs formulation (OCS-
01) for the treatment of anterior inflammation is in phase 2 clinical trial [318]. In the phase one
clinical trial, the nanoformulation was effective and well tolerated compared to the placebo.
Momin et al. reviewed the nanoformulations in the clinical stage, such as NPs, polymer
matrices, liposomes, nano micelles, etc. [319]. The authors suggested that the growing number
of drug delivery systems in the clinical stage created hope for the availability of
nanoformulations in the near future. Though there is a pressing need to explore new and novel

ocular therapies with better outcomes, collaborations between formulation scientists and

61



clinicians are required to achieve successful nanoformulations with good safety profiles and to

meet clinical needs [320].

1.6 Scope of thesis

Previous sections of this chapter and the cited literature highlight the benefits and
characteristics of nanoparticulate systems, which might be a suitable strategy to overcome the
challenges associated with topical ocular drug delivery. With the need for the development of
non-invasive treatment options for AMD, this study aims to develop topically applied chitosan-
coated PLGA nanoparticles. The NPs will encapsulate the novel combination of a
corticosteroid (triamcinolone acetonide) and natural antioxidant (quercetin), which could help
treat the disease and additionally strengthen the retina. The polymeric matrix of PLGA supports
controlled diffusion of encapsulated drug, while the mucoadhesive property of chitosan may

enhance permeation across the barriers of the eye.

Results from this study highlight the combination of formulation development and the
investigation of the drugs on human retinal pigment epithelial cells to know the effect on
targeted disease (AMD). This study will give preliminary information on the suitability of drug
delivery systems along with the safety and therapeutic activity of the encapsulated drugs on
human cell lines. The first part of the study utilises thin-film hydration and emulsion
formulation techniques to fabricate the non-coated and coated NPs. To develop and optimise
the parameters of the nanoparticulate system design of experiments (by Minitab software) was
used. The optimised NPs were investigated for drug and components compatibility. In-vitro
drug release of NPs was performed to identify the release profile of the encapsulated drug.

The second part of the study involves the process of investigating the synergetic effect of
combination drugs on the disease conditions stimulated in ARPE-19 cells. Identifying the non-
toxic drug concentrations and selecting the combination concentrations was described. Various
studies were performed on ARPE-19 to know the effect of dual drug therapy on inflammation,
VEGF secretion and oxidative stress. Research involving multidisciplinary studies like the
above will move a step closer to pre-clinical and clinical studies promoting translational

research.
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Chapter 2: Triamcinolone Acetonide-loaded
chitosan-coated PLGA nanoparticles prepared by

thin-film hydration
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2.1 Introduction

As outlined in Chapter 1, age related macular degeneration (AMD) is a leading cause of vision
loss in people aged over 50. Clinically, it is being treated with expensive monoclonal antibodies
via IVT injections associated with serious side effects. Developing non-invasive treatment
options such as a topical formulation is a great challenge, as the eye is a complex organ with
vast anatomical, biochemical, and physiological barriers restricting the entry of drug molecules
to the site of action. Nanomedicine, the merging of nanotechnology and medicine is a
promising approach to tackle challenges related to conventional drug delivery techniques.
Since the initial use of nanoparticulate systems in medicine to date, they have revolutionised
drug delivery and have also shown promising research outcomes for treating complex ocular
diseases like AMD [321-323].

Considering the size of nanoparticles, they are likely to have greater diffusivity through
biological membranes like corneal epithelium. Previous research on NPs for ocular drug
delivery has demonstrated an increase in corneal permeability of the drugs they have used
[324-326]. Also, the higher surface area of nanoparticulate systems enables enhanced
interaction with the epithelial layers of the eye leading to increased retention time of topically
administered drug delivery systems [327]. In the past few years, drug delivery systems
designed from polymeric NPs have played a vital role in the progress of nanomedicine. As
mentioned previously in Chapter 1, several polymeric materials such as PLGA, PLA, PGA and
PCL have been researched extensively for nanoparticulate drug delivery applications. PLGA
is one of the most explored polymers for ocular drug delivery due to its biocompatibility [165],
biodegradability [166] and sustained release characteristics [167]. There is a wide range of
PLGAs available with varying molecular weights and PLA:PGA ratios. Generally, polymers
with high molecular weight show slow degradation as more time is needed to degrade polymer
chains into lactic and glycolic acids, as shown in Figure 2.1 [168]. Sheshala et al. reported the
sustained in-vitro release of triamcinolone acetonide from a PLGA implant for 42 days [328].
As this type of PLGA has shown promising results in tailoring NPs for drug delivery [329,330],
Resomer® RG 504 H (lactide: glycolide 50:50, M. 38,000-54,000) with carboxylic acid
terminated moiety was used in the current study to enhance the binding to the cationic coating

polymer.
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Figure 2.1: Representation of the drug encapsulated PLGA nanoparticle and polymer degradation pathway
[331].

