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Abstract

Triamcinolone acetonide (TAA), one of the first synthetic glucocorticoids to be approved for
the treatment of inflammatory eye diseases. TAA has been used clinically since 1957. The
acetonide salt form of triamcinolone is triamcinolone acetonide. TAA's anti-inflammatory and
immunosuppressive properties make it the preferred medication for treating ocular
inflammations. Due to its lipophilic nature and limited solubility in aqueous solutions, it exerts
a potent anti-inflammatory effect and has a prolonged ocular distribution. The use of TAA in
the treatment of posterior uveitis (PU) is highly advised. The conventional formulation
(aqueous suspensions) of TAA (especially at low dose) applied as ocular drops were shown to
be unsuccessful in obtaining effective concentrations in the vitreous humour (target tissue) due
to its poor aqueous solubility (17 pg/mL) and dissolving rate in the lachrymal fluids. Therefore,
TAA is marketed as a suspension formulation (Triesence, Trivaris and Kenalog) that is
suggested for intravitreal injection. The main issues associated with intravitreal injections are
secondary ocular hypertension, retinal detachment, cataract formation, postoperative infectious

sand non-infectious diseases, pseudoendophthalmitis and endophthalmitis.

Despite all of these complications, TAA is only offered as an intravitreal injection in the
market. In the literature, there were surprisingly few attempts to address these issues with drug

delivery. This provides a huge gap that requires rapid attention.

There are several formulation techniques that can be used to solve the issues related to
intravitreal injection. Conventional ophthalmic drops suffer from various static and dynamic
barriers of the eye, specifically in terms of low pre-corneal residence time. To increase the
residence time at the corneal surface, researchers have experimented with viscous
solutions/suspensions, hydrogels, ointments and gelling systems. /n sifu gelling systems are

determined to be the most promising of the various formulations. Compared to hydrogels and
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ointments, in situ gels are simple to make and can be administered with superior dosage

precision. They offer longer residence durations than viscous solutions or suspensions.

As a result, in the current research work, we developed and assessed various TAA formulations

with the goal of achieving higher therapeutic concentration in the vitreous humour.

To determine the dose of TAA that can produce effective concentrations in the posterior
segment of the eye, a dosa identification study of TAA is first conducted. In order to enable
reliable and precise quantification of TAA in various in vitro samples and in vivo biological
matrices, analytical and bioanalytical methods were developed and validated. Form the ocular
pharmacokinetic study, it is determined that an aqueous suspension of TAA with 20% HP-B-
CD (TAA-HP-B-CD-Susp) at 4 mg/30uL dose strength produced a TAA concentration in the
vitreous humour of more than 100 ng/mL and achieved a maximum concentration of 264.9
ng/mL. The concentration of TAA in the vitreous humour was maintained above 100 ng/mL
for a period of 3 h (between 1 h to 4 h). Therefore, we can infer that aqueous suspension of
TAA with 20% HP-B-CD (TAA-HP-B-CD-Susp) at 4 mg/30uL dose strength is optimal for
pre-corneal administration to produce effective TAA concentrations in the vitreous humour.
The developed HPLC method offered high sensitivity to determine more than 95% of the entire
time course in aqueous humour and vitreous humour with minimal sampling volume, which is

critical in ocular pharmacokinetics studies

The quick elimination of medications/formulations after dosing is one of the main difficulties
with conventional ocular formulations. A dual responsive in situ gel using a combination of
thermoresponsive polymer (reacted tamarind seed xyloglucan (RXG)) and ion-sensitive
polymer (kappa-Carrageenan (k-CRG)) was designed and optimized to prevent rapid ocular
clearance and to increase longer residence time on the corneal membrane. Using rheological

investigations, a number of parameters influencing the formulations sol-to-gel transition were
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investigated and adjusted. Finally, TAA was loaded in the optimized blank in situ gel (TAA-
RXG-k-CRG). The in vivo residence time of TAA-RXG-k-CRG in situ gel, as well as in vitro
drug release, dose precision, ex vivo ocular toxicity and other characteristics, were studied.
Pharmacokinetic studies in rabbits were carried out to assess improvement in the TAA
concentration achieved in the posterior segment of the eye for the optimized in situ gelling
formulation of TAA (TAA-RXG-k-CRG) and compared with suspension formulation of TAA
(TAA-HP-B-CD-susp). The TAA loaded RXG-«k-CRG in situ gel resulted in significantly
higher concentrations (1.64 times increase in Cmax), drug exposure (4.01 times increase in
AUC).) and sustained the concentration for longer duration (5.2 times increase in MRTo ) in

the vitreous humor than the TAAHP-B-CD-Susp.

The bioavailability of drugs administered via the topical ocular route has been found to be
enhanced using nanocarrier systems. They enable prolonged drug release, minimizing the need
for frequent dosage, increased retention time, reduced toxicity, improved solubility and
dissolution rates. In light of this, TAA nano-formulations were prepared and tested for their
physicochemical characteristics, in vitro release and stability properties and in vivo

performance.

TAA nanocrystals (NCs) were prepared by anti-solvent precipitation technique using the DoE
principle to improve the solubility and dissolution rates of TAA, resulting in a higher
concentration of TAA into the vitreous humour via the topical ocular route. The
characterization of TAA-NCs included morphology, yield (%) and size. TAA-NCs were loaded
in an RXG-k-CRG based dual responsive in situ gel for topical ocular delivery of TAA. The in
situ gel formulations were evaluated for their rheological properties, stability, in vitro drug
release and in vivo aqueous and vitreous humour pharmacokinetics. Pharmacokinetic
parameters were calculated for the aqueous suspension of NCs (TAA-NC-Susp) and the in situ
gelling formulation of NCs (TAA-NC-ISG) and they were compared to the pharmacokinetic
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parameters of the aqueous suspension of plain TAA (TAA-HP-B-CD-Susp). The PS, PDI and
yield (%) values for TAA-NCs were 243 + 5.7 nm, 0.24 + 0.08 and 88.5 + 2.4, respectively. In
the physiological conditions (STF at 34 £ 0.5°C), the TAA-NC-ISG formulation demonstrated
a rapid sol-to-gel transition. The vitreous humour Cmax values of TAA-NC-ISG (854.9 ng/mL)
and TAA-NC-Susp (635.4 ng/mL) were significantly higher than TAA-HP-B-CD-Susp (264.9
ng/mL). Further, the total vitreous humour exposure (AUCo) for TAA-NC-ISG (7126.1
ngxh/mL) was 1.9 times and 8.8 times higher than TAA-NC-Susp (3720.2 ngxh/mL) and TAA-
HP-B-CD-Susp (810.4 ngxh/mL), respectively. The residence time of TAA (MRTo ) in the
vitreous humor for TAA-NC-ISG (11.2 h) was 1.9 times higher than that of TAA-NC-Susp
(6.0 h) and 3.6 times higher than TAA-HP-B-CD-Susp (3.1 h). This shows that the NCs
formulation of TAA improved the drug delivery towards the vitreous humor compared to the
aqueous suspension of TAA with 20% HP-B-CD (TAA-HP-B-CD-Susp). This suggests that the

drug delivery of TAA to the vitreous humour was further enhanced by the NCs formulation.

To further increase drug concentration and control drug release in the vitreous humour, we
formulated TAA-based polymeric lipid hybrid nanoparticles (PLHNPs) utilizing PLGA and
phosphatidylcholine (TAA-PLHNPs). The TAA-PLHNPs were evaluated for size, drug
loading efficiency, zeta potential, morphology and physical stability. To be delivered topically
to the eyes, the TAA-PLHNPs were suspended in a dual responsive in situ gelling system
composed of RXG-k-CRG (ISG). The rheological characteristics, stability, in vitro drug release
and in vivo aqueous and vitreous humour pharmacokinetics of the in situ gel formulations were
assessed. Pharmacokinetic parameters of the in sifu gelling formulation of PLHNPs (TAA-
PLHNP-ISG) and the aqueous suspension of PLHNPs (TAA-PLHNP-Susp) were computed
and compared to those for the aqueous suspension of plain TAA (TAA-HP-B-CD-Susp). The
PS, PDI and LE (%) values for TAA-PLHZNPs were 163 + 2.8 nm, 0.27 + 0.02 and 39 + 1.9,

respectively. The TAA-PLHNP-ISG formulation showed a quick sol-to-gel transition in the



physiological conditions (STF at 34 = 0.5°C). The vitreous humour concentration (Cmax) of
TAA-PLHNP-ISG (946.53 ng/mL) was significantly higher compared to TAA-PLHNP-Susp
(647.50 ng/mL) compared to TAA-HP-B-CD-Susp (264.9 ng/mL). In addition, the vitreous
humour exposure (AUCo.¢) of TAA-PLHNP-ISG (10093.76 ngxh/mL) was significantly higher
than TAA-PLHNP-Susp (6094.92 ngxh/mL) compared to TAA-HP-B-CD-Susp (810.4
ngxh/mL). The residence time of TAA (MRTo—«) in the vitreous humor for TAA-PLHNP-ISG
(16.26 h) was 1.5 times higher than that of TAA-PLHNP-Susp (10.77 h) and 5.2 times higher
than TAA-HP-B-CD-Susp (3.1 h). The in vivo performance of TAA loaded polymer-lipid
hybrid nano-formulations (TAA-PLHNPs as well as TAA-PLHNP-ISG) exhibited higher
vitreous humor exposure as well as maintained the concentrations of TAA in the vitreous
humor for longer duration than compared to the aqueous suspension of TAA with 20% HP--

CD (TAA-HP-B-CD-Susp).

Overall, it was concluded that the developed nano-formulations considerably increased the
TAA concentrations in the vitreous humour upon topical ocular administration and addressed

several shortcomings associated with conventional topical ocular delivery of TAA.
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INTRODUCTION



1.1 Basic anatomy of the eye

The eye is a complex and vital sensory organ in the human body as it enables vision [1]. It is a
delicate organ that is in direct contact with the environment and is very susceptible to a number
of diseases, despite possessing strong protective barriers [2]. The eye is primarily composed of
three layers: the sclera, uveal tract and retina, each of which performs complex functions to
maintain the eye's normal operation [3,4]. The outer fibrous layer known as the sclera is
primarily responsible for providing mechanical stability so that the eye and its delicate optical
system may be protected [5]. Collagen and elastic fibre make up the majority of the sclera and
the irregularity of these fibres gives the sclera an opaque appearance [1]. The primary role of
the sclera is to provide attachment for the extraocular muscle insertions and resistance to both
internal and external stresses [6]. The human scleral surface area (<16-17 cm?) has a
considerable impact on the pharmacokinetics of drug diffusion [7]. The intermediate vascular
layer consisting of the iris-ciliary body and choroid is known as the uveal tract, sometimes
known as the vascular tunic. Each component of this group serves a distinct purpose [8]. The
choroid, which is part of the vascular layer, supplies the retina with blood. The retina is the
eye's deepest, most vascular and nerve-rich region. Images and optic nerve signals are made in
the retina. Like a choroid, it covers the portion of the eye. It has numerous layers: the inner
limiting layer, the nerve fibre layer, the ganglion cell layer, the inner plexiform layer, the inner
nuclear layer, the outer plexiform layer, the outer nuclear layer, the photoreceptor layer (rods
and cones) and the retinal pigment epithelium (RPE). RPE cells, like the corneal epithelium,
have tight connections that prevent positively charged, polar, hydrophilic, small-molecular-
weight molecules from moving across cells. RPE and retinal blood vessel endothelium form
the blood retinal barrier. Drug distribution to the retina is challenging due to the above

anatomical barriers [2,9,10].



The eye is a spherical object having a circumference of 69—-85 mm divided into a 22-27
diameter of two segments that are anterior and posterior segments, which accommodate one-
third and two-thirds of the ocular architecture, respectively [3,4]. The anterior segment includes
tears, cornea, conjunctiva, anterior and posterior chambers, iris, ciliary body, lens, trabecular
meshwork and aqueous humour [11]. The posterior segment includes the sclera, choroid, retina,
Bruch's membrane, vitreous fluid, optic nerve and retinal blood vessels. The inner limiting
membrane seals the vitreous humour, a gel-filled sac that extends to the macula behind the lens
in the posterior segment [3].

A number of disease conditions can affect either the anterior or the posterior segment of the
eye. The anterior segment is susceptible to dry eye disease, ocular allergic conjunctivitis,
keratitis, anterior uveitis, glaucoma and many other diseases [12]. The posterior segment is
susceptible to diabetic retinopathy, viral retinitis, choroid neovascularization, proliferative
vitreoretinopathy, posterior uveitis, retinal vascular occlusions, age-related macular
degeneration and diabetic macular oedema [13].

1.2 Uveitis

A complex group of ailments distinguished by intraocular inflammation are referred to as
"uveitis" [14]. Uveitis has a prevalence of 38—714 cases per 100,000 people and an annual
incidence of 17-52 cases per 100,000. In certain research, uveitis is slightly more common in
women. Uveitis can develop at any age; however, most studies report a mean age of 30—40
years. Uveitis affects approximately 60—80 % of people between the ages of 20 and 50 years
old, accounting for 2 million individuals globally every year, with tropical and underdeveloped
nations seeing higher rates of infectious uveitis due to the presence of more infectious agents
and higher population densities, which contributes to a larger spread of infection [15,16]. If left
untreated, it may become a chronic condition needing long-term treatment, which has an impact

on the patient’s quality of life as well as placing a strain on the healthcare system [17].



1.2.1 Classification of uveitis

Several ocular inflammatory signs were attributed to uveitis in older studies. In recent years,
they have been connected to complex autoimmune diseases such as Bechet’s disease and
rheumatoid arthritis [15]. Before the mid-20"™ century, syphilis and tuberculosis were thought
to cause eye inflammation. Since then, many inflammatory mechanisms that cause uveitis and
other immunological illnesses have been discovered. T cells (adaptive immune system) may
produce uveitis in immunologically related illnesses caused by an infectious pathogen or
autoantigen [16]. Uveitis can be characterized by its aetiology (infectious or non-infectious) or

anatomical location.

1.2.1.1 Anatomical classification
Uveitis is characterized by inflammation of the iris, choroid and ciliary body of the eye [16].
Inflammation can also lead to conditions such as vitritis, papillitis and retinal inflammation

(vitreous). Around 5%-10% of those who are visually impaired become totally blind [17].

Uveitis is categorised anatomically by the Standardization of Uveitis Nomenclature working
group (Figure 1.1). Acute anterior uveitis affects the iris and ciliary body (the anterior chamber
of the eye) and is often (30-40%) linked to Human leukocyte antigen B27-associated
inflammatory illnesses, including psoriatic arthritis and spondylitis [19,20]. Systemic diseases,
including sarcoidosis and multiple sclerosis, are linked to vitreous humour inflammation [21].
Retina and choroid damage result from posterior uveitis. Posterior uveitis can result from
toxoplasmosis and tuberculosis. Retinal oedema, degeneration and detachment can result from

posterior uveitis [22].

Inflammation of all uveal layers is referred to as panuveitis. Panuveitis is caused by sarcoidosis.
Uveitis may also result from a treatable underlying systemic illness [16]. Local or systemic

steroid injections treat intermediate, posterior and panuveitis [23].
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Figure 1.1 Anatomical classification of Uveitis. According to the anatomical site of the
inflammatory process, uveitis is divided into four categories: anterior, intermediate, posterior
and panuveitis [18].

1.2.1.2 Aetiological classification

Uveitis is often associated with immune system problems, such as ocular infections or systemic
inflammation. To aid diagnosis, the International Uveitis Study Group (IUSG) devised a
streamlined clinical categorization (Figure 1.2). Uvetitis is either infectious (antigen-mediated),
non-infectious (autoimmune or autoinflammatory) or masquerade (e.g., cancer-related),
according to IUSG [17,24]. Leptospirosis, leprosy, tuberculosis and toxoplasmosis account for
half of the infectious uveitis cases in tropical and poor countries [25]. Its prevalence and
severity depend on age, gender, location, genetics, environment, socioeconomic variables and
type of uveitis [26]. Uveitis treatment is especially difficult for posterior segment inflammation

[25].
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Figure 1.2 Uveitis aetiological classification [19]

1.2.2 Pathophysiology of uveitis

Inflammation of the uveal tract is a common occurrence during any kind of uveitis. An
unfavourable condition of inflammation that is harmful to healthy tissues might develop from
different regions of the uveal system, acting as vascular/lymphatic conduits for trafficking
inflammatory cells into other ocular tissues [20]. Similar to the blood-brain barrier, the blood-
retinal barrier (BRB) and blood-aqueous barrier (BAB) normally block the entry of big protein
molecules and cells into the eye [21]. These barriers, however, are breached by white blood
cells during inflammation, notably neutrophils during an acute start of uveitis or mononuclear
cells during chronic uveitis [22]. In light of this, a patient with uveitis may exhibit a wide range
of clinical symptoms, such as a painful red eye, photophobia, weeping, as well as visual
disruption brought on by floaters in the vitreous or scotomas in the retina [23]. By looking for
inflammatory cells in the anterior chamber and protein exudates that cause a "flare" on slit-

lamp fundoscopy, anterior uveitis may be quickly identified [24]. A slit-lamp with an extra lens



can be used to readily see the vitreous, retina or choroid, which are the possible sites of
inflammation in posterior and intermediate uveitis [23]. Inflammation in these conditions can
be acute or chronic. In most cases of posterior uveitis, disease development can be seen as a
variety of clinical symptoms, such as inflammatory cells in the vitreous, granulomas in the
chorioretinal area, retinal vascular dilation (retinal vasculitis) and oedema in the macula, optic

nerve and/or retina [25].

The inflammation of the posterior uveal tract is referred to as posterior uveitis (retina and
choroid). The International Uveitis Study Group and Standardization of Uveitis Nomenclature
working group classifies posterior uveitis as localised, multifocal or diffuse chorioretinitis,
retinochoroiditis, retinitis and neuroretinitis. Posterior uveitis can be infectious (bacterial, viral,

fungal and parasitic), autoimmune or part of a masquerade syndrome.

1.3 Barriers for drug delivery to the posterior segment of the eye

Delivery of drugs/therapeutic agents to the posterior segment of the eye is a major challenge.
A variety of anatomical and physiological barriers that make up the ocular tissue's defence
mechanism prevent the penetration of exogenous substances into the retina [26]. These
anatomical and physiological barriers can be classified into three different categories, static
barriers, dynamic barriers and metabolic barriers, as shown in Figure 1.3.

1.3.1 Static barriers

Drug molecules are physically prevented from diffusing into the retina and posterior part of the
eye by the static barriers in the eye. The Cornea, which covers the anterior sixth of the eye, is
the most important static mechanical barrier in the eye. It is a transparent membrane with three
main layers: the outermost epithelium, the middle stroma, and the innermost endothelium. Drug
permeability is significantly influenced by this transparent, ellipsoid barrier, each of which
offers a unique polarity and a potential rate-limiting structure. The lipoidal-shaped corneal

epithelium contains 90% of the cells that make up the cornea. These cells are connected by

7



desmosomes and they are encircled by ribbon-like tight junctional complexes. The zonula
occludens slows paracellular drug absorption from the tear film into the epithelium's
intracellular regions as well as into the cornea's inner layers [9]. Topically administered
hydrophilic drugs are far less likely to penetrate the corneal epithelium. A major barrier to the
absorption of lipophilic drugs is the highly hydrated stroma, which makes up 90% of the
corneal layer and is composed of an extracellular matrix and collagen fibrils arranged in a
lamellar configuration. The innermost layer of the cornea is made up of hexagonal-shaped cells
called the endothelium, which provides secretory function and selective carrier-mediated
transporter properties. In order to permeate the cornea, a drug should have amphiphilic

characteristics [27].

The cornea is continuous with the sclera (white part of the eye) and conjunctiva (translucent
tissue). The strong, fibrous outer covering of the eye is made up of the sclera. It preserves the
form of the eye and offers a place for the extraocular muscles to enter. At the point where the
optic nerve pierces it, it is just around 1 mm thick [28]. The pore width and intracellular gaps
of the fibre matrix that makes up the sclera, which is composed of collagen and elastin chains,
may affect the flow of drugs [29]. In addition, the variances in the collagen architecture of the
posterior sclera, the lateral orientation of fibres and the effects of myopia may all have an
impact on how well drugs are transported, with either a lower or higher permeability depending
on these modifications [30,31]. The permeability of a drug through the sclera is impacted by a
variety of factors/conditions [32]. Scleral permeability is strongly correlated with molecular
weight, suggesting that drugs with smaller molecular sizes have higher permeability and drugs
with high molecular weight have lower permeability. Further, for a given molecular size, the
shape of the molecule can affect the scleral permeability. This is particularly true with globular
proteins, which are more permeable than compared to linear dextran’s of the same molecular

weight. Therefore, molecular shape/radius is also a key factor affecting scleral permeability



[33,34]. The sclera's anatomy and, thereby, its permeability properties are reported to alter as

a result of disease, surgery or trauma [35].

The permeability studies of drugs through choroid and the retinal pigment epithelium (RPE),
two components of Bruch's membrane, demonstrate that permeability increases with an
increase in the lipophilicity of the drugs. When molecules are passively transported across the
RPE, their molecular permeability values in the outward (retina-choroid) and inward (choroid-
retina) directions are the same; however, it differs for molecules that are actively transported
between the two [9]. The presence of RPE melanin may change how drugs are disposed of in
the eye. Through electrostatic, van der Waals and/or straightforward charge-transfer
interactions with this pigment, melanin binds to free radicals and drugs, which may change the
availability of the free drug at the targeted location [36]. Since melanin binds to all basic and
lipophilic drugs, melanin binding may significantly reduce pharmacological action [37]. Due
to the presence of melanin, lipophilic substances are more likely to bind to the choroid- Bruch's

membrane, which increases the permeability of such drugs through the choroid [38,39].

The permeability of the sclera and its anatomical structure is unaffected by ageing; however,
studies have demonstrated that the choroid and Bruch membranes are much more permeable
as people age [35]. Due to an increase in thickness with ageing (from 2 pm in the first decade
of life to 4.7 um in the tenth decade), Bruch's membrane may offer increased resistance to the
permeability/transport of small molecules. Additionally, the build-up of basal laminar deposits

and lipid-rich membranous debris may play an important role in the delivery of drugs [39].

1.3.2 Dynamic barriers

The precorneal barriers, which include blinking, tear film, tear turnover, draining of solution
from the cul-de-sac and induced lacrimation, are a part of the dynamic barriers that are

particularly effective in removing the drug from the surface of the eye. Dynamic barriers also



include nasolacrimal drainage, the passage through the lymphatic and blood arteries, bulk fluid
movement and the active transport processes of RPE transporter proteins [2,10,27].

The reflexive action of blinking shields the eye from dryness, intense light and objects
advancing on it. Blinking also regulates the production of tears, which moisten and cleanse the
eye's surface. On average, infants blink only twice every minute. In adolescence, this rises to
14—17 times per minute and remains stable throughout maturity. Additionally, blinking may
intensify in reaction to discomfort, glaring lights, shifts in temperature and humidity and

conversations.

The surface of the cornea is covered by a pre-corneal tear film. In order to eliminate debris and
pathogens from the glycocalyx of the ocular surface, mucin forms a hydrophilic layer in the
tear film, which covers the ocular surface and serves a protective role [31,40]. The volume of
a human tear is typically between 7-10 pL and it can momentarily fit in 30 pL of the cul-de-
sac. The secretion rate of tear fluid on the surface of the cornea is 1 to 2 plL/min. Therefore,
most of the conventional/low viscous liquid formulations, with an aqueous vehicle,
administered in the precorneal area are washed out within a few minutes of instillation. When
all the precorneal barriers are taken into consideration, the contact time of any given drug
product with the absorptive membranes is shorter. This results in less than 5% of the

administered dose reaching the intraocular tissues [41-43].

The nasolacrimal drainage system, via the nasolacrimal duct, clears the majority (between 80
and 90 percent) of the volume of liquid formulation that is instilled into the eye. Due to the
nasolacrimal drainage system, the volume of precorneal fluid is continuously maintained at a
level of 7-10 pL. The nasolacrimal duct functions as a physiological defence system, expelling
any surplus fluid that is present. In addition to the nature of the drug, viscosity, pH, tonicity,
injection volume and other additional factors can impact the functioning of the nasolacrimal
drainage system. The rate of solution drainage increases with the instilled volume of the drug
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product. The pH, tonicity and surface tension should be compatible with the tear fluids. Further,
the drug and the excipients used in the drug product should not cause any irritation of the cornea

or the conjunctiva [44,45].

The blood and lymphatic circulation present in the conjunctiva are another dynamic barrier
which works against the delivery of drugs through the ocular route. The conjunctiva is
relatively 30 times more permeable compared to the cornea. Further, due to higher blood and
lymphatic circulation in the conjunctival membranes, the drugs are rapidly absorbed through
the conjunctiva into the systemic circulation, followed by subsequent distribution and
elimination processes of the drug. The conjunctival/episcleral clearance processes play a key
role in lowering intraocular drug penetration and therefore it should be considered in designing

the drug delivery to the posterior segment of the eye [46—48].

The majority of drug clearance occurs through the choroidal vasculature, conjunctival vascular
and/or lymphatic vessels. Drugs can be transported away by bulk fluid flows in ocular tissues.
According to reports, uveoscleral drainage occurs between 6% and 50% of the time and causes
a bulk outflow of fluid from the suprachoroidal region. The convective current of aqueous
humour and the conjunctival vascular and/or lymphatic vessels clears the majority of the drugs

[49].

The vitreous fluid of rabbits has an osmotic pressure of around 0-1 mmHg, while the choroid
has an osmotic pressure of 12-14 mmHg [50]. A fluid flow is caused by the differential in
osmotic pressure between the choroid and the vitreous. The outward bulk fluid flow is also
influenced by the hydrostatic pressure differential between the suprachoroid and the episcleral
tissue [51]. The suprachoroid and the episcleral tissue have hydrostatic pressure differences of
around 12 mmHg, which act as a propulsion mechanism for the bulk fluid flow outward. P-

glycoproteins (P-gp) and multidrug resistance-associated proteins (MRPs), two examples of
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drug efflux pumps, have been found in RPE with an efflux action directed toward the choroid
[52,53]. The extracellular pH, temperature and drug concentration plays a crucial for active

drug transport [54].

1.3.3 Metabolic barriers

The active movement of nutrients or xenobiotics is facilitated by membrane-bound proteins
known as transporters. The absorption, distribution, metabolism and excretion of drugs depend
heavily on such transporters. It has been documented that several ocular tissues have both
influx and efflux transporters. It has been discovered that the existence of efflux pumps in
specific ocular tissues controls the intracellular drug concentration necessary to achieve
therapeutic efficacy. Several ocular tissues, including the ciliary body and RPE, contain drug-
metabolizing enzymes [55,56]. The cytochrome P-450 (CYP) family of drug-metabolizing
enzymes, which are the most significant ones, are present in the eye as part of a complex

metabolising enzyme system that biotransforms drugs as a defensive mechanism [57].
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Figure 1.3 Static and dynamic barriers for ocular drug delivery to the posterior segment [58]
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1.4 Drug delivery routes to the posterior segment of the eye

Maintaining therapeutic levels for long-term therapy and controlling the drug's availability at
the target area are the key goals of any drug delivery system. The ease of formulation
administration and safety/tolerance to the ocular tissues must all be taken into account while
developing a drug delivery system for the eye. There have traditionally been four ways to
deliver drugs to the back of the eye that includes periocular, intravitreal, systemic and topical
delivery techniques. Figure 1.5 illustrate the various routes of drug delivery to the posterior

segment of the eye.

1.4.1 Topical delivery

Drug administration by topical application is comparatively simple and safe. Nonetheless,
delivery to the posterior region via this route is regarded as ineffective. Considering that 5% of
the topically applied dosage reaches the anterior segment of the eye and only a small portion
of that (0.001%) is anticipated to reach the posterior region [59]. This is explained by a number
of factors, as shown in Figure 1.4. The issues involved in the topical delivery of drugs through
the ocular route are: (i) limited dosing volume (not more than 30 puL/ eye); (i1) quick clearance
from the ocular surface by dynamic barriers like lacrimation, blinking and conjunctival
hyperaemia; (iii) metabolism of the drug by enzymes present in tear fluid; (iv) non-productive
absorption into systemic circulation via highly vascularized conjunctiva, choroid, uveal tract
and inner retina; (v) difficulty in permeation through corneal epithelium (vi) aqueous humour

outflow [60—62].
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Figure 1.4 Schematic illustration of the pharmacokinetics of the ocular route. (1) drug
absorption into the aqueous humour (AH) through the cornea; (2) drug distribution to the iris
and ciliary body and absorption into systemic circulation; (3) clearance of the drug by the
aqueous humour flow via the trabecular meshwork into Schlemm's canal, reaching the venous
and lymphatic systems; (4) drug distribution to the cornea and (5) drug distribution to the
posterior tissues [63] .