Emulsifier or surfactant, such as poloxamer, used in the nanoparticle preparation forms a steric
barrier around the nanoparticle with both PEO (polyethylene oxide) and PPO (polypropylene
oxide) moieties (Figure 2.1). The emulsifier helps keep the nanoparticles uniformly suspended

with low PDI (polydispersity index) values [332].

PLGA NPs have shown good stability with prolonged release of the drug in many studies but
they can lack mucoadhesion [333]. This property enhances the ocular retention time, which
plays a vital role when targeting the topical route for posterior segment diseases [334]. The
surface modification of PLGA NPs with natural and biodegradable polymers like chitosan has
proven to be beneficial for ocular drug delivery [160,224,335]. Polymers with mucoadhesive
properties bind to mucin by various mechanisms such as hydrogen bonds, electrostatic
interactions, polymer chain inter-diffusion and van der Waal forces [336]. These surface

modified NPs may have the potential to increase the stability of the encapsulated drug, reducing

65



initial burst release of the drug and the targeting ligands may conjugate with the free amine
groups of chitosan [337,338]. Conversion of charge from negative to positive, may enhance
cellular adhesion and retention time of the formulation at the target site [339]. The adsorption
of chitosan onto PLGA NPs follows a multilayer behaviour with the reason for adsorption
being found to be the cationic nature of chitosan and also the non-uniform porous surface of
PLGA NPs [340]. Xu et al, reported the entrapment of the positively charged particles in the
bovine vitreous humour due to its anionic nature, whereas the negatively charged particles
diffused through the vitreous [341]. This need to be further investigated hence in the current

study negative and positive-charged NPs were formulated and characterised.

By considering all of these parameters and the findings summarised in Chapter 1, the current
research focused on working with chitosan-coated PLGA nanoparticles encapsulating a

corticosteroid (represented in Figure 2.2)

Figure 2.2: Diagrammatic representation of drug delivery platform loaded with NPs on the ocular surface.

The hypothesis under investigation is whether PLGA helps in controlled and sustained release
of the encapsulated drug, and if using chitosan for surface modification will aid in
mucoadhesion and permeability (both trans and paracellular transport of the NPs).
Additionally, corticosteroidal lipophilicity could further drive permeation across the barriers
of the eye. Small, lipophilic, positively charged NPs loaded in a suitable drug delivery platform
(discussed in Section 1.5.1) may benefit topical delivery to treat posterior segment diseases
such as AMD. As the research on nanoparticulate systems proceeds with ocular use, the
scalability, safety, and robustness of these systems will be established leading to a new and

highly efficient nanoparticulate system available for patient use.
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In the current study, chitosan-coated PLGA NPs were fabricated by a thin-film hydration
technique and optimised by design of experiments using Minitab software. The designed
nanoparticles were characterised for particle size, polydispersity index (PDI) and zeta potential
(ZP) using dynamic light scattering (DLS). In-vitro drug release of the optimized NPs was
performed under different conditions while maintaining sink conditions. Toxicity assays were
performed on human corneal epithelial cell lines to assess the safety of the developed system

on ocular cell lines.

2.2 Experimental

2.2.1 Materials

Triamcinolone acetonide (TA) (MW: 434.50 g/mol with purity >99%) and water-soluble
chitosan (MW: 10-100 KDa with a deacetylation degree >90%) were procured from
Carbosynth Ltd, UK. PLGA (DL-lactide/Glycolide copolymer, ratio M/M%: 50/50, MW:
38,000-54,000), Pluronic® F-127 (MW: ~12600 g/mol), Fetal bovine serum, MTT (MW:
414.32 g/mol with purity >98%) and phosphate buffer saline tablets, were purchased from
Sigma Aldrich, Ireland. Dulbecco’s Modified Eagle Medium (with high glucose, GlutaMAX™
Supplement), trypsin (with EDTA (0.25%) and phenol red) and T75 cell culture flasks (Nunc™
Cell Culture Treated Flasks with Filter Caps) were purchased from Fischer Scientific, Ireland.
96 well plates (F-bottom (chimney well), white, CELLSTAR® TC, lid with condensation
rings, sterile) were obtained from Cruinn diagnostics Ltd, Ireland.

2.2.2 Equipment

The following equipment was used throughout the experimental work: Rotary Evaporator
(Stuart RE300-Keison, UK), Ultrasonic-probe sonicator (VCX 130-SONICS®, US), Shaking
incubator (S1500-Stuart, UK), Refrigerated centrifuge (Sigma 3-18KS, Focus scientific,
Ireland), DLS - particle size analyser (Microtrac, Nanotrac Wave |1, US), High performance
liquid chromatography (Agilent 1200 Series, Ireland), Differential scanning calorimetry (TA
Instruments Q2000, UK), Thermogravimetric analysis (TA Instruments Q50, UK), Fourier-
transform infrared spectroscopy (Varian 660-IR & 610-IR), Freeze dryer (Freezone 2.5,
Labconco, UK), and plate reader (HTS Plate Reader-MSD Model 1250 Sector Imager, US).
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2.2.3 Preparation of PLGA nanoparticles encapsulating triamcinolone
acetonide (TA)

Blank nanoparticles (BNPs) were prepared by a previously reported thin-film hydration method
with some modification [216], where the polymer (PLGA) and surfactant (poloxamer) were
dissolved in 20 mL acetonitrile (Figure 2.3). The organic solvent was evaporated by rotary
evaporation leading to the formation of the thin-film. Hydration of the thin-film formed was
carried out with 10 mL of Millipore water, leading to the formation of a nanosuspension. The
suspension was centrifuged at low speed (3000 rpm at 4 °C for 30 min) to remove any larger

particles (and unentrapped drug for drug-loaded formulations) [342].

TA + Polymer + Surfactant Evaporation of organic Thin film
in organic solvent solvent

Hydration of thin film-
PLGA NPs

Incubation in chitosan solution
Chitosan-coated PLGA NPs

Figure 2.3: Representation of thin film hydration procedure for preparation of TA-loaded NPs.

Following the same procedure, TA encapsulated NPs were prepared using different
concentrations of drug, 2.5, 5, 7.5, and 10 mg for F1, F2, F3 and F4 NPs, respectively. Where
the drug, polymer and surfactant were dissolved in acetonitrile and both the polymer and

surfactant concentrations were kept constant (1:10).

2.2.4 Experimental design study
Design of experiments (DOE) was used to conduct the minimum number of experiments while

obtaining the maximum amount of information. Plackett-Burman factorial design was selected
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for this study due to the generation of significantly fewer experiments [343]. The drug (2.5 —
7.5 mg), polymer (50 — 100 mg) and surfactant (500 — 1000 mg) were the three factors taken
with three levels of concentrations for each and one centre point, as represented in Table 2.1.

Table 2.1: Plackett-Burman design of experiments for triamcinolone acetonide loaded PLGA NPs.

Formulation code Composition (mg) Drug: polymer:
surfactant
TA PLGA Poloxamer

AA 1, 2.5 50 500 1:20:200
AA 12 2.5 50 500 1:20:200
AA 13 2.5 50 500 1:20:200
AA 14 2.5 50 500 1:20:200
AA 21 2.5 50 1000 1:20:400
AA 22 2.5 50 1000 1:20:400
AA 31 2.5 100 500 1:40:200
AA 3,2 2.5 100 500 1:40:200
AA 41 2.5 100 1000 1:40:400
AA 4.2 2.5 100 1000 1:40:400
AA 43 2.5 100 1000 1:40:400
AA 4,4 2.5 100 1000 1:40:400
AAS51 5 75 750 1:15:150
AA52 5 75 750 1:15:150
AA 6 7.5 50 500 1:6.67:66.67
AA 6,1 7.5 50 500 1:6.67:66.67
AAT1 7.5 50 1000 1:6.67:133.33
AA T2 7.5 50 1000 1:6.67:133.33
AA T3 7.5 50 1000 1:6.67:133.33
AA T4 7.5 50 1000 1:6.67:133.33
AA 81 7.5 100 500 1:13.33:66.67
AA 8,2 7.5 100 500 1:13.33:66.67
AA 83 7.5 100 500 1:13.33:66.67
AA 84 7.5 100 500 1:13.33:66.67
AA 91 7.5 100 1000 1:13.33:133.33
AA 9.2 7.5 100 1000 1:13.33:133.33

TA-loaded PLGA nanoparticles were prepared with the same procedure but instead of
acetonitrile, a combination of acetone and acetonitrile was used as the solvent. The NPs have
been assigned formulation codes starting from AA 1,1 to AA 9,2 for the experiments generated

by the statistical model.
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2.2.5 Preparation of chitosan-coated PLGA nanoparticles

The formulations selected from the DOE were coated with chitosan. Chitosan solutions of
concentration 0.5, 1, 2 and 3% (w/v) were used in initial screening experiments. For coating,
chitosan solution was added to the prepared PLGA nanoparticle suspension in a 1:1 ratio under
magnetic stirring and left overnight. The NPs were separated from unbound chitosan by
centrifugation at 15,000 rpm, 4 °C for 30 minutes. Upon centrifugation the pellet was

redispersed in water.