1.4.2 Intravitreal delivery

To administer a drug through the intravitreal route, a needle with a gauge size of 30G is
typically used in conjunction with the pars plana to inject the drug product directly into the
vitreous humour [64]. Contrary to topical and systemic delivery approaches, intravitreal
injection enables high concentrations of drug to be achieved near the internal eye tissue, such
as the choroid and retina. However, intravitreal injections are inevitably linked to side effects,
including vitreous haemorrhage, retinal detachment, cataracts and endophthalmitis. With an
intravitreal injection, endophthalmitis and retinal detachment are found at rates of 0.2% and
0.05%, respectively. In addition, patient compliance is poorer with such regimens due to the
uncomfortable and invasive procedures necessitating hospitalisation and a highly trained
physician for administration, both of which contribute to the expense in addition to the

expensive nature of the medication itself [65].
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1.4.3 Periocular delivery

The term "periocular route" refers to the delivery of medication to the area around the eye.
Examples of such delivery systems include subconjunctival, peribulbar, posterior juxta scleral,
sub-tenon and retrobulbar injections. The bulk of the medication is transported to the posterior
region after subconjunctival injection through the sclera, with systemic recirculation and a
small amount of trans-corneal absorption serving as supplementary pathways [66,67].
Periocular treatment is less invasive than intravitreal but less effective. This approach has better
retina and vitreous drug bioavailability (0.01-0.1%) than topical administration (0.001% or

less) [68,69].

1.4.4 Oral and parenteral delivery

The most common routes for the delivery of drugs are the oral and parenteral routes. Following
the administration of a drug through the oral route [in the form of the solid dosage form (e.g.,
tablets or capsules or powders) or liquid dosage forms (e.g., solutions or suspensions or
emulsions)] or parenteral route (liquid dosage forms), the drug reaches the systemic circulation
and as a part of drug distribution to the eye, a certain fraction of the drug reaches the tissues of
the eye. The drug's availability in the posterior eye segment is constrained by the BAB and
BRB, which are selectively permeable to highly lipophilic molecules [9]. Since BRB prohibit
drugs from diffusing into the posterior chamber of the eye, drug delivery to the posterior
chamber and the retina is exceedingly challenging. The drugs’ low bioavailability (1%—-2%) at
the BRB necessitates frequent administration at large doses, which causes severe systemic

adverse effects.
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Figure 1.5 Various possible routes of drug administration (topical, intravitreal, periocular and
systemic) to the posterior segment of the eye [70].

1.5 Drug therapy for the treatment of posterior segment inflammatory disorders

Corticosteroids (CSTs) have been utilized to treat inflammatory diseases since the 1950s [71].
In the 1970s, intraocular use of CSTs was pioneered and proven to be effective with minor
systemic side effects [72]. Corticosteroids can be delivered topically, periocularly or
systemically (primarily oral but can also be given as intravenous or intramuscular injections).
Because they exclusively penetrate the anterior portion of the eye, topical CSTs treat anterior
uveitis and episcleritis. Periocular CSTs help manage intermediate uveitis with decreased
vision, macular oedema from panuveitis or posterior uveitis and other conditions [15]. The
periocular route delivers high local CSTs to the anterior and posterior eye segments without
systemic side effects. However, many patients may require systemically given CSTs, often oral
prednisone, due to the nature of the disease or issues with the local (periocular) administration
of CSTs (for example, CSTs-induced ocular hypertension). A brief course of oral CSTs may
be helpful for the control of inflammation in individuals with acute or episodic illnesses. In
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order to manage the inflammation in individuals with chronic illness, long-term suppressive

CSTs therapy and early treatment with high-dose oral prednisone may be required [73,74].

Corticosteroids that have been approved by the FDA to treat inflammation in the posterior
ocular region include Triesence® (triamcinolone acetonide suspension), Ozurdex®
(dexamethasone implant), Retisert® (fluocinolone acetonide implant), [luvien® (fluocinolone
acetonide implant) and Susvimo® (ranibizumab implant). These products are excellent
examples of some of the initiatives made to create formulations with the prolonged release

[75].

Triamcinolone acetonide (TAA) is a commonly prescribed synthetic CSTs used to treat a
variety of inflammatory conditions. The acetonide salt form of triamcinolone is more potent
than triamcinolone and eight times more potent than prednisolone [71,76]. It is effective in
treating a variety of eye conditions, such as uveitis, diabetic macular oedema, refractory cystoid
macular oedema and other ocular disease conditions that require long-term steroid medication.
Delivery of TAA to the posterior segment is challenging due to the strong protective
anatomical, physiological and biochemical barriers. Therefore, all the current marketed
preparations are delivered by injecting directly into the eye through the intravitreal or

periocular route [77].

1.6 Triamcinolone acetonide (TAA)-Drug profile

Triamcinolone acetonide (TAA) was one of the first synthetic glucocorticoid corticosteroid
approved for the treatment of inflammatory eye disorders [78,79]. The clinical use of TAA
dates back to 1957. It has a strong anti-inflammatory effect and high ocular distribution, which
is primarily due to the lipophilic nature of the drug [80]. Chemically TAA is 9-fluoro-
11B,160,17,21-tetrahydroxypregna-1,4-diene-3,20-dione-16,17-acetonide (Figure 1.6) [71].

The key physicochemical characteristics of TAA are shown in Table 1.1
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Figure 1.6 Chemical structure of Triamcinolone acetonide (TAA)

Table 1.1 Physicochemical properties of TAA

Parameter?® Description/Value
Drug Name Triamcinolone acetonide (TAA)
Category Corticosteroid -glucocorticoid

9-fluoro-11pB,160,17,21-tetrahydroxypregna-1,4-diene-3,20-

Chemical Name dione-16,17-acetonide

Chemical Formula C24H3:FOs
Molecular weight 434.50 g/mol
Physical state white crystalline powder
Melting point 290-294 °C
e NMT 17 pg/mL in buffered systems of pH 1.2, 4.5 and 7.4,
Aqueous solubility MilliQ water and STF
Partition coefficient (log P) 2.31
Ionization constant (pKa) 13.4 (Acidic), -3.3 (Basic)
Hygroscopicity Non-hygroscopic
BCS class v

4 Data collected from available literature [81-84]

1.6.1 Mechanism of action of TAA

Corticosteroids provide an anti-inflammatory effect by preventing leukocyte and macrophage
migration to the afflicted area by reversing vascular dilatation and permeability. These
procedures result in lessened erythema, pruritus and oedema. Inhibiting nuclear factor kappa-
B (NF-kappa-B) causes a reduction in the expressions of the anti-inflammatory protein’s
interleukin-6 (IL-6), interleukin-8 (IL-8), monocyte chemoattractant protein-1 (MCP-1) and

COX-2, which plays a key role in the anti-inflammatory mechanism. Triamcinolone acetonide
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inhibits phospholipase A2 on the phospholipid layer of cell membranes, which slows down the
lysis of leukocyte lysosomal membranes and stops arachidonic acid from forming (Figure 1.7).
This action inhibits inflammation and suppresses the immune system. Ultimately, it inhibits
the production of leukotrienes and prostaglandins by reducing the expression of the enzyme’s

cyclooxygenase and lipoxygenase [85].
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Figure 1.7 Anti-inflammatory pathways of glucocorticosteroids involved in the control of
inflammation [86].

1.6.2 Pharmacokinetics of TAA following intravenous, oral and inhalation
administration

Derendorf et al. investigated the pharmacokinetics of TAA following intravenous (2 mg), oral
(5 mg) and inhalation administration (2 mg) of the drug. Following the intravenous bolus
administration, the mean residence time was 2.7 £+ 0.8 h, the terminal half-life was 2.0 + 0.7 h
and the total body clearance was 37.3 + 12.8 L/h. The volume of distribution at steady-state
was 103 &+ 59 L. The terminal half-life determined from the oral administration was 2.6 + 1.4
h, which was similar to the value obtained from intravenous bolus administration. The absolute

oral bioavailability was low at 23 + 10%, primarily due to its high first-pass metabolism. The
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terminal half-life of TAA following the administration of the drug through the pulmonary route
(inhalation) was found to be 3.6 + 1.5 h which is 50% higher than that of intravenous
administration. The pulmonary bioavailability of TAA was found to be 22 + 12% which was
similar to that of oral bioavailability. The researches have reported that the systemic levels of
all three treatments resulted in a considerable reduction in blood lymphocyte counts [87] at the

dose levels administered in the study.

Jermak et al. have reported that TAA produces three major metabolites: 21-
carboxytriamcinolone acetonide, 6b-hydroxytriamcinolone acetonide and 21-carboxy-6b-
hydroxytraimcinolone acetonide [71]. The parent compound is more active than its metabolites
because of the increased water solubility of the metabolites, which noticeably increases their
rates of elimination. The 6-hydroxylation process decreases metabolite activity and the anti-

inflammatory activity of TAA [88].

1.6.3 Pharmacokinetics of intravitreally injected TAA

Ye et al. investigated the time course of the TAA concentration in the rabbit’s vitreous humor
after intravitreal injection of 4 mg and 8 mg of the drug. In the study, the estimated half-lives
of intravitreal TAA were 24 days and 34 days for the 4 mg dose and 8 mg dose, respectively.
The maximum concentration of TAA in the vitreous humor for 4 mg and 8 mg doses were
2.745 mg/mL and 5.498 mg/mL, respectively. The area under the curve in the vitreous humor
time course profile was 95.560 mg/mL/d and 247.789 mg/mL/d for 4 mg and 8§ mg doses,
respectively. The researchers concluded that an intravitreal injection of TAA at a dose of 8§ mg
resulted in a longer half-life, higher concentration and more bioavailability than an intravitreal

injection of 4 mg TAA [89].

The pharmacokinetics of TAA intravitreal injection have been the subject of numerous

investigations. According to Chin ef al., the half-life of TAA administered through the
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intravitreal route at a dose of 0.3 mg was 1.57 days in the vitrectomized rats and 2.89 days in
the non-vitrectomized rats [90]. Kim et al. came to the same conclusion, observing that
vitrectomy could increase drug clearance. In addition, they reported that TAA administered
intravitreally at various dosages could result in a range of elimination half-lives [91]. The
clearance of TAA was also dependent on the drug release rate from the intravitreal drug

delivery system [92].

1.7 Current status of research in drug delivery approaches to the posterior segment of
the eye

There are limited options for the treatment of diseases that affect the back of the eye due to the
invasive nature of the methods that are currently available for the administration of drugs, as
well as the requirement that medication be given on a regular basis in order to effectively treat
such diseases. As a result, it is crucial to create formulations that can sustain the required
therapeutic drug concentrations at the back of the eye for extended periods of time. Such
formulations will reduce the number of repeated systemic, oral, parenteral or local injections.
A promising approach would be to develop a topical formulation (in the form of topical eye
drops) that can provide sufficient drug transport to the posterior eye segment by overcoming
the various barriers present in the eye. Patients choose eye drops over other ocular formulations

because they are simple to administer, painless, non-invasive and inexpensive [93,94].

1.7.1 Conventional formulations for drug delivery to the posterior segment of the eye

Ocular drug administration by topical eye drops is the most convenient, safe, immediately
active, patient compliant and non-invasive in nature. After topical drop instillation, an eye drop
produces a pulse drug permeation and then its concentration rapidly falls. Drug concentration
decrease may follow first-order kinetics. Thus, viscosity enhancers, permeation enhancers and
cyclodextrins can be added to topical eye drops to improve medication contact time,

penetration and ocular bioavailability [95]. Viscosity enhancers improve topical drop
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absorption and precorneal residence duration by increasing formulation viscosity. Some
examples of viscosity enhancers are hydroxypropyl methyl cellulose, hydroxy methyl
cellulose, hydroxyl ethyl cellulose and sodium carboxy methyl cellulose. However, the high
viscosity imparted by such polymers to the formulation limits their usage and they are often

recommended to be used at night before bed when blurred vision is less of an issue [96].

Permeation enhancers can improve drug transport through mechanical barriers like corneal
epithelium. Chelating compounds, preservatives, surface active agents and bile salts were
investigated as permeation enhancers. Permeation enhancers for ocular administration include
benzalkonium chloride, polyoxyethylene glycol ethers (lauryl, stearyl and oleyl),
ethylenediamine tetra acetic acid sodium salt, sodium taurocholate, saponins and cremophor
EL. Though permeation enhancers increase ocular drug absorption, some of these permeation
enhancers were reported to exhibit local toxicity at higher concentrations. Due to the high
sensitivity of ocular tissues, caution should be given when selecting penetration enhancers
[96,97]. Drug solubility, precorneal residence duration and ocular bioavailability can be
improved by conventional ocular formulations such as emulsions, suspensions and ointments

[96].

Johannsdottir et al. developed dexamethasone/y-cyclodextrin complex micro-suspension
aqueous eye drop using poloxamer, sodium chloride and ethylenediamine tetra acetic acid
sodium salt as the important excipients in an aqueous vehicle. Topical administration into the
eye resulted in increased concentrations of dexamethasone in the rabbits' posterior segments.
The findings showed that following repeated daily administration of dexamethasone for 7 and
15 days, there was no accumulation in the tissues of the eye. This strategy allows for the
replacement of invasive procedures like intravitreal implants or injections with a variety of

lipophilic drugs that can be employed to treat posterior segment disorders [98].
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Tajika et al. found that 0.05% [*H] difluprednate emulsion increased the anti-inflammatory
effect of the prednisolone derivative. Their research findings showed that emulsion could
deliver the therapeutic agent to anterior ocular tissues and a limited quantity to posterior tissues

after single and repetitive topical drop instillation in rabbit eyes [99].

Nayak et al. developed a polyethyleneglycolylated (PEGylated) TAA microemulsion for
delivery to the posterior portion of the eye. Developed PEGylated microemulsion was able to
maintain the circulation of the loaded drug up to 6 h and that too in a higher amount when

compared to non-PEGylated ME in the posterior region [100].

Consequently, there are a very limited number of works reported on conventional eye drop
formulations that can effectively deliver medications to the posterior portion of the eye for the

treatment of posterior uveitis.

1.7.2 In situ gel formulations for drug delivery to the posterior segment of the eye

The in situ gelling technique is a novel drug delivery system that takes advantage of the stimuli-
responsive features of liquids to form semisolid gels in the conjunctival cul-de-sac of the eye
in response to changes in pH or ion activation or temperature or a combination of such stimuli.
In situ gels that undergo a sol-to-gel phase transition as a result of a change in temperature are
called thermoresponsive in situ gels, while in situ gels that undergo a sol-to-gel phase transition
as a result of a change in pH are called pH-responsive in situ gels and in situ gels that undergo
an ion activation process are called ion activated in situ gels. Following the administration, the
liquid formulation (in the form of eye drops) transforms rapidly into a semisolid gel, allowing
for controlled drug release, a prolonged therapeutic effect and fewer dosing intervals, all of

which lead to increased patient compliance [101,102].

Currently, the majority of the literature reviews show that the in situ gelling system-based

conventional drug delivery system targets the anterior segment disease (e.g., glaucoma).
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However, there are no published reports of in situ gelling system-based drug delivery systems
administered in the precorneal area/conjunctival cul-de-sac for treating posterior segment

diseases.

1.7.3 Nano-formulations for drug delivery to the posterior segment of the eye

Nanoparticles (NPs) (typically 10-1000 nm in size) transport drugs to the posterior portion of
the eye through passive or active (ligand-mediated) targeting. Because of their nanosize range,
NPs for ocular delivery can target the posterior region of the eye to treat posterior uveitis more
successfully than conventional dosage forms such as solutions, suspensions, emulsions,
ointments and other routes of administration. In recent years, a variety of drug-loaded NPs
formulations have been investigated to treat posterior segment eye disorders. Liposomes,
nanomicelles, polymeric NPs and dendrimers have been investigated for targeting the posterior

segment of the eye [103,104].

Tahara et al. examined the non-invasive delivery of several PLGA-loaded therapeutic agents
to target posterior segment diseases [105]. Araujo et al. prepared nanostructured lipid carriers
(NLCs) of TAA. The developed NLCs were mixed with Nile red. These NLCs were observed
in the retina upon topical application, peaking 40 min later. Due to their prolonged retention
followed by corneal absorption, NLCs are a potential technique for establishing targeted and

persistent drug concentration in the posterior region of the eye [106].

Nirbhavane et al. produced TAA loaded cationic NLCs. The cell uptake investigation revealed
that dye-loaded nanocarriers may enter cells within 2 h and remain inside the cells for over 24
h, whereas the retention of plain dye inside the cells was very low after 24 h. Ex vivo penetration
in porcine corneal tissue confirmed that the formulation requires 2 h to deposit into the cornea

and remain there for up to 24 h [107].
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Formica et al. formulated TAA loaded lipid nano-capsules that showed therapeutic efficacy in
the endotoxin-induced uveitis rabbit model with a considerable improvement in the clinical

indicators of an inflammatory response [108].

Khalil et al. developed TAA loaded chitosan-coated liposomes, which demonstrated
therapeutic efficacy by delaying the release of TAA in in vivo animal experiments. The
liposomes demonstrated tremendous promise for the treatment of disorders affecting the
posterior eye segment, whose options for treatment are frequently constrained by the presence

of ocular barriers [109].

Cholkar et al. used 2 FDA-approved polymers (Vitamin-E tocopherol polyethylene-glycol
succinate (TPGS) and octoxynol-40) to develop a 0.2% rapamycin-loaded mixed nanomicellar
formulation to deliver the payload inside the anterior segment. /n vivo studies showed an

increase in the concentration of rapamycin at the posterior segment of the eye [110].

Davis et al. showed that liposomes containing annexin A5 dramatically improved absorption
and transcytosis through corneal epithelial barriers following topical treatment. The liposomes
were reported to deliver a significant amount of Avastin (bevacizumab) to the posterior portion

of the eye, including the retina [111].

Shafie et al. studied betamethasone phosphate-loaded mucoadhesive chitosan-sodium alginate
NPs, which demonstrated prolonged release and significantly high concentration in the vitreous
humour (68% of the drug over 6 h, then decreased to 59.5% and 34.1% at 12 h and 24 h,
respectively), as compared to a free drug (14.6% after 1 h and the drug disappeared after 2 h)

[112].

Several studies have demonstrated the application of various nano-formulation strategies for
topical drug delivery to the posterior chamber of the eye. While these nano-formulations did

increase drug concentrations in the vitreous humour, the drug release was not efficiently
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controlled; instead, there was often a burst release followed by a drop-in drug concentration.
Furthermore, the drug absorption rate was found to be highly dependent on the formulation's
residence time after being administered. So, to address the challenges of a limited residence

period on the cul-de-sac, the nano-formulations can be loaded into an in situ gelling system.

1.7.4 Nano-formulations loaded in situ gel for drug delivery to the posterior segment of
the eye

The formulation of NPs is one of the strategies now employed to boost the bioavailability of
hydrophobic drugs like CSTs. Particularly, the incorporation of the drug into the polymer
matrix generates a system that shields the drug from the enzymatic metabolism present in the
tear film and permits a regulated and sustained release of the drug. The NPs have the ability to
deliver the drug to deeper tissues, where typically conventional formulations are unable to
reach. In order to overcome the problem of limited residence time in the precorneal region,
formulations that convert into a gel upon contact with the eye as a function of pH or ions or
temperature are being developed. The development of NPs incorporated into an in situ gelling
system would eliminate the drawbacks of the burst release of the drug from the NPs, resulting

in an increased drug concentration in the posterior segment of the eye [113].

Esteruelas et al. prepared riluzole PLGA NPs, which were loaded in an in situ gelling system.
The prepared formulations were applied as a topical eye drop and concentration in the posterior
segment after 24 h of administration was determined. The results showed an increase in the
concentrations of riluzole for the drug-loaded NPs loaded in sifu gel in comparison to the

riluzole NPs suspension, presenting a feasible alternative for posterior segment delivery [114].

Ahmed et al. investigated ketoconazole-loaded trans-ethosomes with thermosensitive gel.
Fluorescence laser microscopy was used to examine the distribution of formulation in the
anterior and posterior segment of New Zealand rabbits at 1 h, 2 h and 4 h following the
instillation of the formulation into the conjunctival sac. Fluoresceine isothiocyanate-trans-
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ethosomes loaded in situ gel revealed a considerably higher distribution of nanovesicles in the

posterior segment than fluoresceine isothiocyanate loaded in situ gel [115].

Tatke et al. investigated in situ gel of TAA loaded solid lipid NPs (SLNs) for improved topical
ocular delivery. When compared to the control suspension, the transcorneal permeability
studies showed increased permeability of the drug-loaded towards TAA loaded SLNs. The
drug concentrations in the anterior and posterior segment tissues of the eye, as well as in tears,
were higher with in situ gel containing TAA loaded SLNs compared to TAA loaded SLNs and
the control suspension. The use of SLNs and in situ gelling systems created a powerful platform

for topical drug administration [116].

Nano-formulations and in situ gel-loaded nano-formulations appears to offer the benefit over
conventional formulations among the numerous formulation approaches described to treat

posterior segment disorders.

1.8 Problem identification and research objectives

In ophthalmology, TAA is frequently used, particularly for disorders involving posterior
inflammation. It is used as an adjuvant therapy in the care of age-related macular degeneration,
diabetic macular oedema, retinal vein occlusion and other disorders that need long-term ocular
steroid administration, such as intermediate and posterior uveitis. It is regarded as being
generally safe and very effective. Current marketed preparations of TAA are suspension
formulations that are injected intravitreally into the eye. The most recommended doses of TAA
are 4 mg and 20 mg [71,117]. Intravitreal injections of TAA into the eye directly delivers the
desired dose to the target area while minimising extraocular side effects. Reportedly, TAA
administered as an injectable suspension forms a depot at the site of delivery and releases the
drug over an extended period of time [118]. Despite the fact that these effects are desirable,

such a system provides no further advantages. Such invasive delivery techniques have
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apparently been associated with a variety of significant risks and shortcomings, both generally
and especially for TAA and other CSTs, in addition to the terrifying idea of getting a needle in

the eye.

Patient compliance and convenience are completely eliminated with intraocular injections.
Patients must stay at a medical centre for at least a few hours throughout the drug delivery
procedure, which needs specialised staff. In order to provide an injection, a complex process is
required that calls for aseptic conditions, anaesthesia of the eye, etc. [119]. Additionally, this
method of drug delivery is connected to a number of high-risk and potentially blinding side
effects, including infections, endophthalmitis, globe perforation, retinal detachment and other
common side effects like increased intra ocular pressure (IOP), pain, redness and vision issues

[120].

From a thorough review of the literature, it was concluded that the majority of side effects and
complications associated with current TAA therapy are largely attributable to the route of
administration, specifically direct intraocular injections and can be easily avoided by using a
non-invasive delivery technique. A substantial corpus of peer-reviewed articles demonstrates
how nanoparticulate drug delivery systems may successfully overcome anatomical and
physiological barriers and deliver the drug at various target locations. There have been a few
attempts to successfully deliver CSTs and other drugs as nanoparticulate systems that may be
applied topically as eye drops and have reported effective delivery to the posterior segment of

the eye [121-124].

The inability of topically applied drugs to cross the cornea is significantly hampered by their
brief residence time in the eye. These limitations on the formulations are implied by how
quickly the formulation leaves the eye via nasolacrimal drainage (into tears). It is possible to

successfully resist drug removal and improve penetration by putting the nanoparticulate
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formulations in a high viscous vehicle. The prepared TAA nanoparticulate system will
therefore be suspended in an in situ gelling polymeric matrix that responds to the eye's
temperature, pH or ionic composition. This means that the polymer will transform from sol to
gel upon delivery. The advantage of in situ gelling systems is that they are easy to administer

and resistant to removal from the eye, giving the formulation time to be absorbed by the cornea.

The current research work intends to design, optimize and evaluate (in vitro and in vivo) a novel
ocular nanoparticulate drug delivery system for TAA that can be applied topically in a non-
invasive way and to achieve therapeutic concentrations in the posterior chamber for effective

treatment of posterior uveitis.

Therefore, the following objectives were envisioned for the current research work:

1. To perform dose identification studies of TAA that can produce effective
concentrations in the posterior segment of the eye employing a validated bioanalytical

method.

2. To design and evaluate in situ gelling systems loaded with TAA for non-invasive

delivery.

3. To design, develop and optimize suitable nanoparticulate systems of TAA for non-
invasive delivery and to assess the physicochemical and in vitro properties of the

optimized TA A nanoparticulate systems loaded into the in situ gelling system.

4. To perform in vivo pharmacokinetic studies of the in situ gels loaded with TAA
nanoparticulate systems for non-invasive ocular delivery and to determine the efficacy
of the formulations in achieving therapeutic concentration in the posterior segment of

the eye.
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2
DOSE IDENTIFICATION OF TRIAMCINOLONE
ACETONIDE FOR NON-INVASIVE PRE-
CORNEAL ADMINISTRATION IN THE
TREATMENT OF POSTERIOR UVEITIS USING
A RAPID, SENSITIVE HPLC METHOD WITH

PHOTODIODE-ARRAY DETECTOR
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2.1 Introduction

Triamcinolone acetonide (TAA) is a long-acting synthetic glucocorticoid, more potent than
equivalent doses of prednisone [78,79]. TAA is the acetonide salt form of triamcinolone. TAA
is the drug of choice in the management of ocular inflammations due to its anti-inflammatory
and immuno-suppressant activity [83,125]. TAA is highly recommended for the treatment of
posterior uveitis (PU). However, the delivery of CSTs like TAA through the oral route for the
treatment of PU is found to be less effective due to their high hepatic first pass and gut-wall
metabolism and low distribution of the drug from the systemic circulation to the uveitis tissue
[126]. The dissociation constant (pKa) and log P of TAA are 13.4 and 2.31, respectively
[83,125]. Due to its poor aqueous solubility (<12 pg/mL) and dissolution rate in the lachrymal
fluids, conventional formulations (aqueous suspensions) of TAA (particularly at low doses)
administered as ophthalmic drops were found to be ineffective in achieving effective
concentrations in the vitreous humour (target tissue). In the market, TAA is available as a
suspension formulation (Triesence, Trivaris, Kenalog) recommended to be administered via
intravitreal injection. Major complications associated with intravitreal injections are secondary
ocular hypertension, Retinal detachment, cataract formation, postoperative infectious and non-

infectious, pseudoendophthalmitis and endophthalmitis [127-129].

Few research groups have reported the development of novel, non-invasive ocular drug
delivery systems of TAA to achieve effective concentrations of the drug at vitreous humour
for efficient management of the disease condition [130—133]. However, there are no research
reports on conventional formulations of TAA for non-invasive ocular administration. In
addition, there are no reports on the dose recommended for ocular administration of
conventional formulations of TAA to achieve effective concentrations in the vitreous humour.
In the present study, we have designed and evaluated conventional formulations of TAA

(aqueous suspensions) with different dose strengths to identify the dose strength required to
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achieve effective concentrations in vitreous humour following pre-corneal administration the
formulations. In all the formulations, Hydroxypropyl-B-cyclodextrin (HP-B-CD) was used at
20% w/v concentration (in the aqueous suspension) to improve the saturation solubility of the
drug. HP-B-CD based aqueous formulations are prepared routinely for ocular administrations.
The safety profile of HP-B-CD is extensively reported in the literature [134,135]. HP-B-CD is
well tolerated in concentrations as high as 45% w/v in ophthalmic drops [136,137]. Being
lipophilic in nature, TAA can be entrapped into the non-polar cavity of the HP-B-CD, thereby
forming an inclusion complex. Formulations containing three different dose strengths of TAA
(1mg/30pL, 2mg/30uL, 4mg/30ul) were prepared. An Ocular pharmacokinetic study was
conducted in male New Zealand rabbits to determine the time course of the drug in aqueous
humour, vitreous humour and plasma. In the pharmacokinetic evaluation of such ocular drug
delivery systems of TAA, we need to have a highly selective, sensitive and rapid bioanalytical
method for quantification of TAA in aqueous humour and vitreous humour (to determine the
ocular pharmacokinetic parameters of TAA) and in plasma (to determine the systemic

exposure of drug upon ocular administration and thereby systemic toxicity).

The majority of the literature showed the use of a sophisticated LC-MS/MS system for the
estimation of TAA in different biological matrices [83,138—145]. Although the LC-MS/MS
system offers high sensitivity, the components of the biological matrix, which are co-extracted
with the analyte of interest during the sample processing, can significantly affect the response
of the analyte. In addition, components of the biological matrix which are co-extracted can
contaminate the mass analyser due to continuous deposition during the sample analysis. Few
HPLC methods using UV/PDA detectors were reported for quantification of TAA in different
biological matrices like plasma, aqueous humour and vitreous humour. However, the reported

HPLC methods involve a longer analysis time (= 20 min).
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The volume of aqueous humour, vitreous humour that can be collected at any given time point
in pre-clinical animal models like rabbits, is low. The volume of aqueous humour available in
the ocular tissues of rabbits is as low as 0.35 mL. Moreover, the reported methods use a
relatively large volume of plasma, with a minimum of 100 puL in any of the reported HPLC
methods, for the analysis, which is a challenge in the case of pre-clinical pharmacokinetic
studies [146—148]. In addition, most of the reported methods involve complex and time-

consuming sample processing steps for the extraction of TAA from the biological matrices.

The objective of the present study is to identify the dose strength for pre-corneal administration
of'aqueous suspension of TAA using a new, rapid, selective, sensitive, precise and economical
RP-HPLC-PDA method for the quantitation of TAA in rabbit aqueous humour, vitreous

humour and plasma samples obtained in the ocular pharmacokinetic studies.

2.2 Experimental
2.2.1 Materials, reagents and animals

Triamcinolone Acetonide (TAA) and Piribedil (used as internal standard) were obtained as
gift samples from Strides Pharma Science Limited, Bengaluru, India and Dr Reddy's
Laboratories, Hyderabad, India respectively. 2-Hydroxypropyl-p-cyclodextrin (HP-B-CD -
Average Mw=1,460) was purchased from Sigma Aldrich, Mumbai, India. HPLC grade
methanol (MeOH), acetonitrile (ACN), ammonium acetate, glacial acetic acid and disodium
EDTA were purchased from SD Fine-Chemical Limited, Mumbai, India. Sample processing
and analysis were performed using high-quality HPLC-grade water obtained from a Milli-Q
water purification system (Millipore®) MA, USA. Male New Zealand Rabbits (2-2.5 kg) were
procured from VAB Biosciences, Hyderabad, India.

2.2.2 Instruments and chromatographic conditions

The chromatographic system used in the analysis is equipped with two LC-20AD pumps

system for solvent delivery, a DGU-20A3R degasser, a CTO-20AC column oven, a SIL-
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20AC HT auto-injector and an SPD-M20A photodiode array—UV detector (Shimadzu
Corporation, Kyoto, Japan). LC solutions software (version 1.25) was employed for data
collection and integration. Sartorius Research® micropipettes (Sartorius India Pvt. Ltd.,
Hyderabad, India) were used for all sample preparations. A single-channel vortex mixer
(Model: VORTEX 3S022, IKA, Bengaluru, India), multi-tube vortex shaker (Model: VX-200,
Labnet International, NJ, USA), refrigerated centrifuge (Model: C-24 BL, Remi, Mumbai,
India) and vacuum concentrator (Model: SCANVAC Scan Speed 32, Labogne ApS, Lynge,
Denmark) were used in the process of concentrating the sample by solvent evaporation. A
deep freezer (Model: BFS-345-S, Celfrost Innovations Pvt. Ltd., Mumbai, India) was used in
storing the plasma samples. Sonicator (Model: SONICA® 2200 MH, Soltec, Milan, Italy) was
used for degassing the mobile phase. A pH meter (Model: pH 2700, Eutech Instruments,
Mumbai, India) was used for measuring the pH of all buffer systems. The aqueous component
of the mobile phase was filtered using a 0.22 um filter membrane (Millipore®) MA, USA.

The Chromatographic separation was achieved on an end-capped C18 reverse-phase (RP)
column (Luna®, 150 mm long and 4.6 mm internal diameter, particle size 5 um, Phenomenex,
CA, USA) equipped with a guard column of the same packing material. The mobile phase
consisted of a mixture of 10 mM ammonium acetate (pH 4.45 + 0.1, adjusted with glacial
acetic acid) (solvent A) and acetonitrile (solvent B) in the ratio of 58:42 v/v. Sample analysis
was performed in isocratic mode at a mobile phase flow rate of 1 mL/min. The
chromatographic system was stabilized for 45 min by monitoring the baseline with the mobile
phase flow rate at 1 mL/min prior to the analysis of the samples. The column temperature was
maintained at 40 °C. Both TAA and PBD (IS) were monitored at a wavelength of 240 nm. The
retention time of TAA and IS were 3.9 £ 0.1 and 5.0 £ 0.1 min, respectively, in all three
biological matrices (plasma, aqueous and vitreous humour). The total run time for each sample

was set for 7 min and the injection volume was 70 pL.
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2.2.3 Solubility studies and characterization studies of the mixture of TAA and HP-$-CD
2.2.3.1 Solubility studies

Solubility of TAA was assessed in various solvent systems like MilliQ water, simulated tear
fluid (STF-pH 7.4); pH 1.2 (0.1 N HCI) and buffer systems like pH 4.5 sodium acetate (Na.
Ac), pH 7.4 phosphate buffer (USP 35-NF 30). In addition, the solubility of TAA was also
determined in various solubilizers (like polyethylene glycol (PEG-400) and propylene glycol
(PG)), surfactants (like Poloxamer-188, Poloxamer-407, Tween 80 (T-80), sodium lauryl
sulfate (SLS) and D-a-Tocopherol polyethylene glycol 1000 succinate (TPGS), hydrophilic
polymers (like polyvinylpyrrolidone (PVP-K30), methocel E4M (M-E4M) and sodium
hyaluronate (sHA) in the concentration range of 0.2 to 2.5% w/v and complexing agent (HP-
B-CD) at concentrations of 15, 20 and 25% w/v in water. In the solubility studies, excess TAA
was added in 2 mL of each of the above solvent systems (n=3). The samples were equilibrated
for 24 h in an orbital shaking incubator (REMI laboratory instruments, Mumbai, India),
maintained at 37 + 1 °C at 100 rpm. The samples were centrifuged at 15000 % g (14000 rpm
using a 7 cm radius rotor head) for 15 min and the supernatant was appropriately diluted and
analyzed using HPLC.

2.2.3.2 Characterization studies of the mixture of TAA and HP-f-CD

To determine the compatibility and/or interaction of TAA with HP-B-CD, physical mixtures
of TAA and HP-B-CD were prepared by mixing them at a 1: 1 ratio. The FT-IR analysis of
TAA, HP-B-CD and physical mix of TAA + HP-B-CD was performed with potassium bromide
as a reference on a JASCO apparatus (FTIR-4200, JASCO, Tokyo, Japan). The samples were
mixed with potassium bromide and pressed into pellets. The scans were done at ambient
temperature with a resolution of 4 cm ™!, in the wavenumber range of 4000 to 400 cm™'. The
proportion of the sample in pellets was 2 mg/200 mg KBr in all the FT-IR analysis. The

average spectrum obtained from three recordings was taken for each sample.
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The thermal behaviour of TAA, HP-B-CD and the physical mixture of TAA + HP-B-CD was
studied using Differential Scanning Calorimetry (DSC-60, Shimadzu Corporation, Kyoto,
Japan). Briefly, 2-5 mg of each sample was accurately weighed in an aluminium pan and crimp
sealed. The samples were analyzed in the temperature range of 40 to 300 °C at a 10 °C/min
rate. A blank aluminium pan was used as a reference in the analysis. Nitrogen was used as
purged into the sample compartment at a flow rate of 100 mL/min to provide an inert
atmosphere. Before the analysis, the instrument was calibrated for constant cell temperature
using indium and constant heat capacity using sapphire standards.

2.2.4 Preparation of aqueous suspensions of TAA containing HP--CD (TAA-HP-p-CD-Susp)

Various co-solvents (PG, PEG 400), surfactants (Tween 80, TPGS, sHA efc.,) and complexing
agents (HP-B-CD) both alone and in combination were tried to increase the saturation
solubility of TAA in order to formulate aqueous solutions of the drug. In all the formulation
trials, TAA powder with an average particle size of 75-90 pm was used. None of the solubility
enhancement approaches yielded a stable aqueous solution of TAA at a dose strength of 4
mg/30puL. Therefore, an aqueous suspension of TAA was tried using different cellulose-based
hydrophilic polymers like (HPMC and M-E4M). None of the hydrophilic polymers produced
stable suspensions in the concentration range of 0.2 to 2.5% w/v. At higher concentrations
(beyond 2.5% w/v), the aqueous suspension formed using the hydrophilic polymers exhibited
higher viscosity and lacked sufficient flow properties to administer the formulation as an
ophthalmic drop. Though HP-B-CD (used as a solubility enhancer in the concentration range
of 10 to 40%) did not solubilize TAA in water, it formed a stable aqueous suspension of TAA
at 20% w/v concentration (TAA- HP-B-CD-Susp). The dosing volume of the formulations was
fixed at 30 puL as it is recommended to use a minimum dosing volume for ophthalmic drops,

preferably less than 50 puL/eye in rabbits [149]. Therefore, aqueous suspensions of TAA at
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three different dose strengths (1 mg/30uL, 2 mg/30uL and 4 mg/30uL) were prepared using
HP-B-CD at 20% w/v concertation in Milli-Q water (TAA-HP-B-CD-Susp).

2.2.5 Collection of rabbit plasma, aqueous humour and vitreous humour

Prior approval was obtained for the protocol from the Institutional Animal Ethics Committee
(IAEC) (IAEC no.: BITS-Hyd/ IAEC/2020/10) to conduct all animal experiments in the study.
For the collection of blood samples, animals were anaesthetized using xylazine (at 5 mg/kg
dose) and ketamine (at 35 mg/kg dose) and administered through intramuscular injection.
Blood was collected from the marginal ear vein of male New Zealand rabbits (2-2.5 kg) using
a butterfly needle into a microcentrifuge tube containing disodium EDTA solution as the
anticoagulant (4.5% w/v disodium EDTA in Milli-Q water). The anticoagulant was added at
a level of 10% for each unit volume of blood collected into the centrifuge tube. The collected
blood sample was centrifuged at 1000 x g (7 cm rotor head at 3600 rpm) for 15 min at 4 °C to
separate the plasma. Supernatant plasma was carefully transferred into vials using
micropipettes and stored at —20 °C until further use.

For the collection of the aqueous and vitreous humour, the animal was euthanized by carbon
dioxide inhalation. Then a 30-gauge insulin needle (3 mm dia) was placed behind the limbus
superotemporally and directed towards the centre of the globe to draw the aqueous humour.
The aqueous humour collected from all the animals was pooled and used for the method
development and validation. Following the collection of aqueous humour, the eyeball was
removed by a surgical procedure. The eyeball was immediately snap-frozen using dry ice.
Vitreous humour was collected from the frozen eyeball and stored at -20 °C until further use.
In the PK studies, eight animals (n=8) were used for each formulation. The Time course of
TAA in aqueous humour and vitreous humour for each formulation was determined based on
a composite sampling technique. At each sampling time point, one animal was sacrificed.

Immediately after sacrificing the animal, aqueous humour was collected using a 30-gauge
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insulin needle (3 mm dia) from both eyes and the eyeball was removed surgically from the
animal. The eyeball was immediately snap-frozen and vitreous humour was collected from
both eyes. In the case of plasma time course, at each sampling point, the plasma sample was
collected from the animal being sacrificed and two more animals. The plasma time course was
constructed using composite sampling based on the plasma samples collected from three
animals at each sampling time point.

2.2.6 Sample preparation and drug extraction from plasma, aqueous humour and
vitreous humour

Protein precipitation followed by solvent evaporation was employed to extract the drug from
all three biological matrices (plasma/aqueous humour/vitreous humour). To 45 pL of the
biological matrix, 5 pL of IS and 5 pL. of TAA-appropriate working standard solutions were
added and vortexed mixed for 1 min. To the above mixture, acetonitrile (as protein
precipitating agent) was added in the ratio of 1:10 v/v ratio (1 part of ACN for 10 parts of the
mixture, by volume) and vortexed for 1 min followed by centrifugation at 12500 x g for 20
min at 4 °C. The supernatant obtained was transferred into a fresh micro-centrifuge tube (1.5
mL) and evaporated to dryness under vacuum. The dried sample was reconstituted with 100
uL of mobile phase and vortexed for 1 min, then centrifugated at 12500 x g for 20 min at 4
°C. The supernatant obtained was transferred into vials and injected into the HPLC system
using the optimized chromatographic conditions described earlier.

2.2.7 Preparation of calibration curve and quality control standards

TAA and PBD (IS) Primary stock solutions were prepared separately at a 1 mg/mL
concentration using DMSO as the solvent. To prepare the calibration curve standards of TAA
in plasma and quality control standards in aqueous humour/vitreous humour, one intermediate
stock solution of TAA (100 pg/mL) and IS (100 pg/mL) were prepared separately from their
respective primary stock solutions. From the intermediate stock solution of TAA, a set of

primary working standard solutions containing a concentration of 4.5, 8, 10, 15, 22, 25 and 30
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ug/mL of TAA were prepared by appropriate dilution. Further, secondary working standard
solutions containing a concentration of 0.5, 1.0 and 1.5 ug/mL of TAA were prepared from
the appropriate primary working standard solutions. 10 mM ammonium acetate buffer (pH
4.45) and acetonitrile in the ratio of 58:42 v/v were used as the solvent to prepare the
intermediate stock solution and various working standard solutions of TAA.

Seven standard solutions in the range of 50-3000 ng/mL (for calibration curve in plasma) and
four quality control samples 50 ng/mL (LLOQ), 100 ng/mL (LQC), 1000 ng/mL (MQC), 2500
ng/mL (HQC) of TAA (in all the three matrices) were prepared by spiking 5 pL of an
appropriate working standard solution of TAA (either primary or secondary working standard
solution) in the 45 pL of the biological matrix. In all the calibration curve standards and quality
control standards, 5 pL of suitable dilution of IS (from its intermediate stock solution) was
spiked in the 45 pL of the biological matrix to yield a concentration of 400 ng/mL.

2.2.8 Method Validation

The developed method was fully validated in rabbit plasma as per the International Conference
on Harmonisation (ICH) guidelines and the United States FDA [150]. The developed method
was partially validated for parameters like selectivity, sensitivity, accuracy, precision and
recovery in aqueous humour and vitreous humour.

The method selectivity was established by comparing overlaid chromatograms of six different
lots of analyte and IS-free plasma, aqueous and vitreous humour samples (without the addition
of TAA and IS) with their respective IS spiked samples and samples spiked with both TAA
and IS. The linearity of the method was determined using seven-point calibration in the
concentration range of 50-3000 ng/mL. Calibration curves were constructed using the peak
area analyte (TAA) ratio to the IS versus the analyte concentration data of six replicate (n=6)
calibration series. The data obtained were subjected to least-square linear regression analysis.

The sensitivity of the method is determined using limit of detection (LOD) and limit of
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quantitation (LOQ). LOD and LOQ were calculated based on the standard deviation of the y-
intercepts and the average of the slopes of the six calibration curves. The lowest limit of
quantification (LLOQ) of the method is established by determining the accuracy (in terms of
%bias) and precision (in terms of %RSD) of six replicate injections of plasma samples
containing 50 ng/mL of TAA.

The method's accuracy, precision and intermediate precision were determined using six
replicates of LLOQ concentration and three QC standards (LQC, MQC and HQC) in all three
matrices (plasma, aqueous and vitreous humour). The method's accuracy, expressed in terms
of %bias, was computed by calculating the difference between the experimentally determined
concentrations and their respective theoretical (nominal) concentrations obtained from the
linear regression calibration equation. The method's precision was estimated at LLOQ and at
each QC level in all three matrices and reported as %RSD of replicate sample analysis. Intra-
day precision was determined by analysing LLOQ and each of the three QC standards in all
three matrices, in triplicates, at two different times in a day. Inter-day precision was assessed
by triplicate analysis of LLOQ and each QC standard in all three matrices on three different
days. Recover of the drug from each of the biological matrices using the protein precipitation
technique at LLOQ and all QC levels in all three matrices were assessed by comparing the
peak area ratios of the analyte and IS of the biological sample with that of the aqueous
analytical standard containing the same nominal concentration.

The stability of TAA in plasma at LLOQ, LQC, MQC and HQC levels in triplicate was
determined under three different stress conditions: post-preparation auto-injector storage (up
to 24 h, at 15 °C), freeze-thaw (samples stored at -20 °C) and long-term storage (samples
stored at -20 °C for a period of 30 days). Auto-injector stability of the processed samples was
assessed using four sets of samples (LLOQ, LQC, MQC and HQC) in triplicates by analysing

the samples at different time points over a period of 24 h. Freeze-thaw stability samples were

40



subjected to three freeze-thaw cycles using samples (LLOQ, LQC, MQC and HQC) with at
least 12 h frozen condition (—20 °C) between the cycles. Frozen samples were thawed at room
temperature for at least 1 h prior to analysis. The long-term stability of the samples was
determined by analysing the samples on the 0™, 10", 20" and 30" days during the 30-day
storage period. In the stability studies, the percentage deviation from the mean concentrations
observed at zero time was calculated at each stress condition.

The robustness of the method was determined by deliberately making changes, one factor at
a time, in the optimized chromatographic conditions. The effect of pH of an aqueous phase,
mobile phase composition, column oven temperature and the mobile phase flow rate was
studied by varying the factors over +5% of their corresponding optimized value. MQC
samples were used to evaluate the robustness of the developed method. System suitability and
mean percentage recovery of the MQC samples were determined by changing the method
conditions as described above. RSD (%) values obtained from system suitability should be <

10% and the mean percentage recovery should be within 100 = 20% for TAA.

2.2.9 Ocular pharmacokinetic study of aqueous suspensions of TAA containing different
dose strengths in Male New Zealand rabbits

Male New Zealand rabbits weighing 2-2.5 kgs were used in the study. For one week before
the pharmacokinetics studies, the animals were acclimatized in our institute animal facility
conditions (22 = 1 °C room temperature; 55 + 10% relative humidity; 12 h light/dark cycle).
Animals were provided free access to food and water during the acclimatization. Rabbits being
coprophages, the cages are designed with a platform inside to prevent coprophagy.

Aqueous suspensions of TAA with 20% HP-B-CD (TAA-HP-B-CD-Susp) containing different
dose strengths (1 mg/30uL, 2 mg/30uL, 4 mg/30ul) administered at a dose volume of 30
uL/eye in both eyes using a micropipette (10-100 pL) and tips into the inferior cul-de-sac of

the rabbit eye. Ocular pharmacokinetic studies were also performed for aqueous suspension
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of TAA (TAA-Susp) without the addition of HP-B-CD containing a dose strength of 4 mg at
a dose volume of 30 pL/eye. All the formulations were vortexed for 5 min to form a
homogenous dispersion prior to their pre-corneal administration. Post-instillation of the
formulations, the eyes of the animals were closed for a minute. Blood samples were collected
from the marginal vein of the right ear using a butterfly needle. Aqueous and vitreous humour
were collected from both eyes of a single animal at each time point. Blood samples were
collected into the centrifuge tubes, pre-treated with disodium EDTA (4.5% w/v) as an
anticoagulant at 0" (before administration of the formulation) and at 30", 60", 90 120%,
240" and 360™ min following the ocular administration of formulations. Aqueous humour and
vitreous humour were collected as per the procedure described in section 2.4.

2.3 Results and discussions
2.3.1 Method development

In the preliminary method development trials, different aqueous phase components (like Milli-
Q water, 0.05% v/v formic acid in Milli-Q water, 0.05% v/v trifluoroacetic acid in Milli-Q
water and 10 mM ammonium acetate buffer) and different organic phase components (MeOH
and ACN) in various proportions were tested. The mobile phase system with MeOH as the
organic phase resulted in poor peak properties (broader/split peaks), while ACN as the organic
phase produced good peak properties for the analyte (TAA). Out of the various aqueous phase
components tried 10 mM ammonium acetate resulted in reproducible retention times of TAA
with better peak properties than other aqueous phase components.

In developing any bio-analytical method, internal standard (IS) plays a critical role in
determining the efficiency and reproducibility of the sample processing method followed in
the extraction of analyte from the biological sample. Various compounds like Rufinamide,
Telmisartan, Piribedil and Tadalafil were tried as IS in the method development of TAA.
However, Piribedil was ideal as the IS as it was well resolved from the TAA (analyte) peak

and had good peak properties. The run time for each sample was 7 min. Other compounds that
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tried as IS either interfered with the analyte peak and showed poor peak properties or had a
longer run time for each sample analysis.

In the final method, Piribedil was selected as IS for TAA with a mobile phase consisting of a
mixture of 10 mM ammonium acetate buffer (pH 4.5) (aqueous phase/solvent A) and ACN
(non-aqueous phase/solvent B) in the ratio of 58:42 v/v. In the optimized method, the retention
times for PBD and TAA were 3.9+0.1 and 5.1£0.1 min, respectively. The developed method's
sample run time (7 min) was less than any of the HPLC methods reported to date. The obtained
peaks were checked for various chromatographic parameters like retention factor (k> 2),
injection precision (RSD<1% for n=6 injections), resolution (>2), tailing factor (< 2) and
theoretical plate number (>2000).

2.3.2 Sample preparation and drug extraction from plasma, aqueous humour and
vitreous humour

The developed bioanalytical method for TAA was fully validated in plasma, while partial
validation was performed in the aqueous and vitreous humour, considering the limitation of
the low volume of the two matrices. TAA and IS were extracted from the biological matrices
using the protein precipitation technique with different precipitating agents like MeOH and
ACN alone and in various combinations. Preliminary extraction trials were carried out with
1:1, 1:3, 1:5, 1:7 and 1:10 v/v ratios of plasma to the precipitating agent. As the volume ratio
of the precipitating agent increased, the protein load decreased and the chromatogram was
found to be clean with good baseline stabilization. However, the peak responses were affected
due to the dilution effect at a higher volume ratio of precipitating agent. Therefore, following
the protein precipitation of the sample (at 1:10 v/v ratio), the sample was centrifuged and the
supernatant was collected. The collected supernatant evaporated to dryness under vacuum and
then reconstituted with mobile phase before injecting into the HPLC. The protein precipitation
method was simple, rapid and reproducible, with higher recovery for both TAA (>88.41%)

and IS (>90.01%).
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2.3.3 Method validation
2.3.3.1 Selectivity

The method was found to be selective for reliable quantification of TAA in all three biological

matrices (plasma, aqueous humour and vitreous humour). No interference was observed from

endogenous matrix components at TAA or IS retention times in the processed blank biological

samples, zero biological samples (biological sample spiked only with IS), QC standards and

in vivo pharmacokinetic samples shown in Figure 2.1.
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Figure 2.1 Overlaid Chromatograms of TAA in A) Plasma samples, B) Aqueous humour
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samples and C) Vitreous humour samples. Chromatograms (a), (b), (c) in all the sections are
the corresponding blank matrix sample (without spiking TAA and IS), zero sample (spiked
only with IS) and lower limit of quantitation (LLOQ) standard, respectively. (d), (¢) and (f)
are the chromatograms of pharmacokinetic samples collected following ocular administration
of aqueous suspension of TAA containing 1 mg/30uL, 2 mg/30ul. and 4 mg/30uL dose

strength, respectively.

2.3.3.2 Linearity and sensitivity

The calibration curves were linear in the selected concentration range of 50—3000 ng/mL for
plasma, with IS at 400 ng/mL (mean regression coefficient, R>=0.998). Calibration curves
were constructed with peak area ratios of TAA/IS versus nominal concentration of TAA. The
linear regression analysis determined slope, intercept, R? and R?adj values and the results are
summarised in Table 2.1. Lower values of the standard error of estimate (SEE) indicate the
high precision of the developed method. Further, the F.. value (6898.2) for the regression
analysis of the calibration curve data is significantly higher than the F.;; value (6.62) at a 5%
level of significance, indicating that the ability of the linear regression equation in predicting
the concentration within the calibration range which is further supported by higher R?(0.9993)
and R%j (0.9991) values. The difference between R? and R%j values is less than 0.2,
indicating that the number of calibration points had no significant impact on the regression
coefficient.

The method sensitivity was estimated in terms of LOD and LOQ based on the standard
deviation values of y-intercept values and mean slope obtained from the six replicate (n=6)
calibration curves. The LOD and LOQ for TAA in plasma were found to be 8.3 ng/mL and
25 ng/mL, respectively (Table 2.1). Based on the LOQ value obtained, the lower limit of
quantification LLOQ was set at 50 ng/mL. Six replicate injections at LLOQ concentration (in
all three matrices) revealed that the method was reliable, reproducible with %RSD < 11.63

and accurate with %bias <4.47.
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Table 2.1 Linear regression parameters for plasma calibration standards, LOD, LOQ for TAA

Calibration Slope Intercept Statistical parameters obtained L(;lz)gnd
Curve Series* from the Mean calibration curve
(ng/mL)
1 1.0486 0.0163
2 1.0646 0.0178 R = 0.9993
3 1.0359 0.0129 R, = 0'9991
4 1.0166 0.0137 SEaEJ _ 010342
5 1.0218 0.0176 F. = 68982 8.3 and 25
Mgan igjgi ggizi 95% CI of Intercept: -0.056 to
SD 0.0182 0.0026 0.044
%RSD 1.752 16.065

Note: Standard deviation (SD), Percentage relative standard deviation (RSD), Regression
coefficient (R?) and Adjusted R? (R?%q), Standard error of estimate (SEE), Confidence interval
(CI); n=6 in all cases. At a = 0.05, the Fey; value is 6.61 and the F.u value (6898.2) is
significantly higher than the Fei. LOD = 3.3 x (SD of calibration curve intercepts/mean of
calibration curve slopes) and LOQ = 10 x (SD of calibration curve intercepts/mean of
calibration curve slopes)

*Each Calibration curve series corresponds to one full calibration curve; the slope and
intercept values represent the same.

2.3.3.3 Accuracy and precision

The data obtained for accuracy and precision studies performed using LLOQ concentration
and all QC standards are presented in Table 2.2. The mean accuracy values expressed in terms
of %bias, in all the three matrices, in both intra-day and inter-day repeatability studies for
LLOQ samples were between -6.93% to 2.03% (much less than the acceptable limit of £20%)
while that of all the three QC standards were found to be between -3.89% to +7.27% (which
are well within the acceptable limits of £15%). The intra-day and inter-day precision measured
in terms of %RSD for LLOQ samples in all three matrices were less than 7.87% (which is
well within the maximum limit of 20%) while that of all the three QC standards were less than
7.72% (which are well within the maximum limit of 15%). The results obtained from intra-
day and inter-day repeatability studies indicate that the developed method is accurate and

precise in the quantification of TAA in all three biological matrices.
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2.3.3.4 Recovery

The mean %recovery values of TAA from the spiked rabbit plasma, aqueous humour and
vitreous humour samples, when compared with aqueous analytical standards containing
similar concentration, were between 88.41% to 103.84% with %RSD less than 9.37% for
LLOQ as well as the three QC standards (Table 2.2). The mean %recovery of IS was between
90.04 to 94.29%, with %RSD not more than 6.78% across all the samples. The high mean
%recovery values with low %RSD values indicate that the protein precipitation method
followed in TAA extraction from all three biological matrices is an efficient and reliable
extraction method.

Table 2.2 Accuracy, precision and recovery of the method for determination of TAA in
various Matrices.