2.2.6 Nanoparticle Characterisation
2.2.6.1 Particle size, polydispersity index and zeta potential

The particle size, PDI and ZP were determined using DLS (Nanotrac Wave II). The analysis
was performed at 25 °C with an angle of detection of 180° with the heterodyne-backscatter
arrangement. 1 mL of nanosuspension was placed in a sample cell and the FLEX software was
used to analyse electrophoretic mobility (for ZP) and particle size distribution using Brownian
motion. Nanosuspensions were measured in triplicates, each of the measurements was recorded

as an average of three runs.

2.6.6.2 Encapsulation efficiency:

The encapsulated drug was quantified by high-performance liquid chromatography (HPLC)
using a C18 column, mobile phase of phosphoric acid buffer:Acetonitrile (50:50 (v/v), pH 3),
1.2 mL/min isocratic flow rate, injection volume of 20 uL and a 240 nm detection wavelength.
TA was quantified using a calibration curve with demonstrated linearity in the range of 0.1-0.9

ug/mL.

The limit of detection (LOD) and limit of quantification (LOQ) of TA were determined based
on the standard deviation (Sy) and slope (S) of the HPLC calibration curve using Equations 2.1
and 2.2:

LOD =3.3(Sy/S) Equation 2.1
LOQ =10 (Sy/S) Equation 2.2

2.6.6.3 Thermal analysis:
Thermal gravimetric analysis (TGA) was measured using a nitrogen gas flow rate at 50 mL/min

and a heating rate of 10 °C/min. Thermal decomposition analysis was performed from room
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temperature to 500 °C with a sample weight between 5-10 mg. The weight loss and onset of
degradation were simultaneously recorded as a function of temperature/time. Resulting TGA

thermograms were analysed using TA universal analysis software.

Calibration using indium was performed to ensure the accuracy and precision of the differential
scanning calorimetry (DSC) thermograms obtained. Accurately weighed samples of 5-10 mg
were loaded in T zero aluminium pans with a pinhole. The analysis was performed up to 350
°C under a nitrogen atmosphere at a heating rate of 10 °C/min. For modulated DSC analysis
repeated heating and cooling cycles were performed at a heating rate of 0.5 °C/min to separate

the glass transition and relaxation peaks of the polymer.

2.2.7 Cytotoxicity testing on human corneal epithelial cell lines:
2.2.7.1 Cell culture

Human corneal epithelial cells (HCECs) were cultured in T75 cell culture flasks under
conditions of 5% CO; and 37 °C in the incubator. The cell culture media (Dulbecco's modified
eagle medium [DMEM)]) was supplemented with 10% FBS (Fetal bovine serum) and 1%
penicillin and streptomycin. For subculture, HCE cells were passaged when 70-80% confluent,
where the cells were detached from the flask by trypsinization followed by centrifugal
separation of cells (800 rpm for 5 min). The cells obtained after centrifugation were

resuspended in fresh media in a new T75 cell culture flask.

2.2.7.2 In-vitro cytotoxicity assay:

The 96 well plate was seeded with 10,000 cells/well in DMEM medium (containing 10% FBS
and 1% penicillin-streptomycin) and cultured for 24 hours. After 24 hours cells were treated
with varying concentrations of drug and nanoparticles (5, 10, 20, 50, 100 uM) for 4 h and after
that treatments were replaced with fresh media for further incubation for 20 h. After completion
of the specified time, 15 puL of MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide) dye was added to each well and incubated for 4 h. After 4 h, the media in each well
was replaced with 200 uL of DMSO to solubilise formazan crystals formed after MTT
treatment. The plate was left overnight in the incubator and absorbance was measured using a

microplate reader at 570 nm. The % cell viability was calculated using Equation 2.3.

test absorbance

% Cell viability = ( ) x 100 Equation 2.3

control absorbance
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2.2.8 In-vitro drug release study using dialysis membrane
2.2.8.1 Solubility of TA in PBS and PBS with 1% tween 80

2 mg and 10 mg of TA was incubated in 5 mL of PBS and PBS with 1% tween 80 at 37 °C
with agitation. After 24 h the samples were centrifuged at 10,000 rpm and the supernatant was

syringe filtered prior to HPLC analysis to determine the saturation solubility of TA.