Biological Sample Intra-day Inter-day %Recovery
Matrix %RSD % Bias %RSD %Bias Mean+ SD | %RSD
LLOQ 5.65 1.92 7.87 2.03 89.35+3.49 391
LQC 2.33 3.14 3.23 3.99 93.81+6.64 7.08
Plasma
MQC 3.07 3.02 4.87 3.9 96.95+2.77 2.86
HQC 2.54 2.8 4.47 3.9 98.712+3.68 3.73
LLOQ 2.12 -0.47 6.82 -3.09 103.84+7.46 7.18
Aqueous LQC 6.11 -1.9 7.72 0.5 95.41+6.09 6.38
humour MQC 5.95 2.57 3.36 3.65 88.75+3.86 4.35
HQC 2.65 2.33 3.79 2.65 97.17+£3.20 3.29
LLOQ 3.17 -6.24 53 -6.93 101.44£9.51 9.38
Vitreous LQC 4.62 -2.34 4.63 -3.89 95.64+6.13 6.41
humour MQC 5.25 1.59 4.26 2.17 88.41+1.91 2.16
HQC 4.11 2.25 4.34 7.27 96.65+3.54 3.66

Note: Standard deviation (SD), %relative standard deviation (%RSD), n=6 samples in all
cases. *LLOQ =50 ng/mL, LQC = 100 ng/mL, MQC = 100 ng/mL, HQC = 2500 ng/mL and
IS = 400 ng/mL Accuracy is given as %Bias = [100 X (predicted concentration — nominal
concentration)/nominal concentration]. %Recovery = [(Peak area of quality control standard

in biological matrix/peak area of aqueous analytical standard of same concentration) x 100].

2.3.3.5 Stability
TAA stability in plasma was evaluated using LLOQ and three QC standards under different

stress conditions to ensure the samples were stable during handling, storage and processing.
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The results obtained from stability studies in different stress conditions are depicted in Figure
2.2. No significant degradation of TAA in plasma samples was observed under all three stress
conditions, i.e., auto-injector stability (at 15 °C) study of the processed plasma samples over
24 h post-preparation, freeze-thaw stability (-20 °C) study up to three cycles for three
consecutive days and long-term stability (—20 °C) for 30 days. In any stress conditions, the

%deviation from the zero-time sample was observed to be in the range of -5 to 5%.
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Figure 2.2 Stability study of TAA in plasma samples subjected to different stress conditions:
(A) Auto-sampler stability; (B) Freeze-thaw stability; and (C) Long-term stability. Each data
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point represents the mean of three independent determinations with %RSD less than 5%.

LLOQ =50 ng/mL, LQC = 100 ng/mL, MQC=1000 ng/mL and HQC = 2500 ng/mL.

2.3.3.6 Robustness

Robustness of the method evaluated for change in the mobile phase flow rate (0.95 and 1.05
mL/min), mobile phase composition (ACN: Buffer (40:60) 1mL/min and ACN: Buffer
(44:56) 1mL/min), pH of the aqueous phase (pH 4.3 and pH 4.7) and temperature of column
oven (38 °C and 42 °C). RSD (%) from six replicate injections of MQC for the changes made
in each of the factors described above was found to be less than 6.3%. The resolution of the
peaks was >2 and the tailing factor for the TAA peak was <1.5 for changes made in each
element. The %RSD of the retention times of the TAA and IS were 3.6 to 7.6, respectively.
Mean percentage recovery values for six replicate samples of MQC for the changes made in
each factor were found to be between 92.6% to 99.3%. The results obtained for robustness
studies were well within the acceptance criteria of not more than 10% (RSD) and within 100
+ 20% for percentage recovery.

2.3.4 Solubility Studies and Characterization studies of the mixture of TAA and HP-$-CD
2.3.4.1 Solubility studies

TAA Solubility studies were carried out in different solvent systems to determine the suitable
composition of the solvent system for the preparation of a stable ophthalmic solution of TAA
with a dosing volume of NMT 30uL. The results from the solubility studies of TAA are given
in Table 2.3.

TAA was found to have low solubility (NMT 17 pg/mL) in buffered systems of pH 1.2, 4.5
and 7.4, MilliQ water and STF. However, TAA showed a significant difference in its solubility
properties in different co-solvents, surfactants and solubilizers. TAA was found to have the
highest solubility in HP-B-CD among the various excipients tried in the solubility studies.
Solubility of TAA increased with an increase in the concentration of HP--CD from 15% w/v

to 25% w/v. But the increase in solubility of TAA was not very significant at 20% w/v and
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25% w/v concentration. Based on the solubility data and the safety profile of HP-B-CD, we

have used HP-B-CD at 20% w/v in the final formulation.

Table 2.3 Saturation solubility studies of TAA in different Vehicles/Excipients

Vehicles/Excipients Cm::legr;:;it)lon Vehicles/Excipients Cor;:egr;:;it)lon
MilliQ water 16.07 +£1.49 PVPK30 23.26+1.59
STF¢ 13.72+2.95 Soluplus 38.75+2.14
pH 1.2 buffer (0.1 N HCI) 8.46 +1.98 PVA 21.77+3.28
pH 4.5 Na. Ac buffer (USP) 15.57+1.59 M-E4M 20.06 +2.45
pH 7.4 phosphate buffer (USP®) 13.82+2.51 HPMC 22.04 +2.91
PEG-400 14.67 £2.54 TPGS 76.94 £ 5.07
PG 14.19+£2.14 sHA 17.19+1.22
T-80 4774+ 1.49 HP-B-CD -15% 1453.94 + 19.98
Poloxomer-188 20.09 = 3.08 HP-B-CD -20% 2636.6 + 14.10
Poloxomer-407 25.09+2.13 HP-B-CD -25% 3065.73 £ 15.37

Note: *All the data is represented as Mean + SD of replicate analysis (n = 3), "Vehicle (buffers)
of the specific pH were prepared as per the compositions given in USP-2016, “Composition
of simulated Tear Fluid (STF) [151].

2.3.4.2 Characterization studies of the mixture of TAA and HP-f-CD

The FTIR spectra of TAA, HP-B-CD and the physical mixture of TAA + HP-B-CD are given
in Figure 2.3. TAA showed characteristic peaks at 3395 cm™' (due to O-H stretching
vibration), 2945 cm™! (due to C-H stretching vibration) and 1710 cm™! (due to stretching
vibration of the carbonyl group at aliphatic ester bonds). In addition, peaks were observed at
1662 cm™ (due to C=C stretching vibration), 1122 cm™ (due to asymmetric axial stretching
vibration of C—~O—C bond in aliphatic esters) and 1050 cm™ (due to C-F stretching vibration).
The FT-IR spectra of HP-B-CD showed a broad band between 3600 and 3200 cm ™! (with a
peak at 3392 cm™!) corresponding to the O-H stretching vibration by the hydroxyl groups
present in its structure. The same broad band was observed in the spectrum of the TAA+ HP-
B-CD physical mixture. The bands from 2970 and 2931 cm™! corresponding to the C—H
stretching vibration are present both in the HP-B-CD spectrum and TAA+ HP-B-CD physical

mixture. The absorption band at 1645 cm™ is related to H-O—H bending. The bands in the
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range of 500—1500 cm ! arise from a single type of molecular vibration due to strong coupling
caused by neighbouring bonds vibrating with similar frequencies, specific to the a-1,4
glycosidic bonds present in the cyclodextrin. All these bands were also seen in the spectrum

of the TAA+ HP-B-CD physical mixture.

The spectra of the TAA+ HP-B-CD physical mixture and that of HP-B-CD are
indistinguishable due to a combination of the following factors: (a) each HP-BCD molecule
has a relatively large number of polar groups (O-H, C-O, etc.), giving rise to intense
absorption bands; (b) both the host and guest molecules absorb coincidentally in most of the
spectral regions; (c) there is an excess of free HP-B-CD in the inclusion complex sample.
However, the presence of TAA in the physical mixture is undoubtedly confirmed by the peaks
observed at 2945,1706, 1641 and 1526 cm™'. In the TAA+ HP-B-CD physical mixture
spectrum, the peak at 1050 cm ™! due to the C-F stretching vibration in TAA was not observed.
This could be the entrapment of the C-F bond of TAA into the cavities of HP-B-CD, suggesting

the possibility of inclusion complexation between TAA and HP-B-CD.
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Figure 2.3 FT-IR spectra of (a)TAA (b) HP-B-CD (c)TAA+ HP-B-CD Physical Mixture
The DSC thermograms of TAA, HP-B-CD and the physical mixture of TAA + HP-B-CD are
given in Figure 2.4. TAA showed an endothermic peak at 292°C, which corresponds to its

melting point. A broad peak was observed for HP--CD in the range of 60 °C to 100 °C. The
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thermogram of the physical mixture of TAA+HP-B-CD revealed a slight shift in the melting
endothermic peak of TAA. However, the normalized energy (enthalpy per gram of TAA) was
found to be the same for the endothermic peak in the TAA sample and physical mixture of
TAA + HP-B-CD, indicating that there is no degradation of TAA in the presence of HP-B-CD.

The results obtained from the FT-IR and DSC studies reveal that TAA is compatible with HP-

B-CD.
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Figure 2.4 DSC Thermogram of (a)TAA (b) HP-B-CD (c)TAA+ HP-B-CD Physical Mixture

2.3.5 Ocular pharmacokinetic study of aqueous suspensions of TAA containing different
dose strengths in Male New Zealand rabbits

Researchers have studied the effect of administering TAA through buccal and intravenous
routes in the dose range of 1 mg/kg to 2 mg/kg dose in rabbits and through oral, intravenous
and pulmonary routes using dose strengths of 2mg/kg to Smg/kg in humans [87,152]. In
addition, reports were found on intravitreal injections of TAA at dose strengths of 4 mg and
16 mg [91,153]. However, there are no published reports on the minimum dose required for
the pre-corneal administration of conventional formulations of TAA to achieve effective
concentrations in the vitreous humour.

Ocular pharmacokinetic studies of an aqueous suspension of TAA without the addition of HP-
B-CD (TAA-Susp) containing a dose strength of 1 mg/30uL, 2 mg/30uL and 4 mg/30uL did

not result in measurable concentrations neither in aqueous humour nor in vitreous humour at
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any of the sampling points post the administration of the formulation. This could be due to the
drug's poor solubility and dissolution rate resulting in poor permeation of the drug through the
corneal epithelium, which is the major barrier in the absorption of drugs into the aqueous
humour. Aqueous suspension of TAA (containing dose strength of 1 mg/30uL) with 20% HP-
B-CD (TAA-HP-B-CD-Susp) showed measurable concentration in aqueous humour up to 6 h
post the administration of the formulation. This clearly indicates that HP-B-CD played a
critical role in improving the absorption of the drug into the aqueous humour. However, the
concentration of TAA in the vitreous humour was less than the LLOQ levels for the aqueous
suspension of TAA (containing a dose strength of 1 mg/30uL) with 20% HP-B-CD. Therefore,
we have performed ocular pharmacokinetic studies of an aqueous suspension of TAA
containing 20% HP-B-CD (TAA-HP-B-CD-Susp) starting with a dose of 2 mg/30uL and 4
mg/30pnL, with the objective of achieving measurable and effective concentrations (with those
reported in the literature) in the vitreous humour.

The time course of TAA in plasma, aqueous humour and vitreous humour obtained following
the pre-corneal administration of aqueous suspensions of TAA with 20% HP-B-CD (TAA-
HP-B-CD-Susp) at different dose strengths are given in Figure 2.5. The time-course data of
TAA obtained in aqueous humour, vitreous humour and plasma were subjected to non-
compartmental analysis using Phoenix WinNonlin software (version 7.0, Pharsight
Corporation, NC, USA) to determine various pharmacokinetic parameters reported in Table

24.

53



600 -

3 A — 0— 1mg/30pL/Eye
£ 500 ---a--- 2mg/30pL/Eye
=t —6— 4mg/30pL/Eye
£

Z 400

=

g

<

< 300

F

e

=]

5 200

g

g 100

=

=3
S

0
Time (h)
1800 -
B = L= 1mg/30uL/Eye

1600

---A---2mg/30pL/Eye
1400 —6— 4mg/30nL/Eye

1000
800
600

400

Concentration of TAA in AH (ng/mL)

200

300 - C

250 4 —&— 4mg/30pL/Eye
200 A
150 A
MEC =100 ng/mL
100 === ==7/~—m - mm e e e e e e NN~ """

50 4

Concentration of TAA in VH (ng/mL)

0 1 2 3 4 5 6
Time (h)
Figure 2.5 Mean concentration versus time profiles of TAA in (A) Plasma; (B) Aqueous
humour (AH); and (C) Vitreous humour (VH), following ocular administration of aqueous
suspension of TAA with 20% HP-B-CD (TAA-HP-B-CD-Susp) containing 1 mg/30uL, 2
mg/30puL and 4 mg/30uL dose strength. Each data point represents the mean of three
independent determinations in the case of the plasma time course (n=3), while each data point
represents the mean of two independent determinations in the case of aqueous humour and
vitreous humour (n=2).
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Note: Aqueous suspension of TAA with 20% HP-B-CD (TAA-HP-B-CD-Susp) containing 1
mg/30uL and 2 mg/30uL did not yield quantifiable concentrations in vitreous humour at any
of the sampling points.

PK parameters in aqueous and vitreous humour were calculated using pooled concentration
data obtained from the individual eyes of a single animal sacrificed at each sampling time
point. It was assumed that pooling the concentration data from individual eyes of the same
animal accounts for the residual variability rather than the intrinsic differences in the
pharmacokinetic process of different formulations administered to the animals. As we could
only construct the mean concentration versus time profiles in aqueous humour and vitreous
humour from the pooled concentration data, the ocular pharmacokinetics parameters like Cmax,
AUC and MRT were calculated as single values without standard deviation. Therefore, unlike
the plasma profile, statistical analysis was not done for aqueous and vitreous humour data.
Based on the observed data, the maximum concentration (Cmax) and the time taken to reach
the maximum concentration (Tmax) in aqueous humour, vitreous humour and plasma were
reported. Based on the results obtained, we can infer that the Cmax values in aqueous humour
increased proportionately with an increase in the dose strength of the formulation. A similar
trend was observed in the Cmax values in plasma with an increase in the dose strength of the
formulation. However, the concentrations of TAA in vitreous humour were found to be below
LLOQ values at all sampling time points following the administration of aqueous suspension
containing 1 mg/30uL and 2 mg/30uL dose strengths. The time course of TAA in vitreous
humour was achieved only with an aqueous suspension of TAA containing 4 mg/30uL dose
strength. At 4 mg/30uL dose strength, pre-corneal administration of aqueous suspension of
TAA produced an effective concentration of >100 ng/mL.

The Tmax was 1 h in the case of aqueous humour and 1.5 h in the case of plasma for all the
dose strengths. In the case of the vitreous humour, the Tmax Was observed at 2 h for a

formulation containing 4 mg/30uL dose strength.
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The total area under the curve from zero time to the last measurable concentration (AUC-tlast)
and the total area under the curve from zero time to infinity (AUC-) were determined for the
time course of the drug in aqueous humour and plasma for all the dose strengths while AUC.
tlast and AUCo-» were determined for the time course of drug in vitreous humour only for 4
mg/30uL dose strength. The AUCo.uast values in aqueous humour and plasma were more than
90% of their corresponding AUCo. values at all the dose strengths. The AUCo.yast value in
vitreous humour was more than 90% of its corresponding AUCo. value for 4 mg/30uL dose
strength. This clearly indicates that the developed method is very sensitive to analyse the
samples till more than 90% of the drug is cleared from the aqueous humour and plasma at all
dose strengths and from vitreous humour at 4 mg/30uL dose strength.

Table 2.4 Pharmacokinetic parameters of TAA in plasma, aqueous humour and vitreous
humour following ocular administration of 30 uL of an aqueous suspension of TAA with 20%
HP-B-CD (TAA-HP-B-CD-Susp) containing different dose strengths in male New Zealand
white rabbits.

L. Pharmacokinetic Parameters
Biological D
Matrix ose Cmax Tmax AUC-¢ AUCp-» MRT -

(ng/mL)  (h) tuz (h) (ngxh/mL)  (ngxh/mL) (h)
Img/Eye  258.78£7.6 1.5  1.5+0.1 7203184  789.6:184  3.120.1

“Plasma 2mg/Eye 379.6+£21.3 1.5 1.8+£0.1 1342.9+£29.5  1490.9+31.6 3.3+£0.1

4mg/Eye 561.6+20.8 1.5 1.7£0.2  2035.7£68.0  2250.6+93.3 3.2+0.0

Img/Eye 393.1 1 1.8 1250.6 1387.3 2.8
A
queous ) mg/Eye 781.5 1 1.9 2970.1 3263.0 3.0
humour
4mg/Eye 1775.4 1 1.7 6697.3 7283.6 3.0
Vitreous - o/Eye 264.9 2 1.4 810.4 885.0 3.1
humour

Note: “For plasma, the parameters are expressed as Mean + SD (n=3 observations) of the data
obtained in the pharmacokinetic study except for Tmax. The values of Tmax are expressed in
terms of the median of n=3 observations. For aqueous humour and vitreous humour, the
AUCo+, AUCo.» and MRTo. values were obtained from the composite sampling of both the
eyes of an animal sacrificed at each time point.

Oliveira et al. reported that TAA was effective at a concentration of more than 100 ng/mL in

vitreous humour [133]. In the current research work, an aqueous suspension of TAA with 20%
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HP-B-CD (TAA-HP-B-CD-Susp) at 4 mg/30uL dose strength produced a TAA concentration
in the vitreous humour of more than 100 ng/mL and achieved a maximum concentration of
264.9 ng/mL. The concentration of TAA in the vitreous humour was maintained above 100
ng/mL for a period of 3 h (between 1 h to 4 h). Therefore, we can infer that aqueous suspension
of TAA with 20% HP-B-CD (TAA-HP-B-CD-Susp) at 4 mg/30uL dose strength is optimal for
pre-corneal administration to produce effective TAA concentrations in the vitreous humour.
2.4 Conclusion

In this chapter, conventional formulations of TAA with 20% HP-B-CD (TAA-HP-B-CD-Susp)
containing different dose strengths were formulated and evaluated to identify the dose strength
required to produce effective concentrations in the vitreous humour. A rapid, selective,
sensitive and highly reproducible HPLC-PDA method utilizing a small sampling volume
(45uL) of aqueous humour, vitreous humour and plasma was developed and validated for
TAA quantitation. Ocular pharmacokinetic studies in male New Zealand rabbits revealed that
aqueous suspensions of TAA with 20% HP-B-CD (TAA-HP-B-CD-Susp) with dose strengths
of 4 mg/30uL produce effective concentrations of more than 100 ng/mL for a period of more
than 3 h in the vitreous humour. Comparison of the pharmacokinetic time course of TAA in
aqueous humour and vitreous humour for aqueous suspensions of TAA (at 4 mg/30uL dose
strength) with (TAA-HP-B-CD-Susp) and without HP-B-CD (TAA-Susp) clearly indicates
that HP-B-CD had a significant effect on increasing the ocular absorption of the drug into
aqueous humour and vitreous humour. This is primarily due to the increase in saturation
solubility and dissolution rate of TAA in lachrymal fluids. The developed HPLC method
offered high sensitivity to determine more than 95% of the entire time course in plasma,
aqueous humour and vitreous humour with minimal sampling volume, which is critical in

ocular pharmacokinetics studies.
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3.1 Introduction

Uveitis is an inflammatory disease condition of the eye affecting the uvea or neuro-retina
[107,154]. A significant contribution to uveitis has an autoimmune origin that can be treated
effectively with immunosuppressants and CSTs [155]. The essential part of the treatment
strategy in noninfectious uveitis is to control the inflammation by administering CSTs either
alone or in combination with other immunosuppressants [107]. The majority of the CSTs used
in the treatment of uveitis are administered as intravitreal injections, which can cause
complications like secondary ocular hypertension, retinal detachment and cataract formation
[154,156]. Triamcinolone acetonide (TAA), a water-insoluble CSTs, is often prescribed to
manage noninfectious intermediate and PU [108]. The currently marketed drug product of TAA
is a suspension administered as an intravitreal injection. Due to the nature of drug
administration (intravitreal), the currently marketed drug product is reported to have severe
side effects like endophthalmitis, pseudoendophthalmitis, retinal detachment and secondary
ocular infection. Moreover, the distribution of TAA particles in the vitreous humour can impair
vision, hasten cataract formation and raise intraocular pressure [107,129,157]. Therefore, it is
vital to develop drug products of TAA that are patient-compliant and effective in treating the

disease condition.

Ophthalmic drops are the most convenient and popular drug product, preferred by doctors and
patients for treating ocular disease conditions. However, administering drug products in the
precorneal area to treat disease conditions affecting the tissues at the back of the eye involves
many challenges. It is challenging to achieve therapeutic drug concentrations at the inner-most
tissues of the eye, like the uvea/retina, by administering conventional ophthalmic drug products
[158]. Factors such as dilution of the administered formulation by lacrimal secretions, rapid
clearance of the administered formulation by nasolacrimal drainage and systemic absorption

through the conjunctiva result in low availability (5-10%) of the drug in the aqueous humour
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and higher systemic absorption (50-90%) [159,160]. Several barriers, including the corneal
epithelial layer, which is a protective barrier, limit the entry of drugs into the vitreous humour
following the topical administration of ophthalmic drug products [161]. To overcome the
problems stated above, ophthalmic drug products are administered at high frequency to
maintain therapeutic concentrations in target tissues. This inadvertently causes an increase in

systemic exposure to the drug, leading to systemic side effects [162].

The problems associated with conventional ophthalmic drops, specifically in terms of low pre-
corneal residence time, can be overcome by various formulation approaches [ 159]. Researchers
have tried using viscous solutions/suspensions, hydrogels, ointments and gelling systems to
improve the residence time at the corneal surface. Among the various formulations, in situ
gelling systems are found to be more promising. /n situ gels are easy to manufacture and
administer with good dosing accuracy compared to hydrogels and ointments. They provide
longer residence times compared to viscous solutions/suspensions [159]. Various natural and
synthetic polymers have been reported in the literature for their in situ gelling properties, which
work on stimuli like temperature, ions and pH [163]. The main drawback of synthetic polymers
is that they provide gelling properties only at very high concentrations. Natural polymers are
biocompatible and can gel even at lower concentrations. In addition, some of the natural

polymers exhibit strong mucoadhesive characteristics [164,165].

The physiological conditions (like pH, ion concentration and temperature) in the pre-corneal
area of the eye are very dynamic and are impacted by disease conditions like uveitis. Therefore,
it is very prudent to design in sifu gelling systems that can be triggered by more than one
stimulus for delivering drugs to treat uveitis [166]. In the current study, we designed an in situ
dual-responsive gel for TAA delivery as an eye drop to attain therapeutic concentrations in the

vitreous humour.
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The tamarind seed xyloglucan (TSX) is a polysaccharide consisting of glucan as the backbone
and galactose and xylose as the side chains. TSX does not form a gel unless treated with
alcohol, sugar or polyphenol such as epigallocatechin gallate or enzymatically reacted with -
galactosidase. Reacted tamarind seed xyloglucan (RXG), obtained from chemical and
enzymatic modification of TSX, exhibits mucoadhesive and thermoresponsive in situ gelling
properties. Due to these properties, RXG is an attractive polymer for numerous drug delivery

applications [167-169].

Carrageenan (CRGQG) is a natural polysaccharide that exhibits ion-responsive in situ gelling
properties. It is a linear chain anionic polymer consisting of sulfated and non-sulfated D-
galactose and D-anhydrogalactose repeating units. The cations (like Na*, K" and Ca*") present
in the physiological fluids at the administered site can neutralize the sulfate groups in CRG and
cause the polymer to exhibit ion-responsive in situ gelling properties. Three different grades of
CRG are mostly used in pharmaceutical industries, namely, kappa-carrageenan (x-CRG), iota-
carrageenan and lambda-carrageenan. Each of these grades of CRG has different degrees of
sulfonic acid group substitutions in the polymer chain. CRG containing higher sulfate
substitution makes it brittle and less responsive to ions, while lower sulfate substitution makes
it more responsive to ions, particularly K" ions. Each disaccharide repeating unit has only one
sulfate group in the case of x-CRG, while lota-Carrageenan and Lambda-Carrageenan have
two and three sulfate groups, respectively. Due to this, k- CRG undergoes gelation in the
presence of K" ions and, therefore, is more suitable for preparing in sifu gelling formulations

[170-172].

In the current chapter, we have designed and optimized a dual responsive TAA loaded in situ
gels using a combination of RXG and x-CRG to address the shortcomings of aqueous
suspension of TAA with 20% HP-B-CD (TAA-HP-B-CD-Susp) for ocular delivery. Ex vivo
studies were conducted to determine the safety of the optimized in situ gels. The efficacy of
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the optimized in situ gels was determined by performing ocular pharmacokinetic studies in
New Zealand white rabbits.

3.2 Materials and methods
3.2.1 Material and analytical method
3.2.1.1 Material

Dr. Reddy's Laboratories, Hyderabad, India and Strides Pharma Science Limited, Bengaluru,
India, provided free samples of TAA and piribedil (used as an internal standard in the
bioanalytical method), respectively. Encore Natural Polymers Private Limited, Ahmedabad,
India, provided a gift sample of tamarind seed xyloglucan (TSX; the viscosity of a 3% w/v
solution in water at 25 °C is 2800 mPa.s). k-CRG (Molecular weight (g/mol): 788.65, the
viscosity of a 0.3% w/v solution in water at 25 °C is 10 to 25 mPa.s) and B-Galactosidase
enzyme (> 8.0 units/mg solid; Source: Aspergillus oryzae species) and benzododecinium
bromide were purchased for Sigma-Aldrich Private Limited, Mumbai, India. HPLC grades
reagents (glacial acetic acid, ammonium acetate and disodium EDTA) and solvents
(acetonitrile and methanol) were purchased from SRL Chemicals Private Limited, Mumbai,
India. The buffer salts, including NaCl, NaHCOs, KCl, MgCl,, CaCl,, Mannitol and others,
were provided by SD Fine Chemicals Private Limited, Mumbai, India. High-quality purified
water collected from the Milli-Q water purification system (Millipore®) MA; USA was used
in the HPLC analysis. Male New Zealand white rabbits, weighing between 2 to 2.5 kg, were

supplied by VAB Biosciences Limited, Hyderabad, India.

3.2.1.2 Analytical method
Analysis of TAA concentration in various in vitro and in vivo (vitreous and aqueous humour

obtained from ocular pharmacokinetic studies) samples was performed using a validated HPLC

method (Section 2.3.1 and 2.3.3, Chapter 2).
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3.2.2 Preparation of the in situ gels
3.2.2.1 Purification of the TSX

The TSX sample received from the industry sample was purified to remove the fat and protein
impurities present in it. Fat impurities were removed by treating 5 g of TSX with 15 g of
isopropyl alcohol in a 50 mL tube [169]. This mixture was vortexed for 15 min, followed by
centrifugation at 2000 x g for 10 min at 25 °C. The supernatant was decanted to carefully
collect the sediment. This procedure, as mentioned above, was repeated one more time. The

sediment collected after the second cycle was heated at 60 °C to remove the solvent.

The protein impurities were removed from the dried powder obtained in the previous step by
the procedure reported in the literature [173]. The dried powder was added in small quantities
to a sufficient quantity of deionized water under continuous agitation to form a homogenous
dispersion (3% w/v dispersion). The dispersion was stored in a refrigerator for 12 h for the
powder particles to undergo hydration. The hydrated dispersion was then heated for 2 h at 60
°C under mild stirring and cooled to room temperature. The dispersion was centrifuged for 10
min at 2000 x g at 25 °C. The clear supernatant was separated from the pellet. The pellet was
subjected to one more cycle of hydration, heating and centrifugation, as described above. The
supernatants collected from both cycles were pooled together. Ethanol (95% v/v) was added to
the pooled supernatant in the ratio of 3:1 (v/v), under constant agitation, to precipitate the
purified TSX polymer. The above dispersion was centrifuged for 10 min at 2000 x g at 25 °C
to remove the supernatant. The pellet was collected and heated in a Petri plate at 50 °C to obtain
a dried powder of purified TSX.

3.2.2.2 Enzymatic modification of TSX

The enzymatic modification of the purified TSX was carried out as per the procedure reported
by Brun-Graeppi et al. and Han et al. [174,175]. A 3% w/v solution of TSX was prepared using

a 10 mM sodium acetate buffer (glacial acetic acid was used to adjust the pH to 5.0) as the
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solvent. The solution was then refrigerated for 12 h for the polymer molecules to undergo
hydration. Following the hydration of the polymer, the B-galactosidase enzyme was added to
the polymer solution to yield a concentration of 7.4 U/mL in the mixture. The enzyme reduces
the galactoside content present in the polymer to make it thermo-responsive [176]. The mixture
was agitated for 18 h on a magnetic stirrer while maintaining a temperature of 34 £+ 0.5 °C.
After 18 h of agitation, the mixture was heated at 90 °C for 30 min to inactivate the enzyme.
Reacted tamarind seed xyloglucan (RXG), which has undergone an enzyme reaction, was
precipitated with 95% v/v ethanol and then dried at 50 + 0.5 °C. The RXG obtained from the
above step was stored at room temperature (25 + 0.5 °C) until it was used.

3.2.2.3 Characterization of the RXG by FTIR, SEC and H-NMR
3.2.2.3.1 Fourier transform infrared spectroscopy (FT-IR) of the RXG

FT-IR analysis of the RXG was performed on a JASCO apparatus (FTIR4200, JASCO, Tokyo,
Japan), using potassium bromide as a reference. RXG was mixed thoroughly with potassium
bromide and compressed to form a pellet (2 mg of RXG in 200 mg of potassium bromide). The
pellet was characterized in the range of 4000 to 400 cm™ by performing 64 scans at room
temperature with a resolution of 4 cm™'. An average of three recordings was used to get the
average spectrum of the sample.

3.2.2.3.2 Determination of the molar mass of RXG by size-exclusion chromatography (SEC)
The molar masses of TSX and RXG were determined using a size exclusion chromatography
instrument (Waters Corporation, MA, USA). Ultrahydrogel™ linear column (dimensions:
300mmx7.8mm, 10 pm, Waters Corporation, MA, USA) was used for chromatographic
separation. The analytes were detected using a refractive index detector. An aqueous solution
containing a mixture of sodium nitrate and sodium azide at concentrations of 50 mM and 0.02%
w/v was used as the mobile phase. The mobile phase was pumped in an isocratic mode at 0.8
mL/min through the column, maintained at 30 °C in a column oven. The injection volume was
fixed at 10 pL. The run time for each sample was set to 15 min. Individual samples of TSX
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(1% w/v) and RXG (1% w/v) were prepared by dissolving the polymers in a sufficient volume
of highly purified water. The average molar masses of TSX and RXG were determined based
on the calibration curve (6,300-739,000 Da) constructed using the Shodex- P-82 (Pullan)
analytical standard (Show Denko America Inc., NY, USA).

3.2.2.3.3 Nuclear magnetic resonance spectroscopy (NMR) of RXG

Nuclear magnetic resonance spectroscopy of RXG was performed using a 400 MHz 'H-NMR
spectrometer (Bruker, Billerica, MA, USA) operated at an ambient temperature of 25 °C. RXG
(10 mg) was dissolved in deuterated water (1 mL) and stored in the refrigerator for 12 h for
hydration of the polymer. Following the hydration of the polymer, a small volume of the sample
was taken in a 5 mm NMR tube and analyzed. The nuclear magnetic resonance of RXG was
analyzed in the frequency range of 0 to 10 ppm.

3.2.2.4 Preparation of RXG in situ gels

RXG in situ gels were prepared by adding RXG powder to deionized water under continuous
agitation to form a homogenous dispersion. This dispersion was refrigerated for 24 h to hydrate
the polymer. Following the hydration of the polymer, the dispersion was mixed at 500 rpm for
6 h to form a homogenous solution. Mannitol (5.2% w/v) was added as an isotonicity adjusting
agent to the above solution. Further, benzododecinium bromide, a bacteriostatic and fungistatic
preservative, was added (0.01% w/v) to the polymer solution to form a blank RXG in situ gel.
3.2.2.5 Preparation of k-CRG in situ gels

k-CRG in situ gels were prepared by adding x-CRG powder to deionized water under
continuous agitation at 500 rpm for 2 h to get a clear solution. Mannitol (5.2% w/v) was added
to the above solution to adjust the isotonicity. Since k-CRG is an ion-sensitive polymer,
mannitol (a non-electrolyte) was selected for adjusting the isotonicity. Finally,
benzododecinium bromide (0.01% w/v) was added and stirred for 30 min to form a blank «-

CRG in situ gel.
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3.2.2.6 Preparation of in situ gels containing a combination of RXG and k-CRG

To prepare in situ gels containing a combination of RXG and k-CRG, first, a weighed quantity
of RXG was added to a defined volume of deionized water under agitation to form a
homogenous dispersion. This dispersion was refrigerated for 24 h to hydrate the polymer and
form a clear solution. A defined quantity of k-CRG was added to the above solution and stirred
at 500 rpm for 2 h to form a homogenous solution. To this solution containing the mixture of
RXG and k-CRG polymers, mannitol (5.2% w/v) and benzododecinium bromide (0.01% w/v)
were added and stirred for 30 min to form blank RXG-x-CRG in situ gel.

3.2.2.7 Loading of TAA in the optimized in situ gels

TAA powder with particle sizes in the range of 5-10 pm was added to the optimized blank in
situ gels of RXG (Table 3.1: F4), k-CRG (Table 3.1: F14) and RXG-k-CRG (Table 3.1: F15)
under magnetic stirring at 500 rpm to produce 100 mg/mL (10% w/v) dose strength in each of
the formulations [177]. The dose strength of the in situ gels was fixed at 100 mg/mL in order
to achieve 4 mg of TAA in 40 pL of the in situ gel for performing the ocular pharmacokinetic
studies in male New Zealand rabbits. Until further use, TAA loaded in situ gels were kept in
the refrigerator (2—8 °C).

3.2.3 Optimization of the in situ gels using the vial tilt method
3.2.3.1 Optimization of RXG proportion based on thermoresponsive gelation properties

In the preliminary studies, blank formulations containing different concentrations of RXG
alone were prepared (Table 3.1 F1 to F3) and their solution state viscosity at 25 + 0.5 °C was
determined. RXG being a thermoresponsive polymer, the formulations were characterized for
their gelation temperature, gelling time and gelling capacity using the ‘vial tilting method’
[178]. Briefly, 1 mL of the test formulations were taken in a glass vial (2.5 mL) and placed in
a water bath with a temperature controller set at 25 °C. The temperature of the water bath was
increased from 25 °C to 40 °C at a rate of 1 °C/min. The vial containing the sample was
equilibrated for 1 min at every 1 °C increase in temperature and inverted by 90°. The
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temperature at which the sample (in the vial) did not exhibit any flow was considered the
gelation temperature of the sample. The time needed for the conversion from sol to gel at that
particular temperature was considered the gelling time. Further, the gelling capacity of the
representative formulation was assessed based on the flow properties and stiffness of the gel
over a period of time. RXG formulations, which were free-flowing in the solution state at 25 +
0.5 °C and showed gelation below 34 £ 0.5 °C, were selected for further studies. TAA powder
was loaded into the optimized RXG in situ gel (Table 3.1: F4).

3.2.3.2 Optimization of k-CRG proportion based on ion-responsive gelation properties in the
presence of simulated tear fluid

Blank formulations containing different proportions of k-CRG alone (Table 3.1: F5 to F8)
were prepared and evaluated for their gelation properties in the presence of simulated tear fluid
(STF, prepared by dissolving 0.68 g of NaCl, 0.22 g of NaHCO3, 0.008 g of CaCl,-2H»0,
0.14 g of KCI in 100 mL of deionized water) using the vial tilting method [179]. Briefly,
STF was added to the blank k—CRG formulations in a 1:4 ratio (the average volume of
lachrymal fluids present in the cul-de-sac is around 7-15 pL) in a vial and left to equilibrate
for 1 min at 34 £ 0.5 °C [180]. After the equilibration time, the vial was inverted at 90°.
The time (from the time of addition of STF) at which there was a cessation of flow was
considered as the gelling time and the duration it remained in the gel form was taken as gelling
capacity. The concentrations of k-CRG, which were free flowing at 25 + 0.5 °C and showed
no flow upon tilting the vial in the presence of STF, were taken up for designing dual
responsive in situ gels. TAA was loaded in the optimized k-CRG in situ gel (Table 3.1: F14).

3.2.3.3 Optimization of the in situ gels containing a combination of RXG and x-CRG in the
presence of STF at 34 °C

Two important factors were considered for designing dual-responsive in situ gelling systems.
First, the concentrations of RXG and k-CRG that yield low solution state viscosity at 25 + 0.5

°C (critical for easy dispensation of the formulation) and second, the ability of the prepared
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dual responsive system to respond quickly to the stimuli resulting in the gel formation. The
gelling properties were evaluated for the prepared formulations in the presence of STF
maintained at 34 £ 0.5 °C by measuring the gelation time and gelling capacity (Table 3.1: F9,
F10). Based on the results obtained from these combination systems of RXG and k-CRG, the
in situ gels were further optimized by the addition of KCI (Table 3.1: F11 to F13) to control
the viscosity at 25 £+ 0.5 °C and produce a strong gel in the presence of STF maintained at 34
+ 0.5 °C. Finally, TAA was loaded in the optimized in situ gel containing a combination of
RXG and «-CRG (Table 3.1: F15).

3.2.4 Physical appearance and pH of the in situ gels

The pH of blank in situ gels (Table 3.1: F1 to F3 and F5 to F13) and TAA loaded in situ gels
(Table 3.1: F4, F14 and F15) was determined with the help of a calibrated pH meter (Eutech
Instruments, Pune, India). Further, the in situ gels were observed visually for their physical
appearance and clarity.

3.2.5 Determination of sol-to-gel transition of the in situ gels using a rheometer

The rheological properties, including the sol-to-gel transition, of optimized in situ gels (blank
RXG-x-CRG (F13) and TAA loaded RXG-k-CRG (F15)) developed in the study were assessed
with a rheometer (Anton Paar MCR 302, Graz, Austria). Parallel plate geometry was used in
the analysis. First, the linear viscoelastic region (LVER) was determined for each sample by
performing amplitude and frequency sweep experiments. Then in the LVER, the rheological
properties of the samples were analyzed using a temperature sweep between 25 °C to 40 °C in
oscillatory mode. The gelation of the samples was evaluated at three different experimental
setups: 1) a temperature ramp, 2) a temperature ramp in the presence of STF and 3) a
temperature ramp in the presence of deionized water. The loss tangent (tan J) vs temperature

and complex viscosity (#*) vs temperature plots were constructed from the data obtained in the

68



rheological studies. The gel strength of the optimized in situ gels was determined from the plots
[181,182].

The loss tangent (fan o), which represents the relative amount of energy dissipation, is
determined by dividing the loss modulus (G ") by the storage modulus (G "). Depending on the
value of tan J, the sample is considered to be in a viscoelastic solid state (0 <tan d <1)orina
gel state (fan 6 = 1) or in a viscoelastic liquid state (tan 6 > 1). For an ideal in situ gelling
system under storage, the formulation's tan J value should be > 1. Once it is exposed to stimuli
for gelation, it should gradually decrease to 1 and approach 0, reflecting the gelling nature of
the system and ultimately forming a strong gel. Further, the strength of the gelling system was
determined by the complex viscosity (#*), which was determined from the ratio of total
resistance to flow (G*) and the angular frequency (w) [183].

3.2.6 Measurement of contact angle of the in situ gels

A quantitative measure of wetting properties between a solid and liquid is given by the contact
angle or theta (0). Contact angle measurements were performed on an Optical Tensiometer
(Theta Flex, Biolin Scientific, Hamburg, Germany) at 25 £+ 0.5 °C and 60% relative humidity
using the sessile drop method. A sample volume of 4 puL of each formulation (blank RXG (F3),
blank x-CRG (F5), blank RXG-x-CRG (F13) and TAA loaded RXG-x-CRG (F15)) was
dropped onto a goat cornea at a rate of 1 mL/min using a 300 pL syringe and a microtube of
200 pL. During the analysis of every sample, five images were captured over 1 min and

analyzed using the circle fit method [184]. Triplicate samples were measured in the study.

3.2.7 Determination of mucoadhesive strength of the in situ gels by rheological synergism
The mucoadhesive strength of the in sifu gels was evaluated by the rheological synergism
method reported in the literature [185]. The rheological synergism existing between a
formulation (due to the mucoadhesive polymer used in the formulation) and mucin was

determined using a rheometer in parallel plate assembly with a gap of 0.5 mm. Mucin (Type
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IIT) was dispersed in STF (pH 7.4 £ 0.05) to yield a concentration of 10% w/v and stored at 4
°C for 12 h to hydrate. The hydrated mucin dispersion was agitated at 350 rpm for 30 min to
get a clear solution. To determine the mucoadhesive strength, 150 puL of the in situ gel sample
was added to 150 uL of mucin solution and analyzed using the rheometer.

The storage modulus values of the mucin solution, TAA loaded RXG-«k-CRG (F15) and the
TAA loaded RXG-k-CRG (F15) with mucin mixture were measured at 34 + 0.5 °C by
frequency sweep to evaluate the mucoadhesive interactions between the polymers and mucin.
The mucoadhesive strength between mucin and polymers used in a formulation was determined
using the following Equation 3.1:

Equation 3.1 AG' = Gpym — (Gr + Gp)

Where, Gf ., is the storage modulus of the mixture of in situ gel and mucin, G and G,, are the
storage modulus values of the in situ gel and mucin, respectively. AG' is the measure of
mucoadhesive interaction between the in sifu gel and mucin.

3.2.8 In vitro, drug release studies of the TAA loaded in situ gels

The in vitro drug release studies of pure TAA, TAA loaded RXG (F4), TAA loaded k-CRG
(F14) and TAA loaded RXG-k-CRG (F15) in situ gels were investigated using a membrane-
less method in a dissolution apparatus (USP Type II) (Model TDT-08L, Electro lab, Mumbai,
India) [186]. Briefly, 40 uL of the in situ gelling formulation (containing 4 mg of TAA) was
carefully dispensed into a stainless-steel circular container (with a 1.4 cm internal diameter and
0.5 cm depth) and glued at the bottom of a 1000 mL dissolution jar. The dissolution jars were
maintained at 34 = 0.5 °C. The jars were filled with 300 mL of STF containing 0.5% w/v of
Tween 80, which was previously equilibrated at 34 = 0.5 °C and the paddle rotation was set at

75 rpm.

Dissolution samples (2 mL) were drawn using 0.45 pm syringe filters at specific time points

(0.25,0.5,1,2,4,6, 8, 12, 24 and 48 h) during the dissolution study. Following the withdrawal
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of the sample at each time point, a fresh medium (2 mL) was added to the dissolution jar. A
validated RP-HPLC analytical method was used to analyze the dissolution samples (Section
2.3.1, Chapter 2). In vitro dissolution data were fit into different mathematical models to
understand release kinetics (viz., zero-order, first-order and Higuchi square root kinetics) and

release mechanism (Korsmeyer-Peppas model) [187].

3.2.9 Ex vivo ocular toxicity studies of the in situ gels by the HET-CAM method

The ex vivo ocular irritation studies were carried out using the Hen's Egg Test-Chorion
Allantoic Membrane (HET-CAM) method [188]. Fresh eggs (of approximately 50-60 g) were
purchased from a local chicken farm and incubated at temperature of 37 = 0.5 °C and relative
humidity of 55 + 5% RH for five days. On the 5™ day, the eggs were candled to separate fertile
eggs from the non-fertile ones. The fertile eggs were placed in the incubator for 10 more days
for proper growth of CAM. The eggs were rotated manually every 12 h during the incubation
period. The eggshell was broken carefully to open the air cell using a rotating dentist blade
without disturbing the inner membrane. The exposed CAM was moistened with NaCl solution
(0.9% w/v) and the opened eggs were placed in an incubator for 30 min. The inner layer was
removed carefully using forceps from each of the opened eggs to expose the CAM for applying
the test samples. In the study, four treatment groups were studied. Group 1: positive control
(treated with 0.1 N NaOH); Group 2: negative control (treated with NaCl solution, 0.9% w/v);
Group 3: treated with the blank RXG-k-CRG in situ gel (F13) and Group 4: treated with TAA
loaded RXG-k-CRG in situ gel (F15). In each treatment group, 3 eggs (with properly formed
or exposed CAM) were used. In the study, the treatment sample (200 pL) was placed on the
surface of the CAM of the egg. Following the application of each treatment sample, the extent
of damage to the blood vessels was observed for 300 Sec and scores were assigned. Based on
the data obtained from vascular lysis, an irritation score (IS) was determined for each treatment

using Equation 3.2.
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Equation 3.2 IS
300 300 300

X9

Where, ‘H’ is the time (in Sec) taken to the start of haemorrhage reactions on CAM, ‘L’ is the
time (in Sec) taken to the start of vessel lysis on CAM and “C’ is the time (in Sec) taken to the

start of coagulation formation on CAM.

The ocular irritation properties of the in situ gels were judged based on there IS values. The
formulation was considered ‘non-irritant’ if the IS value was in the range of 0-0.9; ‘slightly
irritant’ if the IS value was in the range of 14.9; ‘moderately irritant’ if the IS value was in
the range of 5-9.9; and ‘strongly irritant’ if the IS value was in the range of 10-21.

3.2.10 Hemolysis study of the in situ gels

The hemolytic activity of the in situ gelling systems was determined to check if the
formulations are isotonic and are well tolerated by the ocular tissues [189]. A butterfly needle
was used to draw blood from the marginal ear vein of rabbits into a microcentrifuge tube
containing disodium EDTA solution as the anticoagulant (4.5% w/v). The collected blood was
centrifuged at 1000 % g for 15 min to separate the red blood cells (RBC). The separated RBCs
were washed thrice using a physiological saline solution. The RBCs were then suspended in a
sufficient volume of saline solution to yield a hematocrit of 2% (v/v). To determine the
hemolysis properties, 1.5 mL of the test sample (NaCl solution (0.9%w/v) (negative control),
Triton X-100 (positive control), Blank RXG-k-CRG (F13) and TAA loaded RXG-k-CRG
(F15)) was mixed with 1.5 mL of the RBC suspension. The resultant mixture was incubated at
temperature of 37+ 0.5 °C for 1 h. Following 1 h of incubation, the mixture was centrifuged at
1000 x g for 15 min and the supernatant was collected. The pellet obtained was observed for
morphological changes in the RBCs under a digital microscope (ZEISS, Axiocam 705 colour,
Oberkochen, Germany). The absorbance value of the supernatant was measured at 540 nm.

The hemolysis (%) of each test sample was determined by substituting the absorbance value of
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the supernatant of the corresponding sample in Equation 3.3. The study was performed in

triplicates.

Equation 3.3 Hemolysis (%) = % x 100
c— Aap

Where, A, is the absorbance value of the supernatant obtained by treating RBC suspension
with Triton X-100, A is the absorbance value of the supernatant obtained by treating RBC
suspension with an in situ gelling formulation and A, is the absorbance value of supernatant
obtained by treating RBC suspension with 0.9% w/v NaCl solution.

3.2.11 Histopathological studies of the in situ gels

Histopathology was carried out to determine the irritation potential of the formulation on the
structure and integrity of the corneal epithelium. Fresh goat eyeballs procured from a local
slaughterhouse centre were used in the study. The cornea was excised from the goat eyeball by
making an incision of 2 mm while keeping the scleral ring intact. The cornea was immediately
washed with NaCl solution (0.9% w/v) for 1 min. The cornea was then incubated with each of
the treatments separately for 6 h. The treatments used in the study were STF (pH 7.4 + 0.05)
(negative control), isopropyl alcohol (75% v/v) (positive control) and in situ gels (blank RXG-
k-CRG (F13), TAA loaded RXG-x-CRG (F15)). After the incubation period, the cornea was
washed with NaCl solution (0.9% w/v) and fixed immediately using tissue freezing media. The
frozen cornea was stored at -80 °C. Cross-sections (< 5um) were excised from the frozen
cornea using a cryotome (Leica Biosystems, CM1520 cryostat, Wetzlar, Germany) and
mounted on a glass slide. Ethyl alcohol (at a gradient of 30-50-70-90-100%) and xylene were
used to dehydrate the tissue. The dehydrated tissue was washed with NaCl solution (0.9% w/v)
and stained with hematoxylin and eosin. Excess hematoxylin and eosin were removed by
washing the tissue with NaCl solution (0.9% w/v) and observed for histological changes under
a digital microscope (ZEISS, Axiocam 705 colour, Oberkochen, Germany) at 10x
magnification [190].
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3.2.12 Ocular pharmacokinetic studies of the optimized TAA loaded in situ gel

An ocular pharmacokinetic study of the final optimized in situ gel (RXG-k-CRG-TAA (F15))
was performed in eight (»=8) male New Zealand rabbits (weight: 2-2.5 kg) with normal eyes
(with no signs of inflammation). Institutional Animal Ethics Committee had reviewed and
approved the study protocol prior to the study (Protocol No.: BITS-Hyd/TAEC/2020/10). The
study was conducted in our institute’s animal house facility, where the animals were
acclimatized (conditions: temperature of 22 + 1 °C; relative humidity of 55 + 10% and 12 h
light-dark cycle) for 1 week prior to the study.

In the study, a micropipette was used to instil 40 uL of TAA loaded RXG-x-CRG (F15) in
both the eyes (at the lower cul-de-sac) of all the rabbits. Immediately following the dosing, the
eyelids were closed for 10 s to maximize the contact between the cornea and the administered
formulation. One rabbit at 0.5, 1, 2, 4, 6, 8, 12 and 24 h post formulation instillation was
euthanized by carbon dioxide inhalation. In each euthanized rabbit, aqueous humour was
collected using an insulin needle (30-gauge, 3 mm diameter) by placing the needle behind the
limbus superotemporally and directing it towards the centre of the eye. The left and right
eyeballs were removed from the rabbit following the collection of aqueous humour. Dry ice
was used to immediately freeze the eyeballs. From the frozen eyeball, vitreous humour was

collected and stored at -20 °C.

The samples (vitreous and aqueous humour) obtained from ocular pharmacokinetics were
analyzed using a validated HPLC method (Section 2.3.3, Chapter 2). The time course data of
TAA in aqueous humour and vitreous humour was analyzed using non-compartmental
analysis. Pharmacokinetic parameters like Cmax (the maximum concentration of TAA produced
in the matrices), Tmax (the time to reach Cmax), MRT (0-1) (the mean residence time from t = 0 to
t = tiast) and MRT (0 (the mean residence time from t = 0 to t = o) were determined were

calculated. The AUC (o1 (area under the TAA time course curve from t = 0 to t = ti.s) values
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were determined using the trapezoidal method from the TAA time course profiles obtained in

the study.

In chapter 2 (Section 2.3.5), we determined that the TAA-HP-B-CD-Susp at 4 mg/30 pL dose
strength was effective in achieving therapeutic concentrations of TAA in the vitreous humour.
Therefore, in this chapter, we have compared the ocular pharmacokinetic performance of the
current optimized in situ gel (TAA loaded RXG-x-CRG (F15) with that of TAA-HP-B-CD-

Susp.

3.3 Results and discussion
3.3.1 Preparation of the in situ gels
3.3.1.1 Purification of TSX

The protein and fat impurities present in the TSX powder were removed to produce gels with
good elastic properties. Isopropyl alcohol was used to remove fat impurities. The protein
impurities were denatured and precipitated by the application of heat. The precipitated proteins
were separated by centrifugation. The resultant TSX powder showed a negative result when
subjected to the ninhydrin test for the presence of proteins. The pure TSX (which was free from
protein and fat impurities) was subjected to enzymatic modification.

3.3.1.2 Enzymatic modification of TSX

The enzyme B-galactosidase was used to treat TSX in order to make it thermoresponsive by
reducing the galactose residues present in TSX by at least 40%. Brun-Graeppi et al. have
reported that the reduction in galactoside residues in TSX by the galactosidase enzyme is
dependent on time. The enzymatic modification of TSX was conducted under specific
conditions for a period of 18 h, which reduced >40% of the galactose residues in the polymer
to produce RXG [174]. The RXG obtained from the enzyme modification was analyzed using
SEC to determine its molar mass. Further, RXG was also characterized using FT-IR
spectroscopy and "H-NMR spectroscopy. The data obtained was similar to the earlier published

reports.
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To check the consistency in the properties of RXG obtained by the enzymatic modification of
TSX, three independent lots of RXG were prepared from TSX. Rheological analysis (loss
tangent (fan o), complex viscosity (#%*)) for three samples of RXG from every lot was
performed to ensure consistency within and across the lots. For all samples, within and across
lots, the %RSD values of loss tangent (tan J) and complex viscosity (r*) were found to be
<5%.

3.3.1.3 Characterization of the RXG by FTIR, SEC and 'H-NMR
3.3.1.3.1 Fourier transform infrared spectroscopy (FT-IR) of RXG

Figure 3.1 shows the FT-IR spectrum of RXG. The hydroxyl (O-H) groups of the glucan
backbone are represented by a distinctive wide peak in the xyloglucan's IR spectra at 3439.08
cm’!. The peak for the C-H stretching vibration of the alkanes in the xyloglucan structure was
observed at 2927.94 cm™!. The peaks for the (C-O-C) stretching vibration of the cyclic ether
were observed at 1074.35 cm™ and 943.19 cm™'. These peaks observed for RXG in the FTIR

spectra are consistent with those reported by Madgulkar et al. and Kawasaki et al. [191,192].
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Figure 3.1 FTIR spectrum of RXG
3.3.1.3.2 Determination of the molar mass of RXG by Size-exclusion chromatography (SEC)
The SEC chromatograms of TSX and RXG are presented in Figure 3.2. In the chromatograms,

TSX had an elution volume of 7.72 mL, while RXG had a relatively higher elution volume of

8.26 mL. This clearly indicates that there is a reduction in the molar mass of RXG compared

76



to TSX, which is due to the reduction in the galactose residues in TSX. The molar mass of both
polymers was determined from the calibration curve constructed using the standard (Shodex
standard). The molar masses of RXG and TSX were found to be 3.9 x 10° g/mol and 6.3 x 10°
g/mol, respectively. The molecular mass values obtained for RXG in the current study were

consistent with the molar mass reported by Brun-Graeppi et al. [174].
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Figure 3.2 SEC chromatograms of RXG and TSX

3.3.1.3.3 Nuclear magnetic resonance (NMR) spectroscopy of RXG

Figure 3.3 displays the "H-NMR spectrum of the RXG. In the spectrum, signals for RXG were
observed in the range between 3 and 5.2, which is typical for polysaccharides. The data
obtained for RXG was coherent with that reported in the literature [193]. The signals observed
between 4.0 and 5.4 ppm are due to the anomeric hydrogens associated with polysaccharides,
as described by Jonsson et al. [194]. Although the anomeric a and § hydrogens can be seen in
this region, the signals from carbohydrate polymers in NMR spectra are localized in a narrow
region, especially for complex carbohydrates like xyloglucan. The signals observed in the
regions between 0.8 and 1.4 ppm are due to the methyl and methylene groups of residual
solvent impurities like ethanol and isopropyl alcohol used in the process to obtain RXG from
TSX. Similar signals were observed for RXG in work reported by Chawananorasest et al.
[195].
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Figure 3.3 '"H-NMR Spectrum of RXG

3.3.2 Optimization of RXG and k-CRG in the design of dual responsive in situ gels

The concentration of RXG was optimized by evaluating the thermoresponsive behaviour and
gelling properties of blank in situ gels prepared using different proportions of only RXG.
Formulations were screened to identify the proportion of RXG with a favourable sol-to-gel
transition temperature below 34 + 0.5 °C and a low solution state viscosity (free-flowing
nature) on storage below 25 + 0.5 °C for easy and accurate dispensation of the formulation.
Formulations containing RXG at 2%, 2.5% and 3% w/v were evaluated individually to
determine gelling temperature, time and capacity. The gelation time of the formulations
increased with the increased concentration of RXG (Table 3.1 F1 to F3) due to the higher
equilibration time required for higher concentrations of RXG at a given temperature. The gel
strength also increased with an increase in the concentration of RXG. The formulation
containing RXG at 3% w/v formed a stronger gel, while the formulation containing RXG at
2% w/v formed a weaker gel.