2.2.8.2 Use of dialysis membrane for in-vitro drug release:

Dialysis membrane with a molecular weight cut off 14,000 KDa and a length of 10-15 cm was
filled with drug and nanoparticle suspension (TA-25 pg/mL). These dialysis bags were
dialyzed in 20 mL of PBS with 1% tween 80 (pH 7.4) at 37 °C under 200 rpm stirring. At
predetermined intervals, 100 pL of the sample was withdrawn from the release medium and
the same amount of fresh medium was replaced. The extracted sample was analysed using
HPLC to determine the quantity of TA released. All the experiments were performed in a
closed, dark environment and the vials are closed to prevent evaporation of PBS. The %drug

release and %cumulative drug release were calculated by using the following formulae:

Released drug

% Drug release = ( ) * 100 Equation 2.4

total drug

Volume of sample withdrawn

% Cumulative drug release = ( ) * P(t —1) + P Equation 2.5

bath volume

P =% release at time ‘t’
P (t-1) = % release previous to ‘t’

2.2.8.3 In-vitro release study in PBS with 1% tween 80:
The drug release study using PBS with 1% tween 80 as release media was performed in two

different methods as follows:

Microcentrifuge tube drug release method: Nanosuspension equivalent to 1 mg of TA was
mixed with 40 mL of release media (25 pg/mL). The release medium was distributed into 20
microcentrifuge tubes containing 2 mL each with 50 pg of TA. These microcentrifuge tubes
were placed in a shaker with continuous agitation at 37 °C. At every sampling point, a new
microcentrifuge tube was taken and centrifuged at 15000 rpm for 15 min and the drug present

in the supernatant was quantified.

Centrifugation drug release method: Nanoparticles equivalent to 500 pug were mixed with
20 mL of release media (TA-25 pg/mL) in a beaker. The beaker was placed in the incubator at
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37 °C under stirring and at every sampling point, the release media was transferred into a
centrifuge tube. The media was centrifuged at 15,000 rpm for 15 min and the supernatant was
analysed to quantify the drug released. The pellet was re-dispersed in the same release media
and kept for further incubation.

Student’s t-test was used to calculate p-values and p <0.05 was taken as statistically significant.

2.3 Results and discussion

2.3.1 Method optimisation for PLGA nanoparticles

The thin-film hydration technique used to prepare nanoparticles was a modification of a
previously published method [216]. This method of fabricating nanoparticles does not involve
ultrasonication and high-speed homogenisation which might need further optimization of
parameters like sonication time, power etc., and also have potential risk of metal contamination
via probes [344].

The use of poloxamer in the PLGA NPs was not only for stabilisation of the nanoparticle
suspension; it consists of physically bonded PLGA and PEO moieties of poloxamer, thus
giving better drug protection and stable NPs [345]. Gupta et al. designed paclitaxel-loaded
PLGA and poloxamer NPs to treat cancer via an intravenous route [346]. Particle size, ZP and
PDI of the NPs were found to be 179.4 nm, -22.7 mV and 0.3, respectively, with 48% of drug
release in 3 days with a sustained release mechanism. There was no change in characteristics
of the particles after being stored at accelerated conditions for 3 months. The authors suggested
the non-ionic poloxamer may act as a co-emulsifier resulting in smaller particle size.
Poloxamer also provides steric stabilisation (polypropylene oxide chains bind to the NPs
surface and polyethylene oxide moieties extend into the solvent medium creating a steric
barrier) resulting in uniform distribution of NPs with low PDI values. Considering these
benefits of poloxamer, in the present study it was considered as an ideal surfactant for
formulating PLGA NPs. To investigate the nanoparticles prepared by TA, PLGA and
poloxamer, the effect of different concentrations of TA on nanoparticles was studied with

results summarised in Table 2.2.
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Table 2.2: Particle size, polydispersity index (PDI), zeta potential and %encapsulation efficiency values
for PLGA NPs with carrying concentrations of TA.

Formulation Particle Size PDI Zeta potential | %Encapsulation
Code (nm) (mV) efficiency
BNPs 305 0.119 -4.7 -

F1 266 0.119 -5.5 26.60
F2 415 0.130 -5.5 10.46
F3 150 0.160 -4.7 6.98
F4 94 0.155 -4.8 9.53

The particle size and encapsulation efficiency of the nanoparticles decreased from 266 nm to
94 nm and 26.6% to 9.53% respectively with increase in the concentration of the TA from 2.5
mg (F1) to 10 mg (F4) as seen in Table 2.3 and Figure 2.4. The F2 formulation is an exception,
where particle size increased to 415 nm (the DLS histogram showed monodispersed NPs) this
could be due to the limitation of the thin-film hydration method where achieving control over
particle size is a challenge (during the hydration of film into aqueous media) [347]. Hou et al.
formulated betaxolol hydrochloride-encapsulated chitosan NPs using ionic gelation [348].
They noticed a decrease in encapsulation efficiency with the increase in drug concentration
with the authors postulating that it might be due to saturation kinetics (with high concentration
of drug it reaches a limit). In the present study the encapsulation of drug at high concentration
might have been affected due to saturation kinetics and also due to limited solubility of the
drug in acetonitrile, where there is a chance of precipitation of the drug. In this case, the
poloxamer formed nanodroplets, due to its self-assembly nature in an aqueous solvent (during
redispersion of the thin film), may result in smaller particle sizes and low drug encapsulation
efficiency [349].
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Figure 2.4: Histograms demonstrating the particle size distribution of (a) BNPs (b) F1 (c) F2 (d) F3 (e)
F4 nanoformulations.