Similarly, the concentration of k-CRG was optimized by evaluating the gelling properties of
blank in situ gels containing different concentrations (0.25%, 0.5%, 0.75% and 1.0% w/v) of

only k-CRG. The gelling properties of the formulations were evaluated in the presence of STF
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maintained at 34 £ 0.5 °C (Table 3.1 F5 to F8). A formulation containing 1.0% w/v of k-CRG
formed a strong gel, while the formulation containing 0.75% w/v of k-CRG formed a weak gel.
Formulations containing 0.25% w/v and 0.5% w/v of k-CRG did not undergo sol-to-gel
transformation. Although the gel strength increased with an increase in the concentration of k-
CRG, the gelling time decreased. Based on the results obtained from the standalone in situ
gelling systems (blank RXG and blank k-CRG formulations), dual responsive in situ gelling
systems were prepared by combining RXG and k-CRG (Table 3.1 F9, F10). Formulations
prepared by combining the optimized concentrations of RXG (2% w/v) and k-CRG (1% and
0.75% w/v) from their standalone formulations formed highly viscous solutions in the solution
state (25 + 0.5 °C) itself and were difficult to dispense from the container. In the subsequent
studies, RXG (2% w/v) was combined with different concentrations of CRG (0.25% and 0.5%
w/v) (Table 3.1 F11, F12). However, the formulations containing CRG at 0.25% and 0.5% w/v
did not undergo a sol-to-gel transition in the presence of STF at 34 + 0.5 °C. The inclusion of
electrolytes such as potassium chloride (KCl) in the formulation was reported to improve the
sol-to-gel transition properties of CRG-based in situ gelling systems. KCl acts as an initiator
for the k-CRG to undergo gelation in the presence of STF. In situ gels containing RXG (2%
w/v), k-CRG (0.25% w/v) and KCIl (0.1% w/v) formed a free-flowing solution at room
temperature (25 + 0.5 °C), but in the presence of STF at 34 + 0.5 °C it formed a weak gel. The
formulation containing RXG (2% w/v), k-CRG (0.5% w/v) and KCl (0.1% w/v) was viscous
even at room temperature (25 £ 0.5 °C) and difficult to dispense. Finally, the formulation
containing RXG (2% w/v), k-CRG (0.3% w/v) and KCI (0.1% w/v) (Table 3.1; F13) exhibited
desirable flow properties in the solution state (25 + 0.5 °C) while undergoing rapid sol-to-gel

transition and forming a stronger gel in the presence of STF maintained at 34 + 0.5 °C.
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3.3.3 Physical appearance and pH of the in situ gels

The blank in situ gels of RXG (Table 3.1: F1 to F3) appeared to be translucent, while those of
the blank k-CRG in situ gels were transparent (Table 3.1: F5 to F8). TAA loaded RXG, TAA
loaded k-CRG and TAA loaded RXG-k-CRG in situ gels formed turbid suspensions due to the
insoluble TAA particles (Table 3.1: F4, F14, F15). All formulations at their optimized
concentrations were free-flowing liquids at room temperature (25 + 0.5 °C) and transformed
into gels in the presence of STF at 34 = 0.5 °C. The pH of all formulations was within the
acceptable range of lachrymal fluids (pH range of 6.5 to 7.6), as shown in Table 3.1 [185].

Table 3.1 Composition and physical properties of blank and TAA loaded in sifu gels

Formu RXG k-CRG KCl | Mannitol | BKB TAA - Gelling capacity Gelation Physical
. . . @
lation % wi) STF at STF at time (s) appearance
° 25°C | 35°C

F1 3 - - 52 0.01 - 6.8+0.2 - +++ 117+4 Translucent
F2 2.5 - - 52 0.01 - 6.8+0.2 - ++ 143+2.5 Translucent

F3 2 - - 52 0.01 - 6.8+0.2 - + 157+ 1.9 Slight
Translucent

F4 2 - ; 52 001 | 190 16802 - ++ 150 +3.0 Turbid
mg/mL Suspension
F5 - 1 - 5.2 0.01 - 6.5+0.2 +++ +++ 48 +£2.1 Transparent
F6 - 0.75 - 52 0.01 - 6.5+0.2 + + 57+5 Transparent
F7 - 0.5 - 52 0.01 - 6.5+0.2 - - - Transparent
F8 - 0.25 - 52 0.01 - 6.5+0.2 - - - Transparent

F9 2 1 ; 52 0.01 ; 6.6+02 | ++ S 27423 Slight
Translucent

F10 2 0.75 - 52 0.01 - 6.6+0.2 + -+ 35433 Slight
Translucent

Slight

F11 2 0.5 0.1 52 0.01 - 6.6+0.2 +++ e 29+3.8

Translucent

F12 2 0.25 0.1 52 0.01 - 6.6+02 + + M+17 Slight
Translucent

F13 2 03 0.1 52 0.01 - 6.6+0.2 + -t 28+3.1 Slight
Translucent

F14 - 03 0.1 52 0.01 100 1 65202 -+ + 32+15 Turbid
mg/mL Suspension

FI5 2 0.3 0.1 52 001 | 100 66200 |t | 4t | 27825 Turbid
mg/mL Suspension

*pH, Gelation time values are presented as mean + SD (n=3).

Gelling capacity: (-) No gelation; +, weak gels, dissolved rapidly after a few min; ++,
immediate gelation, remains for a few h; +++, immediate gelation, remains for a longer period
up to 10 h; + + + +, Immediate gelation, remains for an extended period for more than 12 h.
@Gelation time in the presence of simulated tear fluid (STF) at 34 + 0.5 °C
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3.3.4 Determination of sol-to-gel transition of the in situ gels using a rheometer

The results obtained from the rheological evaluation of formulations (blank RXG-k-CRG (F13)
and TAA loaded RXG-k-CRG (F15)) are shown in Figure 3.4a and Figure 3.4b. Figure 3.4a
depicts the loss tangent vs temperature behaviour of the formulations, while Figure 3.4b shows
the complex viscosity (*) properties of the formulations as a function of time. The shift in loss
tangent (tan 0) values for the optimized blank RXG-k-CRG (F13) in the temperature range of
34-37 °C shows a clear sol-to-gel transition; additionally, at 25 °C, the tan ¢ value was greater
than one, indicating the ease of dispensing the formulation as an eye drop. The fan 0 value in
the presence of STF was less than one from the beginning (starting from 25 °C), indicating gel
formation. This suggests the ion sensitivity of the k-CRG, which was not seen when the same
system was exposed to deionized water due to the absence of ions. Further, a gradual shift in
the loss tangent and complex viscosity values with an increase in temperature to 34 + 0.5 °C
indicates the thermoresponsive nature of the RXG. The optimized TAA loaded RXG-k-CRG
(F15) showed a relatively higher loss tangent and complex viscosity value in the presence of
STF, which was contributed by the loaded drug (TAA). These results were in agreement with

rheological studies conducted by Brun-Graeppi et al. [174].

a 100000 - b
10
.2
7
¢
=%
10000 - ‘/KA
Q \ N | e—e—e—e oo Tl | kX
s o L -
g 1 \ z /"-—‘-—‘/k ,X’x ,.’"
- L B Koy 2 _ _ __x_*_x_—X__.__-l’
& *-‘“\i—-ﬁ-—‘—‘_* Sx|w-g ¥ 2 1000 &= “a-a-a-a-u
2 e MY R g x xRy
» o _— s G
“".\. &)
e
0.1 w—-r——- -
25 26 27 28 29 30 31 32 33 34 35 36 37 38 25 26 27 28 29 30 31 32 33 34 35 36 37 38
Temperature (°C) Temperature (°C)
——A --u---B —x-C
EERTTD e D --%-=-E — 00— F

Figure 3.4 Semi logarithmic plots of loss tangent (tan J) and complex viscosity (7*) of
optimized blank RXG-k-CRG (F13) and TAA loaded RXG-«x-CRG (F15) in situ gels as a
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function of temperature in the presence of STF and deionized (DI) water.

Note: A- blank RXG-k-CRG (F13) in the presence of DI water; B- blank RXG-x-CRG (F13);
C- blank RXG-k-CRG (F13) in the presence of STF; D- TAA loaded RXG-x-CRG (F15) in
the presence of DI water; E- TAA loaded RXG-k-CRG (F15); F- TAA loaded RXG-k-CRG
(F15) in the presence of STF.

3.3.5 Measurement of contact angle of the in situ gels

The contact angle of the in situ gels was measured to determine the spreadability and wettability
of the applied area. As reported by Ruppenthal et al., a lower contact angle indicates the ease
of application and spreadability of in situ gel on the ocular surface [184]. A comparison of the
contact angle values of the formulations is shown in Figure 3.5. The contact angle of blank
RXG-k-CRG (F13: 6 = 45.2°) was found to be lower than that of blank RXG (F3: 6 = 56.2°)
as well as blank k-CRG (F5: 6 =49.6°) in situ gels. TAA loaded RXG-k-CRG (F15: 6 =42.8°)
had a relatively lesser contact angle compared to blank RXG-k-CRG (F13: 8 =45.2°). Loading
the drug in the in situ gel decreased the contact angle. This may be ascribed to the increased
viscosity of RXG-k-CRG (F15) in situ gel due to the presence of TAA particles in a suspended

state in the formulation.
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Figure 3.5 Contact angle measurements of blank and TAA loaded in situ gels (Data is
presented as mean + SD of determinations, n=3).
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3.3.6 Determination of mucoadhesive strength of the in situ gels by rheological synergism
By using a frequency sweep, the linear viscoelastic region of the polymeric system was
identified. It was observed that all polymeric systems have zero or no effect at frequencies
below 1.5 Hz. Further, keeping the frequency constant at 1.5 Hz, the amplitude was determined.
An amplitude of 0.5% was found to be ideal for all formulations. The rheological studies of all
the in situ gels were performed at 1.5 Hz frequency and 0.5% amplitude while keeping the
temperature constant at 34 + 0.5 °C.

The storage modulus value of mucin (G,, = 1.9) was discovered to be the lowest due to the
absence of an interacting polymeric system. The gelling system (G = 12.4) showed a higher
storage modulus compared to the mucin due to the viscosity of the polymeric system. The
mixture of mucin and polymeric gelling system (Gp.,,, = 62.2) showed significantly higher
storage modulus due to the interaction between the mucin and the polymeric network of the
gel. These findings are comparable to the research work published by Destruel ez al. [185]. The
storage modulus values (G,,, G and Gr.,,,) were used to determine the interaction between the
mucin and polymeric gelling system (AG") using Equation (3.1), mentioned in section 3.2.7.
The results obtained are shown in Figure 3.6 Higher AG' (47.9) values indicate a strong

interaction between the mucin and the optimized TAA loaded RXG-k-CRG (F15) in situ gel.
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Figure 3.6 Elastic Modulus and rheological synergism for in situ gel formulation; G,,
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corresponds to mucin, Ggcorresponds to TAA loaded RXG- x-CRG (F15) in situ gel
formulation, Gg,, corresponds to TAA loaded RXG- k-CRG (F15) in situ gel plus Mucin, AG’
corresponds to the interaction between the mucin and polymeric gelling system.

3.3.7 In vitro drug release studies of TAA loaded in situ gels

The drug release studies were performed in STF (pH 7.4 £ 0.05) containing Tween 80 (0.5%
w/v). The solubility of TAA in STF was 13.7 pg/mL. Therefore, to maintain the sink condition,
300 mL of STF containing 0.5% w/v Tween 80 was used in the study. The solubility of TAA
in STF containing 0.5% w/v Tween 80 was 48 ug/mL. The mean cumulative percentage of
drug released vs time plots were constructed from the in vitro dissolution data (Figure 3.7).
Plain TAA was dissolved completely within 15 min. However, the drug release was slow and
sustained from each of the RXG-TAA (F4), k-CRG-TAA (F14) and RXG-k-CRG-TAA (F15)
in situ gels. The TAA loaded RXG-x-CRG (F15) gel showed the slowest release among all the
in situ gels, with 95% drug release over a period of 24 h. TAA loaded RXG (F4) and TAA
loaded k-CRG (F14) in situ gels showed 90% drug release within 8 h and 12 h, respectively.
K-CRG sustained the drug release more compared to RXG polymer. The dual-responsive in
situ gel, containing the combination of RXG and k-CRG, slowed and prolonged the drug
release compared to the in sifu gels containing individual polymers. The formation of a strong
polymeric network between RXG and k-CRG in response to the ions present in the dissolution
media and the temperature of the media resulted in increased viscosity, which slowed the drug
diffusion through the gel matrix. These findings were consistent with the loss tangent (tan J)
and complex viscosity (4 *) values obtained for the TAA loaded RXG-«-CRG (F15) in situ gel,
which exhibited a significant increase in complex viscosity (1 *) and loss tangent (tan J) value
of <1 when exposed to STF in 34 to 37 °C temperature range. Similar observations were
reported by Dalvi et al., where they found a good agreement between the rheological and the

in vitro drug release properties of the in situ gels [173].
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The summary of the results obtained by fitting the dissolution data into various kinetic models
is presented in Table 3.2. The 'n' value (the release exponent) of TAA loaded RXG-k-CRG
(F15) from the Korsmeyer-Peppas model was 0.996. The regression coefficient (R?) for the
model was 0.995. Case Il mechanism of drug release was observed from TAA loaded RXG-«k-
CRG (F15) in situ gel as the value of 'n' was found to be between 0.89 and 1. Case II release
mechanism indicates that, after the sol-to-gel transition of the in sifu gel, the drug release was
primarily controlled by polymer relaxation (polymer erosion) compared to drug diffusion
through the polymer gel network. The kinetics of drug release followed a near zero order as
the value of 'n' was closer to 1. The 'n' values for TAA loaded RXG (F4) and TAA loaded -
CRG (F14) were 0.46 and 0.72, respectively. The drug release from TAA loaded RXG (F4)
followed Fickian diffusion, while that of TAA loaded x-CRG (F14) followed the non-Fickian

or anomalous release.
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Figure 3.7: In vitro release profiles of plain TAA and optimized TAA loaded in situ gels (TAA
loaded RXG, TAA loaded k-CRG and TAA loaded RXG- k-CRG in situ gels). Each data point
is the mean cumulative% TAA released £ SD of n = 3 independent formulations
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Table 3.2: In vitro drug release kinetics data of TAA loaded in situ gels

Kinetic Parameters
Formulation Zero Order (R?) | First Order (R?) K";Smeyer'l(’;'j;’ as
TAA loaded RXG (F4) 0.967 0.930 046 | 0.985
TAA loaded k-CRG (F14) 0.963 0.869 0.72 | 0981
TAA loaded RXG-k-CRG (F15) 0.971 0.933 .00 | 0.995

3 b

‘R%’is the regression coefficient; ‘n’ is the release exponent indicative of the release
mechanism in the Korsmeyer-Peppas model.

3.3.8 Ex vivo ocular toxicity studies of the in situ gels by the HET-CAM method

A sensitive, quick and inexpensive substitute for the Draize eye test is the ocular irritation test
using the HET-CAM method. This method provides evaluation parameters representing the
inflammatory process that are similar to the inflammatory changes in the conjunctival tissues
of the rabbit eye. Figure 3.8 presents a comparison of the images obtained from the HET-CAM
test of the treatments used in the study. The positive control (treated with 0.1 N NaOH)
significantly damaged the CAM after 0.5 min, causing rosette-like coagulation. In addition,
blood arteries in CAM were also found to undergo lysis when exposed to positive control. The
negative control (treated with 0.9% w/v NaCl), blank RXG-k-CRG (F13) and TAA loaded
RXG-k-CRG (F15) in situ gels did not show any distinct change in the CAM (neither
haemorrhage nor coagulation). The positive control received an IS value of 20, while the
negative control, blank RXG-x-CRG (F13) and TAA loaded RXG-«x-CRG (F15) in situ gels
received an IS value of 0. Based on the IS scores and the visual changes observed in CAM, it

can be inferred that the optimized in situ gels (blank RXG-k-CRG (F13) and TAA loaded RXG-

k-CRG (F15)) were non-irritant and well tolerated by the eye.

A

Figure 3.8: Comparative visual differences in the membrane obtained from ex vivo ocular
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irritation study by HET-CAM test of (A) positive control (0.1 M NaOH); (B) negative control
(0.9% w/v NaCl); (C) blank RXG-k-CRG in situ gel (F13); and (D) TAA loaded RXG-x-CRG
in situ gel (F15).

3.3.9 Hemolysis study of the in situ gels

The RBCs treated with the optimized in situ gel formulations (blank RXG-x-CRG (F13) and
TAA loaded RXG-x-CRG (F15)) were checked for their shape and size (at 40x magnification).
The morphology of the RBCs was found to be intact when treated with negative control (0.9%
w/v NaCl solution), blank (F13) and TAA loaded (F15) in situ gels. However, the RBCs
incubated with Triton X-100 were completely lysed, as shown in Figure 3.9. Further, the
hemolysis (%) values of the RBCs incubated with blank (F13) and TAA loaded (F15) in situ
gel formulations were found to be 1.18% and 1.72%, respectively. These results suggest that
optimized in situ gelling formulations are isotonic and biocompatible with no/minimal

detectable disruption of RBCs.

Figure 3.9: Results obtained from hemolysis studies of RBCs treated with (A) Positive control
(Triton X-100); (B) Negative control (0.9% NaCl); (C) blank RXG-«x-CRG in situ gel (F13);
(D) TAA loaded RXG-«-CRG in situ gel (F15).
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3.3.10 Histopathological studies of the in situ gels

The microscopic examinations of the corneal structure incubated with STF (negative control)
showed intact epithelium and stroma without any sign of tissue damage. There was a visible
distortion of the epithelial cell layer with widened intercellular spaces in the presence of 75%
v/v isopropyl alcohol (positive control). The cornea incubated with the optimized in situ gels
(blank RXG-x-CRG (F13) and TAA loaded RXG-k-CRG (F15)) exhibited no discernible
difference from the STF-treated cornea (Figure 3.10). We can infer that the optimized
formulations are safe and do not alter the membrane structure and cellular arrangement of the

cornea.

Figure 3.10: Photomicrographic representations of corneal histopathology evaluation. (A)
negative control (STF); (B) Positive control (75% IPA); (C) blank RXG-k-CRG in situ gel
solution (F13); (D) TAA loaded RXG-x-CRG in situ gel suspension (F15).

3.3.11 Ocular pharmacokinetic studies of the optimized TAA loaded in situ gel

The comparative mean concentration-time profiles of TAA in the vitreous and aqueous humour
of TAA loaded RXG-k-CRG (F15) and TAA-HP-B-CD-Susp are shown in Figure 3.11.
Phoenix WinNonlin software (version 8.3.3.33, Pharsight Corporation, NC, USA) was used to
perform non-compartmental analysis on the time course data of TAA in both the matrices to

compute parameters like Cmax, Tmax, AUCo+ and MRTo-. In a given matrix, pooled
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concentration data from both eyes (n = 2) of a single animal killed at each sampling time point
was used to compute the pharmacokinetic parameters.

The vitreous humour is the most important site for the localization of the drug in the treatment
of PU. Any formulation that can produce higher concentrations in the vitreous humour and
sustain them for a longer duration would be ideal for treating conditions like PU. Figure 3.11b
shows that the concentrations of TAA in the vitreous humour for TAA loaded RXG-k-CRG in
situ gel compared to TAA-HP-B-CD-Susp were significantly higher (1.64 ties) (Cmax of TAA
loaded RXG-x-CRG (434.7 ng/mL) > TAA-HP-B-CD-Susp (264.9 ng/mL)) and sustained
(MRTo- of TAA loaded RXG-k-CRG (16.1 h) > TAA-HP-B-CD-Susp (3.1 h)) for a longer
duration. In addition, the total vitreous humour exposure of TAA, expressed in AUCo, for
TAA loaded RXG-k-CRG (3271.1 ngxh/mL) was much higher (4.04 times) than that of TAA-
HP-B-CD-Susp (810.4 ngxh/mL) as shown in Table 3.3. We can infer that TAA loaded RXG-

K-CRG in situ gel has better therapeutic potential as compared to TAA-HP-B-CD-Susp.
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Figure 3.11: Mean concentration-time profiles obtained following ocular administration of
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optimized TAA loaded RXG-k-CRG (F15) in situ gel and an aqueous suspension of TAA-HP-
B-CD-Susp in male New Zealand white rabbits, a: in aqueous humour (AH) and, b: in the
vitreous humour (VH). Each data point represents the mean of two independent determinations
(n=2).

Note: The concentration of TAA in AH and VH was found to be below the quantitation limit
in the samples collected after 6 h in the case of TAA-HP-B-CD-Susp, while TAA loaded RXG-
k-CRG (F15) could produce measurable concentrations of TAA till 12 hin VT and till 24 h in
AH.

Table 3.3: Pharmacokinetic parameters of TAA in the vitreous humour and aqueous humour
following ocular administration of optimized TAA loaded RXG-x-CRG (F15) in situ gel in
male New Zealand white rabbits.

Bi ) Treatments
lological PK Units  TAA-HP-B-CD- TAA loaded RXG-k-CRG
matrix parameters

Susp (F15)
Cinax ng/mL 264.9 434.7
Vitreous Trmax h 2.0 4.0
humour AUCo ngxh/mL 810.4 3271.1
MRTo h 3.1 16.1
Cinax ng/mL 1775.4 1105.0
Aqueous Tnax h 1.0 4.0
humour AUCo ngxh/mL 6697.3 6476.9
MRTo h 3.0 9.5

*Data of TAA-HP-B-CD-Susp is reproduced from Table 2.4, Chapter 2.
Note: Composite sampling from both the eyes of an animal killed at each time point was done
to determine the values of Cmax, AUCo—¢ and MRTo_c.

A comparative time course profile of TAA in aqueous humour for TAA loaded RXG-k-CRG
in situ gel and TAA-HP-B-CD-Susp is presented in Figure 3.11a. The concentrations of TAA
in aqueous humour were less for TAA loaded RXG-k-CRG (Cax of 1105.0 ng/mL) compared
to TAA-HP-B-CD-Susp (Ciax of 1775.4 ng/mL). This could be due to the slow release of TAA
from the gel matrix formed by RXG-k-CRG, resulting in lower permeation rates of TAA
through the cornea into the aqueous humour. In the case of TAA-HP-B-CD-Susp, the suspended
particles of TAA undergo dissolution in the lachrymal fluids at the precorneal area and
permeate rapidly through the cornea into the aqueous humour, resulting in higher Cmax values
(Table 3.3). Aqueous humour concentrations of TAA were sustained for more time in the case

of TAA loaded RXG-k-CRG (MRTo— of 9.5 h) compared to TAA-HP-B-CD-Susp (MRTo
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of 3.0 h). TAA-HP-B-CD-Susp, being a conventional formulation, was readily cleared from the
precorneal area due to the tear turnover, tear fluid dilution and nasolacrimal drainage. TAA
loaded RXG-x-CRG in situ gel formed a viscous gel layer which increased the residence time
of the formulation in the precorneal area and also reduced the effects of dilution by tear fluids
and nasolacrimal drainage. Further, the gel formed an intimate contact with the corneal
epithelium for the drug to diffuse across the cornea. The overall aqueous humour exposure
(AUCo-) was similar for both formulations.

Overall, TAA loaded RXG-x-CRG (F15) in situ gel improved the availability of TAA in the
vitreous humour and also sustained the concentration of TAA for longer duration compared to
TAA-HP-B-CD-Susp. This can help in reducing the dosing frequency and dose of the TAA in
the treatment of PU.

3.4 Conclusion

In this chapter, TAA loaded dual responsive in situ gel, using a combination of
thermoresponsive polymer (RXG) and ion-sensitive polymer (k-CRG), was successfully
designed and optimized based on the thorough rheological evaluation. The formulation had
sufficient solution state viscosity at room temperature for easy and accurate administration in
the form of drops. The formulation could undergo a quick sol-to-gel transition in the presence
of simulated tear fluid at 34 + 0.5 °C. The optimized dual-responsive in situ gel was found to
be safe and well tolerated by the corneal membrane. The formulation had strong mucoadhesive
characteristics and good spreadability on the surface of the cornea. The optimized TAA loaded
dual responsive in situ gel improved the overall exposure of TAA in the vitreous humour and
prolonged the concentration of TAA for extended period compared to TAA-HP--CD-Susp.
This study shows that TAA can be administered even in the precorneal area for the treatment

of PU instead of administering it through the intravitreal route.
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DESIGN, OPTIMIZATION, IN VITRO AND IN
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ACETONIDE NANOCRYSTALS LOADED
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DELIVERY

92



4.1 Introduction

One of the most challenging yet exciting research areas in the field of pharmaceutical drug
development is the ocular drug delivery [94,196]. Despite being a readily accessible organ, the
eye has effective static, dynamic and efflux pump barriers that limit the delivery of drugs to
achieve therapeutic concentrations at the targeted intraocular tissues. These barriers include
corneal layers, sclera, retina, blood aqueous barrier, blood retinal barrier, tear dilution,
conjunctival blood flow, choroidal blood flow and lymphatic clearance [4,197]. The
conventional dosage forms and traditional modes of administration are found to be ineffective
in delivering drugs to the posterior segment of the eye [198]. Though topical administration
(by instilling the drug product as eye drops in the pre-corneal area) is the most convenient way
of delivering the drugs, the availability of drugs at the posterior portion of the eye is very low
[8,199].

Researchers have been working on designing novel formulations for improving the delivery of
drugs to the posterior segment of the eye. Currently, nanotechnology-based drug delivery
technologies, such as nanocrystal suspension, solid-lipid nanoparticles, nanostructured lipid
carriers, liposomes, polymeric nanoparticles, dendrimers and niosomes, are being explored by
researchers to improve the intraocular availability of the drugs and also to minimise systemic
side effects and reduce the frequency of dosing of the drugs [186,200,201]. Nanocrystal
formulations are very effective in addressing the issues related to solubility and dissolution rate
of drugs that are insoluble or weakly soluble [202,203]. The increase in solubility and
dissolution rate of the drug in nanocrystal form is due to the increase in the number of
molecules at the surface of the nanocrystal particle [204]. In addition, the sub-micron particle
size (1001000 nm) of nanocrystals, enables efficient drug transport into or across cells,
improving ocular drug absorption and extending the potency and duration of the therapeutic

action [205]. Typically, nanocrystals are composed of a drug plus stabilizers (polymers or
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surfactants) [206]. Therefore, compared to other nano-formulations, nanocrystal formulations
have the benefit of carrying higher drug load [202]. Two methods, top-down and bottom-up,
can be used to generate nanocrystal formulations of a drug. Top-down techniques make use of
high-energy procedures like pearl milling and high-pressure homogenization that reduce pure
drug particles into smaller-sized particles [207]. The bottom-up strategy (microprecipitation)
involves drug precipitation, in the forms of nanocrystals, after being dissolved in a non-solvent

(solvent-antisolvent) under controlled crystallization conditions [208,209].

Upveitis is an inflammatory disease. It refers to a wide range of disorders defined by intraocular
inflammation, including the uvea and other ocular structures (retina, orbit, sclera)
[154,155,210]. Uveitis frequently has an autoimmune cause and responds well to
corticosteroids and immune-suppressants as a therapy [155,211]. Typically, corticosteroids are
employed to treat PU [135]. The long-acting synthetic glucocorticoid, TAA 1is the drug of
choice for treating ocular inflammations and is highly recommended for the treatment of PU

due to its anti-inflammatory and immunosuppressive activity [109,155,211].

To address the shortcomings of aqueous suspension of TAA with 20% HP-B-CD (TAA-HP-B-
CD-Susp), in the current chapter, we developed and assessed the efficacy of TAA nanocrystals
(TAA-NCs) for ocular delivery. TAA-NCs was prepared using a bottom-up strategy (solvent-
antisolvent precipitation method) and optimized the characteristics of TAA-NCs by employing
the principles of design of experiments (DoE). In addition, TAA-NCs were loaded in the
optimized dual responsive blank in situ gel (ISG) (discussed in Section 3.3.2, Chapter 3) to
extend the residence time of the TAA-NCs and/or drug on the ocular surface following topical
application of the formulation. The ocular pharmacokinetics of the optimized TAA-NCs and
TAA-NCs loaded dual responsive in situ gel (TAA-NC-ISG) were compared with TAA-HP-

B-CD-Susp in male New Zealand rabbits.
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4.2 Materials and methods
4.2.1 Materials

Free samples of TAA and piribedil (used as an internal standard in the bioanalytical technique)
were obtained from Dr. Reddy's Laboratories, Hyderabad, India and Strides Pharma Science
Limited, Bangalore, India, respectively. D-a-Tocopherol polyethylene glycol 1000 succinate
(TPGS), Poloxamer 407, sodium deoxycholate and polyvinyl alcohol (PVA, average molecular
weight: 1,60,000 Daltons) were bought from Sigma-Aldrich Private Limited, Mumbai, India.
Polyvinylpyrrolidone (PVP K30, average molecular weight: 40,000 Daltons) was procured
from TCI chemicals, Chennai, India. Hydroxy propyl methyl cellulose (HPMC E5 LV,
apparent viscosity of 2% w/v in water is 4-6 cps) was purchased from Molychem, Mumbai,
India. Soluplus ((polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft
copolymer (PCL-PVAc-PEG)) was received as a gift sample from BASF (Mannheim,
Germany). Methanol, acetonitrile, glacial acetic acid, ammonium acetate and disodium EDTA
were bought from Harihara Scientific Pvt. Ltd. in Hyderabad, India. The buffer salts, which
included potassium chloride (KCl), magnesium chloride (MgCly), calcium chloride (CaCl),
mannitol and others, were supplied by SD Fine Private Limited, Mumbai, India. The Milli-Q
water purification system (Millipore®, MA, USA) provided high-quality filtered water that was
used in the HPLC analysis. New Zealand white male rabbits weighing 2 to 2.5 kg were supplied
VAB Biosciences Limited, Hyderabad, India.

4.2.2 Preliminary trials for preparation of TAA-NCs

Nanoprecipitation technique, involving solvent-antisolvent method, was used to prepare TAA-
NCs. The effect of various stabilizers (PVA, PVP K30, TPGS, Poloxamer 407, sodium
deoxycholate, HPMC ES5 LV and soluplus) and manufacturing process parameters
(ultrasonication amplitude, ultrasonication time, homogenization speed, homogenization time

and stirring time used in magnetic stirrer) on the physico-chemical characteristics like particle
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size (PS), polydispersity index (PDI), zeta potential (ZP) and percent yield (yield (%)) of TAA-
NCs were evaluated in the preliminary trials.

4.2.2.1 Formulation of TAA-NCs

Briefly, 40 mg of TAA along with sodium deoxycholate were dissolved in ethanol. Aqueous
solution of soluplus was prepared in a separate beaker. Ethanolic solution containing TAA and
sodium deoxycholate was added dropwise into the soluplus solution using a syringe under
ultrasonication (Vibra cell, Sonics, Connecticut, USA) to produce a nanosuspension. The
nanosuspension was further subjected to high-speed homogenization (Polytron PT 3100D,
Kinemetica, Lucerne, Switzerland) to achieve smaller and uniform PS (Figure 4.1). The entire
manufacturing process was done under controlled temperature condition by maintaining the
temperature at 12 °C. The final nanosuspension was transferred to 50 mL centrifuge tubes
followed by centrifugation for 45 min at 12,000 rpm at 10 °C to generate a pellet. The pellet
was redispersed in MilliQ water containing mannitol (aqueous solution of mannitol at 3% w/v
concentration, used as cryoprotectant) and freeze-dried. The freeze-dried TAA-NCs were
stored at 2-8 °C. The freeze-dried TAA-NCs were dispersed in deionized water to form aqueous
suspension of TAA-NCs (TAA-NC-Susp) which was used in various physical characterization,

in vitro and in vivo studies.

Organic phase (TAA+
Na. Deoxycholate in ethanol)

Under ultrasonication, organic
phase was added dropwise into

The resultant nanosuspension
was further subjected to

Aqueous phase the aqueous phase homogenization
(Aqueous solution of soluplus)

Figure 4.1 Schematic representation showing the step-wise procedure for the preparation of
TAA-NCs.
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4.2.3 Screening and optimization design for the preparation of TAA-NCs

A hybrid design approach, involving a screening design followed by an optimization design,
was used in preparation of optimized TAA-NCs. Design Expert software (version 13, Stat-Ease
Inc., Minneapolis, USA) was used in the screening and optimization studies.

4.2.3.1 Screening of factors by fractional factorial design

A two-level fractional factorial design with resolution IV involving three centre point runs
(2872 design with a total of 19 runs) was used to screen and identify the critical factors. A total
of 6 factors (that includes material attributes and manufacturing process parameters) affecting
the critical physico-chemical characteristics of TAA-NCs were identified based on the
preliminary trials. The independent factors, along with the levels for each factor, taken up for
the screening design are listed in Table 4.1.

The following physico-chemical characteristics of TAA-NCs were taken as critical responses
for the screening design: yield (%), PS, ZP and PDI. The PS and PDI of nanocrystals can
influence not only the dissolution rate but also the uptake of nanocrystals by the ocular
epithelial membranes. The ZP of nanocrystals can affect the physical stability as well as uptake
process. The yield (%) of TAA-NCs determines the total amount of the formulation to be
administered at one dosing point.

Regression analysis was performed independently for each of the critical responses as a
function of the dependent factors, and based on the results obtained, only the statistically
significant factors were considered to be critical and taken up for further optimization using
response surface methodology (RSM). Further, in the optimization design, only those critical
responses which showed a variation in their values across the 16 non-centre experimental runs

in the screening design were chosen for the regression analysis.
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Table 4.1 Factors with their levels in the screening design for the formulation of TAA-NCs.

Factor Code Actual factors 1 Le(\)fels 1
Xi Homogenization time (min) 5 10 15
X> Ultrasonication amplitude (%) 25 35 45
X3 Soluplus concentration (% w/v) 0.8 1.4 2
X4 Homogenization speed (rpm) 8000 12000 16000
Xs Ultrasonication time (min) 5 10 15
Xe Amount of sodium deoxycholate (mg) 15 30 45

4.2.3.2 Optimization by circumscribed central composite design

Three critical factors, namely soluplus concentration (% w/v), homogenization time (min) and
ultrasonication amplitude (%), had a statistically significant effect on the critical responses of
TAA-NCs based on the results obtained from the screening design. Out of the four critical
responses, PS and yield (%) were found to vary significantly over the 16 non-centre
experimental runs in the screening design. Therefore, only PS and yield (%) were taken as the
final critical responses in the optimization design. To determine the mathematical relation
between the three critical factors and the critical responses and to optimize the preparation of
TAA-NCs, a circumscribed rotatable central composite design (cCCD) was employed. A
second-order polynomial equation was constructed using cCCD involving 20 experimental
runs with 6 centre points runs, separately, for PS and yield (%). In the cCCD, each factor was
evaluated at 5 levels (-1.682, -1, 0, +1, +1.682; levels given in the transformed scale/coded
scale). Analysis of variance (ANOVA), R? adjusted, R? predicted, predicted residual sum of
squares (PRESS) of the regression models as well as other statistical parameters were used to
identify the best-fit model (i.e., linear, 2-FI or quadratic) for each response. Response surface
methodology (RSM) graphs or 3-D graphs were plotted to understand the effect of any two
critical factors on a given critical response. The quadratic or the second-order polynomial

equation generated by the cCCD is as follows:
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Equation 4.1
Y = Bo + B1X1 + B2Xz + B3X3 + B12X1 Xz + B13X1X3 + B2aX2X3 + B11X5 + B22 X5 + B3z X5

Where, ‘Y’ is the dependent variable, ‘Bo’ is the arithmetic mean response of the 20
experimental runs and ‘Bi's’ and ‘ii's’ (i = 1-3) are the coefficients of individual linear and
quadratic effects of the variables, respectively, and ‘Bij's’ (i,j = 1-3; i <) are the coefficients

of the effect of interaction between the i  and j™ variable.

4.2.3.3 Desirability value and validation of the model

The objective of implementing DoE in this work was to design TAA-NCs with desirable
critical physico-chemical properties. Since two physico-chemical properties (PS and yield (%))
were found to be critical, a simultaneous optimization technique using desirability function,
was adapted to determine the optimum levels of the critical factors to prepare TAA-NCs with
desired PS as well as yield (%). Out of the various solutions given by the DoE software, the
solution (with specific values of the critical factors, X, X2 and X3) with the highest desirability
value was chosen as the optimized conditions for the preparation of TAA-NCs. To validate the
optimized conditions obtained from the desirability function, six independent replicate
formulations of the TAA-NCs were prepared based on the optimized conditions and
characterized for their PS and yield (%). The predicted values for PS and yield (%) were
determined from their corresponding regression models by fixing the levels of the critical
factors as per the solution provided by the desirability function. The observed PS and yield (%)
of the six independent replicate formulations were statistically compared to the predicted
values using Wilcoxon signed rank test at 5% level of significance. No statistical difference
between the observed and predicted values indicates the validity of the regression models for

PS and yield (%) in predicting the critical responses of the TAA-NCs.
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4.2.4 Physical Characterization of TAA-NCs
4.2.4.1 Measurement of PS, PDI and ZP of TAA-NCs

The physical properties like PS, PDI and ZP of TAA-NCs were assessed based on the principle
of dynamic light scattering using Zetasizer Nano ZS (Malvern Instruments, Worcestershire,
UK). All measurements were made using laser of 633 nm at a fixed scatter angle of 173°
(backscatter). Prior to analysis, the freshly prepared samples of TAA-NCs (nanoprecipitation)
method were diluted 10 times with MilliQ water and equilibrated for 2 min at 25 °C. The results
of three independent (n=3) measurements were used to calculate the mean PS, PDI and ZP
values.

In case of the lyophilized TAA-NCs and TAA-NC-ISG, the formulations (10 mg) were first
dispersed in MilliQ water (2 mL) and then further diluted 10 times with MilliQ water. The
diluted samples were allowed to be equilibrate for 2 min at 25 °C before the analysis. The mean
PS, PDI and ZP values were calculated from three independent (n=3) measurements.

4.2.4.2 Determination of yield (%) of TAA-NCs

A direct method was employed to determine the yield (%) of TAA-NCs. The TAA-NCs
suspension (either freshly prepared TAA-NCs suspension or freeze dried TAA-NCs
reconstituted in MillQ water) was centrifuged at 12,000 rpm for 30 min at 10 °C to create a
pellet, which was then vacuum dried using a vacuum concentrator (SCANVAC Scan Speed
32, Labogne ApS, Lynge, Denmark). The dry pellet was dissolved in NMP and analyzed using
a validated HPLC method (Section 2.3.1, Chapter 2). The yield (%) was estimated using the

equation (Eq. 4.2) given below.

Equation 4.2 Yield (%) = —Itinkeller_ 10

Wrotal TAA added

Where, Wrotal 144 addea TEpTEsents the total amount of TAA added in the preparation of TAA-
NCs and W74 in Peiie: represents the total quantity of TAA present in the pellet formed following

centrifugation of the TAA-NCs suspension.
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4.2.4.3 Scanning electron microscopy (SEM) imaging of TAA-NCs

The optimized TAA-NCs surface morphology was investigated using a SEM (FE-SEM, FEI,
Apreo LoVac, TermoFisher Scientific, MA, USA). For analyzing the sample, 40 uL of the
optimized TAA-NCs dispersion was deposited on an aluminium stub and vacuum-dried
overnight. The dried sample was sputter-coated with gold under vacuum using a sputter coater
(Leica EM ACE200, Wetzlar, Germany) in an inert (argon gas) environment. The SEM images
were recorded by scanning the gold coated samples at 5 kV acceleration voltage.

4.2.4.4 Differential scanning calorimetry (DSC) of TAA-NCs

Thermal analysis was performed using DSC-60 (TA-60 WS, Shimadzu, Kyoto, Japan) for pure
TAA, lyophilized TAA-NCs and powder mixture of TAA with the various excipients used in
the preparation of TAA-NCs. The samples (5 mg) were taken in aluminium pans and crimp-
sealed. Empty sealed aluminium pan was used as reference for the analysis. The reference and
sample pans were put in the DSC sample chamber and allowed to equilibrate at 30 °C in the
presence of nitrogen gas purged at a flow rate of 50 mL/min. Following the equilibration, the
samples were analyzed in the temperature range of 30—300 °C at a heating rate of 10 °C/min
in nitrogen environment.

4.2.4.5 Powder X-ray diffractometry (pXRD) of TAA-NCs

The physical state of TAA in the optimized TAA-NCs was determined by performing pXRD
using a Rigaku Ultima IV diffractometer (Texas, USA) for pure TAA, freeze-dried TAA-NCs
and physical mixture of TAA and various excipients used in the preparation of TAA-NCs. The
samples were scanned at a rate of 4 degrees/min in the 20 range of 5-40° in the study. The
samples were irradiated using nickel filtered Cu-Ko. radiation (A = 1.54 A) at a voltage of 40

kV and a current of 30 mA.
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4.2.5 Preparation of TAA-NCs loaded RXG-k-CRG in situ gelling formulation

In chapter 3 (Section 3.3.2), we discussed the optimization of blank RXG-x-CRG in situ gel
(ISG) using a combination of reacted tamarind seed xyloglucan (RXG) and kappa-Carrageenan
(k-CRG) at 2% w/v and 0.3% w/v, respectively. In the current work, we loaded the lyophilized
powder of the optimized TAA-NCs in the optimized blank in situ gel to form TAA-NC loaded
in situ gel (TAA-NC-ISG). The rheological characteristics of the TAA-NC-ISG and ISG were
studied in parallel plate geometry using a rheometer (Anton Paar MCR 302, Graz, Austria). In
the study, first the amplitude and frequency sweep tests were done to identify the linear
viscoelastic region (LVER) for each sample. The samples' rheological characteristics were next
examined in the LVER using a temperature sweep in oscillatory mode between 25 °C and 40
°C. The sample's gelation was assessed in two experimental setups: 1) temperature ramp and
2) temperature ramp with STF. The data obtained from the rheological investigations was used
to build the loss tangent (fan ) vs temperature and complex viscosity (7 *) vs temperature plots
to evaluate the gelation behaviour of the TAA-NC-ISG.

4.2.6 In vitro drug release study from TAA-NC-Susp and TAA-NC-ISG formulations

A membrane-free technique, with a slight modification of the dissolution apparatus (USP Type
IT) (Model TDT-08L, Electro lab, Mumbai, India), was employed to study the in vitro drug
release of TAA-NC-Susp and TAA-NC-ISG formulations [12]. A round stainless-steel
container with a 1.4 cm internal diameter and 0.5 cm depth was adhered to the bottom of a
1000 mL dissolution jar. The study formulation (40 pL of TAA-NC-Susp or TAA-NC-ISG,
equivalent to 4 mg of TAA) was carefully taken in the stainless-steel container. The dissolution
jars were filled with 300 mL of STF containing 0.5% w/v of Tween 80, which was previously
equilibrated at 34 = 0.5 °C. The temperature in the dissolution jars was maintained at 34 £ 0.5
°C. The paddle was rotated at 75 rpm. Dissolution samples (2 mL) were taken during the

dissolution study at predefined intervals (0.25, 0.5, 1,2, 4,6, 8, 12, 24 and 48 h) using a syringe.
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The obtained samples were centrifuged for 30 min at 10 °C at 12,000 rpm. After centrifugation,
1 mL of the supernatant was collected and analyzed using a validated RP-HPLC analytical
method (Section 2.3.1, Chapter 2). The pellet, obtained after centrifugation, was dispersed with
1 mL of fresh dissolution media (maintained at 34 = 0.5 °C) and transferred back to the
respective dissolution jars. A similar procedure was followed at all sampling time points. Data
from in vitro dissolution was fitted into different mathematical models to determine the release
kinetics (including zero-order, first-order and Higuchi square root kinetics) and release
mechanism (Korsmeyer-Peppas model) [187,212].

4.2.7 Stability of TAA-NCs and TAA-NC-ISG formulations

The optimized TAA-NCs (lyophilized powder) and TAA-NC-ISG (TAA-NCs loaded in situ
gel) formulations were packed in airtight vials and stored at ambient conditions (25 + 2 °C and
relative humidity of 60 + 5%) and refrigerated conditions (2-8 °C), respectively, for assessing
their stability. Generally, in situ gels are recommended to be stored in refrigerated conditions
to avoid undesirable thickening/transition from sol-to-gel at room temperature. Therefore,
TAA-NC-ISG was stored in refrigerated conditions (2-8 °C) [212]. The stability studies were
conducted for a period of 60 days, during which the samples (n=3) from both formulation vials
were collected after every 15 days and evaluated for their PS, PDI, ZP and yield (%). Data
collected at different sampling points was compared with that of the zero-time data of the
respective formulation.

4.2.8 Ex vivo ocular toxicity tests of TAA-NCs and TAA-NC-ISG formulations using the
HET-CAM technique

The Hen's Egg Test-Chorion Allantoic Membrane (HET-CAM) technique was employed in
the ex vivo ocular irritation study [213]. Fresh eggs (weighing around 50-60 g) were bought
from a nearby chicken farm and incubated for five days at a temperature of 37 £ 0.5 °C and a
relative humidity of 55 + 5%. After five days, the eggs were candled to distinguish the fertile

ones from the infertile ones. To ensure that the CAM grew properly, the fertilized eggs were
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kept in the incubator for further 10 days. During the incubation stage, the eggs were manually
rotated every 12 h. A revolving dental blade was used to gently crack the egg shell in order to
access the air cell without damaging the inner membrane. Following the opening of the eggs,
the exposed CAM was moistened with a NaCl (0.9% w/v) solution and incubated for 30 min.
The inner layer of each egg was delicately peeled with forceps to reveal the CAM for applying
the test sample on its surface. The study comprised of four treatment groups: Positive control
(treated with 0.1 N NaOH) - Group 1, Negative control (treated with 0.9% w/v NaCl solution)
- Group 2, TAA-NC-Susp - Group 3 and TAA-NC-ISG - Group 4. Three eggs (n=3) (with a
CAM that was correctly developed and exposed) per treatment group were utilized in the study.
The treatment sample (200 pL) was applied to the egg's CAM surface and the level of blood
vessel damage was observed for a period of 300 sec. Based on the extent of blood vessel

damage, an irritation score (IS) was calculated for each sample using the following equation.

Eauation 4.3 S =

(3031—H) 9

(301-L) X 7 + (301-0C) x

x 5 4 b
300 300

Where, ‘H’ denotes the start of the haemorrhage responses on the CAM, ‘L’ denotes the start
of the vascular lysis on the CAM and ‘C’ denotes the start of the coagulation formation on the
CAM.
Based on their IS values, the formulations' ocular irritancy potential was evaluated. The
formulation with IS values between 0 and 0.9 was classified as ‘non-irritating’; between 1 and
4.9 was classified as ‘slightly irritant’; between 5 and 9.9 as ‘moderately irritant’ and between
10 and 21 as ‘strongly irritant’.
4.2.9 Histopathological studies of the TAA-NCs and TAA-NC-ISG formulations
Histopathology studies were conducted to determine the effect of formulations on the cellular
structure and integrity of the corneal epithelium. Fresh goat eyeballs were obtained from a
nearby slaughter house. A 2 mm incision was made on the eye, leaving the scleral ring intact,
and the cornea was removed. The cornea was promptly rinsed for 1 min with 0.9% w/v NaCl
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solution. The cornea was then exposed to each of the treatments, separately, for 6 h. The effect
of four treatment groups on the corneal epithelium was assessed in the study. Group 1 served
as the positive control (75% v/v isopropyl alcohol), Group 2 served as the negative control
(STF, pH 7.4 £ 0.05) while the corneal epithelium was exposed to TAA-NC-Susp and TAA-
NC-ISG in Group 3 and Group 4, respectively. After 6 h of exposure, the cornea was cleaned
with 0.9% w/v NaCl solution and immediately frozen using a tissue freezing medium and
preserved at -80 °C. Cross-sections of the frozen cornea that were less than 5 mm in diameter
were cut using a cryotome (Leica Biosystems, CM1520 cryostat, Wetzlar, Germany) and
placed on a glass slide. Using a gradient of 30-50-70-90-100% ethanol and xylene, the tissue
was dehydrated. The dehydrated tissue was cleaned with NaCl solution (0.9% w/v) and stained
with hematoxylin and eosin. The tissue was washed with NaCl solution (0.9% w/v) to remove
the excess hematoxylin and eosin and examined for histological alterations using a digital
microscope (ZEISS, Axiocam 705 colour, Oberkochen, Germany) at 10x magnification [190].

4.2.10 Ocular pharmacokinetic studies of the optimized TAA-NCs and TAA-NC-ISG
formulations

Male New Zealand rabbits (n=8 for each treatment, weighing 2-2.5 kg) with normal eyes
(without any inflammatory indications) were used to compare the ocular pharmacokinetics of
the optimized TAA-NC-Susp and TAA-NC-ISG. The institutional animal ethics committee
had examined and approved the study protocol (Protocol No.: BITS-Hyd/IAEC/2022/14),
before the study was conducted.

The experiment was carried out at the animal house facility of our institute, where the animals
were acclimated (temperature of 22 + 1 °C; relative humidity of 55 + 10% and 12 h light-dark
cycle) for a week prior to the study. A micropipette was used in the experiment to instil 40 pL
of the formulations into each of the two rabbit's eyes (at the lower cul-de-sac). To increase the
contact time between the cornea and the administered formulation, the eyelids were kept closed

for 10 sec immediately after dosing. At intervals of 0.5, 1, 2, 4, 6, 8, 12 and 24 h after the
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formulation was instilled, one rabbit was euthanized by inhalation of carbon dioxide. Using an
insulin needle (30-gauge, 3 mm diameter), aqueous humour was drawn from the euthanized
rabbit by inserting the needle behind the limbus superotemporally and aiming it at the centre
of the eye. The rabbit's left and right eyes were removed after the collection of the aqueous
humour. The eyes were quickly frozen using dry ice. The vitreous humour was taken out from
the frozen eyeball and stored at a temperature of —20 °C.

The samples (plasma, aqueous humour and vitreous humour) obtained from ocular
pharmacokinetics were analyzed using a validated HPLC method (Section 2.3.3, Chapter 2).
Non-compartmental analysis was used to examine the time course data of TAA in plasma,
aqueous humour and vitreous humour. The pharmacokinetic parameters, including Cmax (the
maximum concentration of TAA), Tmax (the time to reach Cmax) and MRTo« (the mean
residence time from t = 0 to t = w0) were determined from the time course data of TAA in each
of the matrices. The AUCo. (area under the TAA time course curve from t = 0 to t = tiast) Was
calculated using the trapezoidal rule method.

4.2.11 Quantification of TAA and Statistical analysis of data

Validated aqueous HPLC-PDA method (Section 2.3.1, Chapter 2) was used to quantify TAA
in the formulations, in vitro drug release study samples and stability studies samples. The
plasma, aqueous and vitreous humor samples collected from ocular pharmacokinetic study of
TAA-NC-Susp and TAA-NC-ISG were extracted using a two-step procedure that included
protein precipitation and solvent evaporation. The processed samples were quantified using a
validated HPLC-PDA bioanalytical method (Section 2.3.3, Chapter 2) with a calibration range
of 50-3000 ng/mL for the drug.

The results from physical characterisation studies and in vivo experiments were statistically
compared between various groups/treatments using unpaired t-test (for comparing two

treatments) or ANOVA (for comparing more than two treatments). An appropriate post-hoc
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test was then performed at the 5% level of significance (o = 0.05), wherever necessary. The
data obtained in various studies is expressed as mean + standard deviation, based on the number
of replicates considered for the study.

4.3 Results and discussion
4.3.1 Preliminary trials for preparation of TAA-NCs

TAA-NCs were pared by nanoprecipitation technique using solvent-antisolvent method. In
this method, the addition of drug solution (obtained by dissolving the drug in the solvent
selected) into the antisolvent creates super-saturation (of the drug concentration in the solvent
mixture) followed by nucleation and particle growth through coagulation and agglomeration.
To produce NCs and control their PS using this method, the degree of super-saturation and the
efficiency of the stabilizers (added in the antisolvent) are very critical. The measure of super-

saturation can be expressed as follows (Eq. 4.4):

Equation 4.4 S = <

C*

Where, ‘C’ represents the actual concentration of the drug in the solvent and ‘C*’ represents
the concentration of the drug in a solution made up of solvent and the antisolvent. It is well
known that a high level of super-saturation causes a wider extent of nucleation, which results
in the production of numerous particles with controlled growth [214,215].

Solubility studies were conducted in various organic solvents, including ethanol, N-methyl
pyrrolidone (NMP), dichloro methane (DCM), dimethyl sulfoxide (DMSO) and dimethyl
formamide (DMF). TAA was found to have good solubility (>15 mg/mL) in all the solvents,
except for DCM. Ethanol was selected as the suitable solvent due to its low toxicity profile and
less environmental impact compared to the other solvents [216].

The selection of stabilizer is another crucial factor in regulating particle growth. Literature
search revealed that there is no relation between the physicochemical characteristics of the

drug, the characteristics of the crystal surface, and the stabilizer selected in the preparation of
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NCs by solvent-antisolvent method [214]. Additionally, according to Toumela A et al., the
parameters governing the stabilizing effect of stabilizers are poorly known, and the choice of
stabilizer for drug NCs is mostly based on empirical data [217]. Therefore, a few trials were
conducted to study the effect of various stabilizers [like steric stabilizers (polyvinyl pyrrolidone
K-30, hydroxypropyl methylcellulose E5 LV, polyvinyl alcohol, and D-a-tocopherol
polyethylene glycol succinate), amphiphilic surfactants (soluplus and different grades of
pluronics) and anionic surfactants (sodium deoxycholate and sodium lauryl sulphate)] on the
PS, PDI and stability of the NCs. Based on the results obtained, a combination of soluplus and
sodium deoxycholate was used as a stabilizer system in the preparation of TAA-NCs. Soluplus
offers higher wettability and steric stabilization than other stabilizers due to its bi-functional
nature and large molecular size [218-220]. The PS and PDI of the TAA-NCs were better when
soluplus was combined with sodium deoxycholate than compared to using soluplus alone in

the preparation.

4.3.2 Screening and optimization design for preparation of TAA-NCs

Six independent factors with their upper and lower levels to be used in the preparation of TAA-
NCs were identified based on the results obtained from the preliminary formulation trials. A
two-level fractional factorial design with resolution IV was used to screen the critical factors
out the six factors. The critical factors in the screening design were identified based on their
effect on critical responses, namely, PS, PDI, ZP and yield (%) of the TAA-NCs. Three factors
were found to have statistically significant effect on the responses based on the data obtained
from the screening design. The data obtained from the experimental runs in the screening
design showed no or little variation in the ZP and PDI values of the TAA-NCs. Therefore, for
the optimization design, only PS and yield (%) responses were considered. The three critical
factors affecting the PS and yield (%) (Table 4.1) were, X;: homogenization time (min), X:

ultrasonication amplitude (%) and X3: soluplus concentration (% w/v). These factors were
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further optimized using a circumscribed central composite design (cCCD). Each factor was
studied at five different levels. Table 4.2 presents the levels of each factor (in their original
scale) in each of the experimental runs and the observed responses obtained for TAA-NCs
prepared in each of the runs. The regression equations were constructed for PS and yield (%)
based on the results obtained from the cCCD. The regression models for both PS and yield (%)
were subjected to ANOVA and the statistical output is presented in Table 4.3. The statistical
significance of any of the factorial terms was judged based on the ‘P’ value. If the ‘P’ value is
less than 0.05 (as the significance level was set at 0.05), the factorial term was considered to
have statistically significant impact on the response variable or else the effect of the factorial
term was considered insignificant.