The low polydispersity index values (0.119 — 0.160) of all the nanoparticles indicate that NPs
are homogenously suspended as seen in Figure 2.4 [230]. This may be due to the formation of
a steric barrier by poloxamer, as mentioned previously in this chapter. Similar results were
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observed in a previous investigation by Menon et al., who studied the effect of surfactants
(poloxamer and polyvinyl alcohol (PVA)) on the physical properties of PLGA NPs [350]. Both
the surfactants, poloxamer and PVA vyielded smaller particle sizes of 150 nm with 0.13 PDI
and 157 nm with 0.18 PDI, respectively. However, poloxamer yielded smaller particles with a
more uniform distribution (also observed in their TEM images) compared to PVA. The authors
reported no change in the properties of the NPs when incubated in PBS and FBS for a period
of 5 days. This suggests that NPs might remain stable without aggregation during in-vivo
investigation as already being tested in physiological conditions. Also, lyophilised
formulations need to be investigated and compared to the aqueous formulation in terms of

stability.

The ZP values of PLGA and TA encapsulated nanoparticles were negative in charge, which
was expected because of the terminal carboxylic acid groups of the PLGA [351]. The amount
of TA present in NPs was determined using HPLC. Initially, the calibration curve with different
concentrations of TA was constructed as shown in Figure 2.5 (b); TA showed linearity between
0.1 and 0.9 pg/mL with regression greater than 0.99.
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Figure 2.5: (a) HPLC peak of 0.5 mg/mL TA and (b) Calibration curve of TA at 240 nm.
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Based on the calibration curve, LOD and LOQ of TA were calculated using equation 2.1 and
equation 2.2 and found to be 0.026 pg/mL and 0.079 pg/mL respectively. Using the equation
displayed on the calibration curve and the peak area of the sample, the concentration of the
drug in the formulations was calculated [224].

In the screening experiment, to increase the solubility of the drug and the encapsulation
efficiency, a combination of acetone and acetonitrile was used. The solvents in which the
polymer and drug are soluble were selected as this solvent mixture showed better drug
encapsulation with uniform distribution of nanoparticles in the next set of formulations. After
the successful formation of the NPs in the screening experiments, DOE was used for further
optimization of the NPs using Minitab software [352—-354]. The drug, polymer and surfactant
were selected as factors to identify their impact on the characteristics of the NPs. Taking one
factor at a time when designing experiments consumes a huge number of resources and time
whereas a systematic DOE utilises a multifactorial process to optimize the formulation

methodology.

2.3.2 Optimization of chitosan-coated PLGA nanoparticles encapsulating
triamcinolone acetonide

The TA encapsulated PLGA nanoparticles were prepared using acetone and acetonitrile as
solvents using the experiments generated by the Plackett-Burman factorial DOE. In Plackett-
Burman DOE, the main effects involved in the nanoparticles development are analysed with a
less number of experiments compared to other models and hence prioritised for this study
[355]. As the thin-film method for preparing NPs was a time consuming procedure, the
experimental design which generated a smaller number of experiments for the chosen factors
was selected [356]. A total of 26 experiments with 3 factors (drug, PLGA and surfactant) were
obtained in the Minitab software using the Plackett-Burman DOE, with the aim of obtaining

NPs with desired characteristics.

As highlighted in Chapter 1, in previous studies it was shown that particle size, PDI, zeta
potential and encapsulation efficiency are considered as important parameters for ocular drug
delivery. Dosing frequency can be reduced with increase in encapsulation efficiency and the
smaller size helps in permeation across the ocular barriers and increases the bioavailability of
the drug [357]. The zeta potential gives important information about the stability of NPs. As a
result, these three key parameters were selected as the main particle characteristics with the

findings summarised in the Table 2.3.
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Table 2.3: Particle characteristics obtained from Plackett-Burman design of experiments.

Formulation Particle Size PDI Zeta potential %Encapsulation
Code (nm) (mv) efficiency
AA1ll 537 0.661 -4.2 30.00
AA 1,2 485 0.125 -24 28.77
AA 13 404 0.516 -35 16.58
AA 14 434 0.101 -59 28.81
AA 2,1 428 0.176 -3.7 16.34
AA 2,2 406 0.091 -4.2 23.99
AA 3,1 379 0.096 -2.8 15.49
AA 3,2 407 0.085 -15 20.43
AA 4,1 447 0.080 -29 60.02
AA 4,2 410 0.385 -3.0 7191
AA 4,3 523 0.063 -20 59.20
AA 4.4 448 0.147 -4.0 56.78
AA 51 503 1.052 -3.1 19.66
AAS5,2 403 0.146 -24 21.72
AA 6,1 477 0.941 -9.8 9.12
AA 6,2 235 0.106 -36 9.42
AA 71 610 0.186 -5.2 36.90
AA 7.2 807 0.085 -2.7 36.19
AA 7,3 723 0.194 -3.0 36.76
AA T4 614 0.099 -4.0 28.34
AA 8,1 415 0.093 -20 22.00
AA 8,2 363 0.217 -8.2 16.74
AA 8,3 429 0.157 -2.3 12.13
AA 84 413 0.099 -20 16.60
AA 9,1 504 0.132 -25 40.20
AA 9,2 408 0.165 -25 40.59
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The Plackett-Burman factorial design responses were analysed using Minitab software and the
Pareto charts which represent the standardised effects based on t-statistics that tests the null
hypothesis assuming the effect as O are represented in Figure 2.6.
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Figure 2.6: Pareto charts of the standardized effects of, (a) Particle size (b) Zeta potential and (c)
%Encapsulation efficiency.
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In Figure 2.6 (a), the effect of poloxamer, PLGA and drug concentration on the particle size
was seen. The bars representing the poloxamer and PLGA have crossed the reference line,
which means they have a statistically significant effect on size whereas variation in drug
concentration has a statistically insignificant effect (significance/insignificance is considered
at a=0.05 level with the model terms). Different ratios of drug, polymer and surfactant have no
significant effect on zeta potential, and this may be due to the separation of unbound PLGA.
Taghipour et al. formulated albumin-loaded PLGA nanoparticles using a solvent evaporation
technique and optimized their NPs with a factorial DOE [358]. The results of their DOE showed
no effect on ZP with increase in concentration of PLGA, but poloxamer increased the ZP
slightly (-30 to -32 mV). The current study demonstrated a similar effect of PLGA on ZP but
non-ionic poloxamer exhibited no effect on ZP.

All three factors demonstrated a significant effect on %encapsulation efficiency. The NPs with
low drug concentration (2.5 mg) and high ratio of PLGA:Poloxamer (1:10) demonstrated
greater drug entrapment (Table 2.4). At high concentrations of polymer, better drug
encapsulation was seen due to the presence of more polymeric chains available for drug
entrapment [359].

Table 2.4: Particle size, polydispersity index (PDI), zeta potential and %EE values for selected PLGA
nanoparticle formulations, n=6 + SD.

Formulation Particle Size PDI Zeta potential | %Encapsulation
Code (nm) (mV) efficiency
AA 4 467 +79.90 0.126 + 0.133 -3.81+2.05 62.21 +5.88
AA 7 538 + 102.53 0.123 +0.058 -3.97+1.32 39.01 +£10.56
AA9 456 + 67.89 0.262 +0.191 -4.19+2.12 30.75 £ 17.53

Based on the particle size, PDI, ZP and encapsulation efficiency values, three formulations
with codes AA4, AA7 and AA9 were selected for further studies. The responses for these

formulations with six repetitions are shown in the below Table 2.5.

2.3.3 Screening of chitosan concentration to coat PLGA nanoparticles:
The concentrations of chitosan used for screening have been considered from previously
published research on chitosan-coated PLGA NPs [170,224,357,360,361]. Water-soluble
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chitosan was used at 0.5, 1, 2 and 3% (w/v) to coat the prepared blank PLGA NPs and to
investigate the effect on charge as represented in Figure 2.7. The 2% (w/v) chitosan
concentration gave a zeta potential of +30.6 + 1.84 mV and there was no increase in charge
with an increase in chitosan concentration thereafter. This could be due to saturation of chitosan
after adsorption on PLGA NPs with the excess chitosan removed using high speed

centrifugation.
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Figure 2.7: Effect of chitosan concentration on zeta potential of NPs.

2.3.4 Chitosan-coated PLGA nanoparticles

Based on the above observations, the PLGA nanoparticles with formulation codes AA4, AA7
and AA9 were coated with 2% (w/v) chitosan solution. To identify any statistical significance,
the coefficient of variance (CV) of the replicates was calculated with a CV value of less than 1
observed for all the results indicating low variance. There was no significant change in particle
size before and after coating the nanoparticles (411 — 538 nm), as shown in Table 2.5.
Chronopoulou et al. also reported no significant change in particle size after coating PLGA
NPs with chitosan [224]. This may be due to the absorption of chitosan onto porous PLGA
NPs, where chitosan fills the pores and forms a thin layer around the NPs [340]. The ZP values
before (-2.5 — -4.1 mV) and after coating (+41 - +50 mV) imply that the particles were stable
as zeta potential values less than -30 mV and higher than +30 mV are considered to be highly
stable [362].

81



Table 2.5: Particle size, zeta potential and encapsulation efficiency values for PLGA NPs (AA) and
chitosan-coated PLGA NPs (CS AA), n=3 £ SD.

Formulation | Particle Size | CV Zeta CV | %Encapsulation | CV
Code (nm) potential efficiency
(mV)
AA 4 467 +£79.90 [ 0.17 | -25+0.70 |0.28 63.13 £ 6.44 0.10
CS-AA4 | 517+231.22 | 0.44 | +44.05+£5.02 | 0.11 | 24.16+10.29 | 0.43
AA 7 538+10253 | 004 | -41+156 |[0.38| 56.80+21.24 | 0.37
CS-AA 7 452 +19.09 | 0.04 | +50.4+4.95 | 0.09 28.89 £ 3.01 0.10
AA9 456 +67.89 [ 0.15 | -4.15+233 | 056 | 40.46+15.64 | 0.39
CS-AA9 411+2.83 | 0.01 | +41.85+5.30 | 0.13 25.48 £ 9.93 0.38

As seen in Table 2.5, the encapsulation efficiency of the NPs decreased after coating with
chitosan for AA4 formulation it reduced from 63% to 24%. The coating might have affected
the extraction of drug from the NPs as acetonitrile was used as an extraction solvent for HPLC
analysis but the chitosan was not soluble in acetonitrile [224]. Also, during the separation of
unbound chitosan using high speed centrifugation, there might have been a loss of some NPs
due to the washing of the pellet and using repetitive centrifugation steps. There is a probability
of some drug being released during the incubation process while coating the PLGA NPs. In a

screening experiment a combination of solvents in which chitosan, PLGA, poloxamer and drug

can be dissolved were tested. The solvent mixtures investigated along with the encapsulation

efficiencies are shown in Table 2.6.

Table 2.6: Effect of solvents on drug extraction from NPs.

Solvent Mixture Formulation %Encapsulation efficiency
10% (v/v) Triton X + Acetonitrile AA4 44.72
CS-AA4 8.97
Acetonitrile + water AA4 44.57
CS-AA4 24.16
Acetonitrile AA4 64.28
CS-AA4 12.05
Methanol + acetonitrile + water AA4 63.88
CS-AA4 35.42
Methanol + Acetonitrile AA4 65.07
CS-AA4 35.04

82



The solvent mixture of methanol, acetonitrile and water exhibited better drug extraction from
chitosan-coated PLGA nanoparticles, due to the high solubility of TA in methanol. As
mentioned in the methods section for the preparation of PLGA nanoparticles, low-speed
centrifugation was used to separate unbound drug. Whereas for chitosan-coated PLGA NPs,
high-speed centrifugation was used to separate unreacted chitosan. Previous studies showed
loss of NPs during this process [216,363]. This high-speed centrifugation along with the
coating procedure of PLGA NPs might have resulted in low encapsulation efficiency values

upon coating.

2.3.5 Thermal analysis of nanoparticles

Thermogravimetric analysis (TGA) was used to determine the degradation temperature of the
nanoparticles. In TGA, materials are heated to a higher temperature while monitoring the mass
loss, which generates a degradation curve [364]. The degradation temperature of PLGA and
chitosan-coated PLGA NPs was higher compared to the individual components, as seen in
Table 2.7 and Figure 2.8, which implies that the NPs are more stable [365].

Table 2.7: Degradation temperatures of individual components, coated and non-coated-NPs.

Sample name Degradation temperature (°C)
PLGA 253
Poloxamer 350
Chitosan 190
Triamcinolone acetonide 289
PLGA NPs (AA4) 345
CS-PLGA NPs (CS-AA4) 363

Upon coating of the nanoparticles, the thermal stability of the drug, polymer, surfactant and
PLGA NPs have been enhanced.
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Figure 2.8: TGA thermograms of TA, PLGA, poloxamer, chitosan, PLGA and chitosan-coated PLGA
NPs.

These TGA results are in agreement with the previous study by Xiao et al. on chitosan-coated
PLGA microparticles containing orange essential oil [366]. Their chitosan-coated PLGA
microparticles exhibited enhanced thermal stability when compared to excipients and PLGA
microparticles. Current TGA results suggest that the drug and polymers present in the
nanoparticles are more thermally stable when compared to the individual components this

could be due to the stable structure of coated and non-coated NPs