4.3.2.1 Effect of critical factors on PS

The effect of the three critical factors on the PS is given by the least square second-order

polynomial equation (in the coded form) given below:

Equation 4.5

Sqrt(PS,Y,) = 17.03 —2.24 X, — 0.65 X, — 0.47 X5 — 0.93 X; X, + 0.03 X, X3
—0.20 X, X3 + 0.85 X? + 0.34 X? + 0.51 X2
The ‘Feu’ value for the model (8.86) was significantly higher than the ‘F...’ value with

P<0.001. The lack of fit was insignificant (P>0.05) for the regression model of PS. Square root
transformation was applied to the response variable Y1 (PS) to reduce the variability in the
residuals data, improve the value of predicted R? and reduce the difference between predicted
R? and adjusted R? values to less than 0.2. In the residuals versus the run number plot, the
distribution of residuals was random and centred around zero, indicating that run sequence in
the optimization design does not affect the residuals. All the above statistical results suggest
the validity and predictability of the regression equation obtained for PS. The PS values in the

experimental runs ranged from 218 nm in the 3™ run to 588 nm in the 15" run (Table 4.2).
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According to the results of the ANOVA, homogenization time had the highest impact on the
PS of TAA-NCs. The PS of the TAA-NCs decreased as the homogenization time increased, as
shown in the 3D response plot (Figure 4.2a). Ultrasonication amplitude had a marginal impact
on the PS of TAA-NCs. As the homogenization time increased, the amount of energy
transferred by the homogenizer (shear forces) increased, resulting in the PS reduction of the

TAA-NCs.

Table 4.2 The CCD design matrix for TAA-NCs in a randomised run order

X] X2 X3
Run Homogenization  Ultrasonication Soluplus i . Y2 o
No. time (min) amplitude (%) concentration (% w/v) PS (nm)  Yield (%)
1 15 25 0.8 360 85
2 10 35 1.4 263 77
3 15 45 2.0 218 72
4 10 35 1.4 283 78
5 10 35 1.4 288 73
6 15 45 0.8 250 90
7 15 25 2.0 315 68
8 10 35 24 328 65
9 10 18.2 1.4 373 76
10 10 35 1.4 298 74
11 5 45 2.0 390 66
12 10 35 1.4 243 75
13 5 25 2.0 400 71
14 18.4 35 1.4 220 75
15 1.6 35 1.4 588 74
16 10 35 0.4 363 94
17 10 35 1.4 375 74
18 10 51.8 1.4 285 77
19 5 45 0.8 480 90
20 5 25 0.8 415 89

Note: The response data are shown as the average of three independent measurements. The

%RSD of repeat measurements was less than 5% in every instance.

4.3.2.2 Effect of critical factors on Yield (%)
The following least square second-order polynomial equation, in the coded form, presents the

effect of the three critical factors on the yield (%).
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Equation 4.6
Yield %(Y,) = 75.17 + 0.059 X; + 0.42 X, —9.15 X5 + 1.57 X, X, +
0.75 X, X5 —0.78 X, X5 + 0.14 X2 + 0.92 X2 + 1.92 X2

The ‘Feu’ value for the model (39.73) was significantly higher than the ‘F..’ value with
P<0.001. The lack of fit was insignificant (P>0.05) for the regression model of yield (%). The
difference between the predicted R? and adjusted R? values was less than 0.2. The sequence of
experimental run orders in cCCD had no impact on the residuals, as the distribution of residuals
in the residuals versus the run number plot was found to be random and centred around zero.
The validity and predictability of the regression equation for yield (%) was established based
on the statistical analysis of the data obtained in the study. The yield (%) values in the
experimental runs ranged from 64% (8™ run) to 94% (16" run) in the optimization design

(Table 4.2).

Table 4.3 Statistical results (ANOVA) displaying terms with significant coefficients for the
chosen critical responses of TAA-NCs.

Particle Size (Y1) Yield (Y2)
Source Sum of Sum of
Squares  df Fea Peu Squares  df Fea Peu
Model 39.33 9 8.86 0.0010" 1237.17 9 39.73 <0.0001"
Xi 27.37 1 55.50 <0.0001" 0.047 1 0.014 0.90927%
Xz 2.34 1 475 0.05437 2.40 1 0.69 0.4240"
X3 1.20 1 2.44 0.1495% 1144 .4 1 330.73  <0.0001"
Xi1X2 2.77 1 5.63 0.0392" 19.68 1 5.69 0.0383"
Xi1X3 2.95E-03 1 5.99E-03 0.9398" 4.48 1 1.30 0.2815%
X>X3 0.13 1 0.27 0.6157* 4.88 1 1.41 0.2625%
X2 4.18 1 8.47 0.0155" 0.27 1 0.078 0.7862%
X2 0.67 1 1.36 0.2711% 12.27 1 3.55 0.0891%
X3? 1.50 1 3.03 0.1122% 53.25 1 15.39 0.0029"
Residual 4.93 10 34.60 10
Lack of Fit 1.59 5 0.47 0.7841% 18.70 5 1.18 0.4314%
Pure Error 3.35 5 15.90 5
Total 44.26 19 1271.77 19

Note: “Statistically significant with P<0.05; *Statistically not significant with P>0.05

The soluplus concentration was found to have the highest impact on the yield (%) of the TAA-
NCs out of the three critical factors. Increasing the soluplus concentration decreased the yield
(%) (Figure 4.2b). The solubility of TAA in water increases with increasing concentration of
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soluplus in the aqueous vehicle. This causes less amount of TAA to undergo precipitation

during the preparation of TAA-NCs in the solvent-antisolvent addition method.

Y,: Yield (%0)

1

y,: Parti cle Size (nm)

Figure 4.2 3D response surface plots demonstrating the impact of critical factors on TAA-NCs
critical responses: (a) PS and (b) Yield (%) for optimized TAA-NCs.

4.3.2.3 Desirability value and validation of the model

In optimization methods involving multiple response variables, simultaneous optimization
techniques using desirability function is very effective [221]. Design expert software provides
several solutions (in terms of the conditions to be set for the critical factors) with different
desirability values. The solution with the highest desirability value is considered to optimal
conditions at which the critical factors are to be fixed to achieve the desired values for the
critical responses. In the current study, the Design Expert software predicted the following
conditions: homogenization time — 15 mins, ultrasonication amplitude - 45% and soluplus
concentration - 0.8% w/v; as optimum for the simultaneous optimization of PS and yield (%),
with a desirability of 0.886. Verification runs (n=6) was performed to examine the validity of
the desirability function to predict the response variables. Six independent replicate
formulations of TAA-NCs were prepared using the conditions predicted by the software and

characterized for their PS and yield (%). The Wilcoxon signed rank test with an a = 0.05
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significance level was used to evaluate the statistical difference between the observed and
predicted values of both the responses. No significant (P>0.05) difference was found between
the observed and predicted values of both PS and yield (%), proving the accuracy of the model
in predicting the responses. The optimized TAA-NCs were found to have PS of 243 + 5.7 nm
and yield (%) of 88.5 + 2.4%.

4.3.3 Formulations characterization using DSC, powder XRD and SEM imaging

The DSC thermograms of TAA, the physical combination of TAA and the various excipients
used in the formulation of TAA-NCs and freeze-dried TAA-NCs are given in Figure 4.3a. A
sharp endothermic peak corresponding to the melting of pure TAA was observed at 292 °C. In
the mixture of TAA and the various excipients, two melting endothermic peaks were observed
at 292 °C and 70°C. The endothermic peak at 292 °C was sharp and it corresponds to TAA
while the peak at 70 °C was small and broad, which corresponds to the melting endotherm of
soluplus. The thermogram for the freeze-dried TAA-NCs showed the peaks for TAA and
soluplus at 292 °C and 70 °C, respectively, in addition to the sharp endothermic peak at 160
°C due to the melting of the cryoprotectant mannitol utilized to freeze-dry TAA-NCs.

The pXRD investigations confirmed that the crystalline form of TAA did not change with the
formulation of the TAA-NCs, which is in line with the DSC observations. The crystalline peaks
of pure TAA between 20 range of 9-21° and 24-28°, notably at 20 values of 9°, 14°, 17° and

24°, were present in pure TAA, physical mixture and TAA-NCs as shown in Figure 4.3b.

Figure 4.3c displays the SEM image of the pure TAA powder and optimized TAA-NCs. The
SEM images of both pure TAA powder and the TAA-NCs showed the crystallised particles
that resemble the bulk TAA. Additionally, the PS of TAA-NCs found in SEM was almost same

as the PS observed in zetasizer.
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Figure 4.3a The DSC thermograms of (i) pure TAA, (ii) the physical combination of TAA
with various ingredients used in the formulation of TAA-NCs and (iii) freeze-dried TAA-NCs.
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Figure 4.3b The pXRD graphs of (i) pure TAA, (ii) the physical combination of TAA with
various 1ngredlents used in the formulation of TAA-NCs and (ii1) freeze-dried TAA-NCs.
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Flgure 4.3¢ The scanning electron mlcroscoplc (SEM) images of (i) pure TAA and(11) freeze-
dried TAA-NCs.
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4.3.4 Rheological evaluation of TAA-NC-ISG formulation

In chapter 3 (Section 3.3.2), we have optimized different concentrations of RXG and k-CRG
for the preparation of dual responsive blank RXG-x-CRG in situ gel (ISG). The final in situ
gel was composed of 2% w/v of RXG, 0.3% w/v of k-CRG and 0.1% w/v of KCI. Considering
the fact that the levels of K" ions is very low levels in the STF, the KCl salt was added in the
optimized in situ gel to increase the sensitivity of k-CRG towards the K" ions following the
administration of the formulation in the precorneal area. Addition of K™ ions in the in sifu gel
resulted in significant reduction of k-CRG concentration in the formulation of dual responsive
in situ gel. This also helped in controlling the solution state viscosity (at 25 °C) of blank ISG,
which is very critical for easy dispensation of the formulation in the form of drops. In the
current chapter, TAA-NC-ISG was prepared by dispersing the optimized TAA-NCs in the
optimized blank in situ gel (ISG). The prepared in situ gel system showed quick sol-to-gel
transition in presence of both temperature and simulated tear fluid (STF). The linear
viscoelastic region (LVER) of the TAA-NC-ISG was determined using a frequency and
amplitude sweep. The sol-to-gel transformation studies of the TAA-NC-ISG were performed
in the LVER of the in sifu gel. The results obtained from the rheological evaluation of blank
ISG and TAA-NC-ISG are shown in Figure 4.4a and 4.4b. Figure 4.4a shows the loss tangent
(tan J), while Figure 4.4b shows the complex viscosity (7 *) characteristics of the formulations
as a function of temperature. The loss tangent (fan 0) values decreased while the complex
viscosity (7*) values increased as the temperature gradually increased from 25 to 40 °C. Both
the formulations, in the temperature between 32 to 35 °C, showed a clear sol-to-gel transition,
which is evident from the sudden shift in the fan 6 and x* values. This shows the
thermoresponsive nature of the RXG present in the ISG. Moreover, when TAA-NC-ISG was
exposed to STF, the fan J value were less than 1 (also reflected in higher #* values) even at the

starting temperature of 25 °C, indicating a rapid transition from solution form to a gel. This is
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due to the ion sensitivity of the k-CRG of the developed ISGs, which was not observed when

TAA-NC-ISG was subjected to only temperature ramp without the STF.
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Figure 4.4 Semi-logarithmic plots of (a) loss tangent (tan ) and (b) complex viscosity (r7*) of
blank ISG and TAA-NC-ISG as a function of temperature.

*Note: A- blank ISG and B- TAA-NC-ISG subjected to temperature ramp; C- TAA-NC-ISG
subjected to temperature ramp in the presence of STF.

4.3.5 In vitro drug release study from TAA-NC-Susp and TAA-NC-ISG formulations

The drug release studies were carried out in STF containing 0.5% w/v of Tween 80 and a pH
of 7.4 £ 0.05. The solubility of TAA in STF is 13.7 pg/mL and STF containing Tween 80
(0.5% w/v) is 48 pg/mL. Therefore, 300 mL of STF with 0.5% w/v Tween 80 was used as
dissolution media in the study to maintain the sink condition. The in vitro dissolution data was
used to construct the mean cumulative percentage of drug released vs time graphs (Figure 4.5).
TAA was found to be completely dissolved within 15 min, in the case of TAA-NC-Susp.
However, the drug release from TAA-NC-ISG was slow and sustained. The gel network
formed by the TAA-NC-ISG impeded the drug's diffusion and prolonged the drug release for
more than 12 h from the formulation. Different release kinetics models were used to fit the

TAA release profile data obtained from the TAA-NC-ISG formulation. Higuchi square-root
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kinetics model (R?=0.977) provided the best fit for the drug release data of TAA-NC-ISG when
compared to the zero-order kinetics model (R*=0.8893) and the first-order kinetics model
(R?=0.8996). The analysis of data using Korsmeyer-Peppas model revealed that the diffusional
exponent value was 0.62, indicating that drug release mechanism was non-Fickian or
anomalous transport. In anomalous transport mechanism, both polymeric relaxation and drug

diffusion play a role in the overall drug release.
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Figure 4.5 In vitro drug release profiles of TAA-NC-Susp and TAA-NC-ISG. Each data point
represents the mean cumulative percent TAA released + SD of n = 3 independent formulations.

4.3.6 Stability of TAA-NCs and TAA-NC-ISG formulations

The stability of TAA-NCs and TAA-NC-ISG was observed at room temperature conditions (at
2542 °C and 60+5% RH) and under refrigeration condition (at 2-8 °C), respectively, for a
period of 60 days. There was no discernible difference in the PS and yield (%), over 60-day
period, between fresh prepared formulation samples and the formulation samples held under
the aforementioned conditions as shown in Figures 4.6a and 4.6b. At each sampling time point

for both formulations, the %bias computed for PS and yield (%) was found to be not more than
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5%. This demonstrates that both the formulations were stable for 60 days when stored at the

respective storage conditions.
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Figure 4.6 Stability data of (a) lyophilized TAA-NCs powder (25£2 °C and 60+£5% RH); (b)

TAA-NC-ISG (2-8 °C).

4.3.7 Ex vivo ocular toxicity tests of TAA-NCs and TAA-NC-ISG formulations using the

HET-CAM technique

A comparison of the images captured from the HET-CAM test of the various treatments used

in the study is shown in Figure 4.7. After 0.5 min of exposure to the positive control (0.1 N

NaOH), the CAM was substantially injured, leading to rosette-like coagulation. Additionally,

it was observed that exposure to the positive control caused lysis of blood vessels in the CAM.

Negative control (0.9% w/v NaCl) and optimized formulations (TAA-NC-Susp and TAA-NC-

ISG) did not show any appreciable change in the CAM (neither haemorrhage nor coagulation).

Susp and TAA-NC-ISG)

NC-

The negative control and optimized formulations (TAA

obtained an IS value of 0, whereas the positive control received a value of 20. It may be

concluded from the CAM images and the IS values that the optimized formulations (TAA-

NC-Susp, TAA-NC-ISG) were ‘non-irritant’” and well tolerated by the eye.
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Figure 4.7 Comparative changes observed in the HET-CAM test following ex vivo ocular
irritation studies: (A) positive control (0.1 M NaOH); (B) negative control (0.9% w/v NaCl);
(C) TAA-NC-Susp; and (D) TAA-NC-ISG.

4.3.8 Histopathological studies of the TAA-NCs and TAA-NC-ISG formulations

Microscopic examination of the cornea treated with STF (negative control) revealed intact
epithelium and stroma without any indication of tissue damage. In the presence of 75% v/v
isopropyl alcohol (positive control), there was a significant deformation of the epithelial cell
layer with expanded intercellular gaps. There was no noticeable difference between the cornea
treated with the optimized formulations (TAA-NC-Susp and TAA-NC-ISG) and the cornea

treated with STF (Figure 4.8). We can conclude that the optimized nanoformulations are safe.

Figure 4.8 Photo micrographic evaluation of cornea exposed to various treatments: (A)
negative control (STF); (B) Positive control (75% v/v Isopropyl alcohol); (C) TAA-NC-Susp;
and (D) TAA-NC-ISG.
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4.3.9 Ocular pharmacokinetic studies of the optimized TAA-NCs and TAA-NC-ISG
formulations

In chapter 2 (Section 2.3.5), we have shown that TAA-HP-B-CD-Susp can produce therapeutic
concentration of more than 100 ng/mL in the vitreous humor following the topic administration
of the formulation at a dose of 4mg/30uL/eye [84,133]. In this chapter, the mean concentration-
time profiles of TAA following the topical ocular administration of TAA-NC-Susp and TAA-
NC-ISG were compared with each other as well as with TAA-HP-B-CD-Susp, in the vitreous
and aqueous humour (Figure 4.9). The time course data of TAA in both the matrices was
subjected to non-compartmental analysis using Phoenix WinNonlin software (version
8.3.5.340, Pharsight Corporation, NC, USA) to determine parameters such as Cmax, Tmax,
AUCo—¢ and MRTo«. The pharmacokinetic parameters were calculated using the pooled
concentration data from two eyes of one animal sacrificed at individual sampling point.

The most crucial site for drug localization in the treatment of PU therapy is the vitreous
humour. Any formulation that can achieve as much higher concentrations than 100 ng/mL in
the vitreous humour and maintain them for a longer period would be ideal for treating the
disease condition. Figure 4.9b shows that TAA concentrations (Cmax) in the vitreous humour
for TAA-NC-ISG (854.9 ng/mL) were 1.3 times higher than for TAA-NC-Susp (635.4 ng/mL)
and 3.2 times higher than TAA-HP-B-CD-Susp (264.9 ng/mL). In addition, the concentrations
of TAA were more sustained for TAA-NC-ISG (MRTo = 11.2 h) compared to TAA-NC-
Susp (MRTo =6.0 h) compared to TAA-HP-B-CD-Susp (MRTo = 3.1 h). Additionally,
Table 4.4 data suggests that the vitreous humour exposure (AUCo-t) of TAA for TAA-NC-ISG
(7126.1 ngxh/mL) was 1.9 times higher than TAA-NC-Susp (3720.2 ngxh/mL) and 8.8 times
higher than TAA-HP-B-CD-Susp (810.4 ngxh/mL). The above results indicate that TAA-NC-
ISG produced higher and sustained concentrations of TAA in vitreous humor compared to

TAA-NC-Susp compared to TAA-HP-B-CD-Susp.
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Figure 4.9 Mean aqueous humour (AH) (a) and vitreous humour (VH) (b) concentration-time
profiles obtained following ocular administration of TAA-HP-B-CD-Susp, TAA-NC-Susp and
TAA-NC-ISG. Every data point is the average of two different assessments (n=2).
Figure 4.9a compares the time course profiles of TAA in aqueous humour for TAA-NC-ISG,
TAA-NC-Susp and TAA-HP-B-CD-Susp. TAA levels in aqueous humour were higher in TAA-
NC-ISG (Crmax 0£2202.9 ng/mL) than TAA-NC-Susp (Cmax 0f 2069.2 ng/mL) and TAA-HP-f3-
CD-Susp (Cmax of 1775.4 ng/mL). This could be due to the slow release of TAA-NCs from the
gel matrix formed by ISG on the corneal epithelium, resulting slow and sustained penetration
of TAA at molecular level through the cornea as well as slow and sustained uptake of TAA-
NCs through the cornea into the aqueous humour. Compared to TAA-NC-Susp (MRTo- of
4.9 h) and TAA-HP-B-CD-Susp (MRTo— of 3.0 h), aqueous humour TAA concentrations were
maintained over a longer period of time in the case of TAA-NC-ISG (MRTo «» of 8.6 h). As a

conventional formulation, TAA-NC-Susp and TAA-HP-B-CD-Susp were easily removed from

the precorneal region due to tear turnover, tear fluid dilution and nasolacrimal drainage. A
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viscous gel layer created by ISG increased the formulation's residence times in the precorneal
region and reduced the effects of dilution by tear fluids and nasolacrimal drainage.
Additionally, the gel provided intimate contact with the corneal epithelium, allowing the drug
to spread throughout the surface of the cornea.

Table 4.4 Ocular pharmacokinetic parameters of TAA in the vitreous humour and aqueous
humour following topical administration of TAA-NC-Susp, TAA-NC-ISG in male New
Zealand rabbits.

. . Treatments
Blological = PK Units ~ TAA-HP-p-CD TAA-NC
i -HP-B-CD- -NC-
matrix  parameters E TAA-NC-Susp
Susp ISG
Cuax ng/mL 264.9 635.4 854.9
Trmax h 2.0 4.0 6.0
Vitreous AUCo., ngxh/mL 810.4 3720.2 7126.1
humour
MRT¢ h 3.1 6.0 11.2
Cinax ng/mL 1775.4 2069.2 2202.9
Trmax h 1.0 4.0 6.0
Aqueous  ,c, ngxh/mL 6697.3 10846.2 13355.0
humour
MRTo - h 3.0 4.9 8.6

“Data of TAA-HP-B-CD-Susp is reproduced from Table 2.4, Chapter 2.
Note: The values of Cmax, Tmax, AUCo+and MRTo were obtained by composite sampling
from the two eyes (n=2) of an animal sacrificed at each time point.

Overall, the concentration of TAA in the vitreous humour was gradually increased by TAA-
NC-ISG, and maintained the drug's concentration for longer duration compared to TAA-NC-
Susp and TAA-HP-B-CD-Susp. Based on the results obtained in the study, we can infer that
TAA-NC-ISG can help in reducing the dose and dosing frequency of TAA for non-invasive
delivery of the drug in the treatment of PU.

4.4 Conclusion

In this chapter, TAA-NCs were prepared by employing a bottom-up approach using the
solvent-antisolvent precipitation method. DoE was used in the screening and optimization of
factors affecting the critical responses of the TAA-NCs. The optimized TAA-NCs were then

loaded into a dual responsive in situ gel containing an ion-sensitive polymer (k-CRG) and a
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thermoresponsive polymer (RXG). The aqueous suspension of TAA-NCs (TAA-NS-Susp) and
TAA loaded in situ gel (TAA-NC-ISG) were subjected to in vivo ocular pharmacokinetic
studies. TAA-NC-ISG showed significantly higher vitreous humour concentrations than TAA-
NC-Susp and aqueous suspension of TAA (TAA-HP-B-CD-Susp). The TAA concentrations
were sustained for more time in the vitreous humor in the case of TAA-NC-ISG than compared
to TAA-NC-Susp and TAA-HP-B-CD-Susp. The findings demonstrate that non-invasive
precorneal ocular application of nanocrystal formulations of TAA would be advantageous in
achieving therapeutic concentrations in the vitreous humour. TAA-NC-ISG can be an excellent
alternative for intravitreal administration of TAA and improve patient compliance and
convenience. Finally, we can conclude that TAA can be administered as eye drops by designing

novel delivery systems in the management of PU.
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DESIGN, OPTIMIZATION AND
PHARMACOKINETIC EVALUATION OF PLGA
PHOSPHATIDYLCHOLINE HYBRID
NANOPARTICLES OF TRIAMCINOLONE
ACETONIDE LOADED IN SITU GEL FOR

TOPICAL OCULAR DELIVERY
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5.1 Introduction

The complex anatomical and physiological distinctions of the eye and its sensitivity to
exogenous substances, including drugs, set it apart from other organs [222]. The anterior and
posterior eye segments can either function alone or together when an ocular preparation is
applied, despite the fact that they are physically adjacent to one another [158]. A major part
(50-60%) of the topically administered drug, following the loss due to spill over of the excess,
is commonly absorbed into the systemic circulation via the conjunctiva and nasolacrimal duct,
whereas less than 5% typically penetrates the cornea and reaches the intraocular tissues,
because of which subtenon, subconjunctival or intravitreal injection must be used to treat
fulminating illnesses of the posterior segment such as macular oedema, age-related macular
degeneration, uveitic cystoid macular oedema and uveitis [223,224]. The downsides of each of
these injection-based drug delivery techniques vary. For instance, intravitreal injections can
hasten the formation of a cataract and result in haemorrhage, retinal detachment,
endophthalmitis and increased intraocular pressure [225]. Uveitis is complex group of ailments
distinguished by the intraocular inflammation, particularly the uveal tract [75]. It results in
uveal and neuro-retinal inflammation, which can seriously impair vision and cause morbidity

[226].

Clearly, there is an urgent need to develop topical ocular delivery systems that focus on
enhancing intraocular availability as well as and residence time of the drug, particularly in the
posterior segment of the eye [227]. Researchers have designed viscosity liquids (solutions and
suspensions) and gels to improve the drug availability in the intraocular tissues by prolonging
the residence time of the formulations on the surface of the cornea before being flushed out of
the eye [228]. Such formulation designs yielded limited results for drugs which have low

solubility and poor dissolution rate in the tear fluids.
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Recent investigations suggest that colloidal systems (microparticles, liposomes, nanoparticles
(NPs)), particularly colloidal systems at the nanoscale, can play a significant role in ocular drug
delivery [109]. NPs are tiny particles with sizes ranging from 10 to 1000 nm that may or may
not contain a therapeutic molecule, depending on their intended purpose [158]. Due to the
nanometric size, NPs provide large surface area which results in higher dissolution rates and

higher rates of absorption for drugs with solubility issues [229].

Liposomes and biodegradable polymeric nanoparticulate systems have emerged as the two
most important drug nanocarriers out of the various nanoparticulate drug delivery systems
[230]. In an effort to address various drawbacks related to polymeric nanoparticulate systems
and liposomes, novel, integrated systems known as polymeric lipid hybrid nanoparticles
(PLHNPs) have been developed by combining the architectural advantage of polymer core with
the biomimetic properties of lipids [231]. The lipoidal layer surrounds the central polymer
matrix, which has therapeutic drug material (mostly low water soluble/hydrophobic drugs) with
high loading efficiency. This outer layer provides biocompatibility and promotes drug retention

inside the polymer core [230,232].

A range of synthetic and natural polymers are used to create biodegradable NPs for therapeutic
applications. Most commonly used are synthetic polymers like polyacrylates,
polycaprolactones and polylactides, as well as their copolymers with polyglycolides [233].
Poly (lactic-co-glycolic acid) (PLGA) is one of the most commonly used polymers in the
preparation of NPs due to its biocompatible and biodegradable qualities as well as its versatile
degradation kinetics [158]. Most of the lipid-based NPs are prepared using phospholipids like
diolein phosphatidylcholine, 1, 2-dipalmitoyl-sn-glycerol-3-phosphocholine, dioleoyl
trimethylammonium propane, soya lecithin and phosphatidylcholine etc., as one of the key

ingredients [233]. Combining the benefits of a polymer like PLGA and a phospholipid like
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phosphatidylcholine (PC) to form PLHNPs can improve the corneal uptake and intraocular

penetration of the drug to eventually achieve higher drug concertation in the vitreous humor.

In this chapter, we designed and evaluated TAA loaded PLHNPs (TAA-PLHNPs) in an effort
to overcome the shortcomings of TAA-HP-B-CD-Susp for ocular delivery. TAA-PLHNPs
were prepared using a bottom-up technique (nanoprecipitation technique), and the concepts of
design of experiments (DoE) were employed to optimize the critical physico-chemical
properties of TAA-PLHNPs. To further improve the therapeutic concentrations of TAA in the
vitreous humor, TAA-PLHNPs were loaded in the optimized dual responsive in situ gel (ISG)
(discussed in Section 3.3.2, Chapter 3) to prolong the residence time on the corneal epithelium
following the topical administration of the NPs. The in vivo ocular pharmacokinetics of the
optimized TAA-PLHNPs and TAA-PLHNPs loaded dual responsive in situ gel (TAA-PLHNP-

ISG) were compared with TAA-HP-B-CD-Susp in male New Zealand rabbits.

5.2 Materials and methods
5.2.1 Materials

Free samples of TAA and piribedil (the internal standard used in the bioanalytical method)
were obtained from Strides Pharma Science Limited, Bengaluru, India and Dr. Reddy's
Laboratories, Hyderabad, India. Poly (lactic-co-glycolic acid) (PLGA 75:25, molecular weight
range: 66,000-107,000 Da), D-a-Tocopherol polyethylene glycol 1000 succinate (TPGS),
Poloxamer 407 and polyvinyl alcohol (PVA, average molecular weight: 1,60,000) were bought
from Sigma-Aldrich Private Limited, Mumbai, India. Polyvinylpyrrolidone (PVP-K30,
average molecular weight: 30,000 Da) and Polysorbate 80 (Tween 80) were procured from TCI
chemicals, Chennai, India. Phosphatidylcholine (Phospholipon® 90G) was obtained from
Lipoid AG (Steinhausen, Switzerland). Methanol, acetonitrile, glacial acetic acid, ammonium
acetate and disodium EDTA of HPLC grade were purchased from Harihara Scientific Private

Limited, Hyderabad, India. SD Fine Chemicals Private Limited, Mumbai, India, supplied the

127



sodium chloride (NaCl), sodium bicarbonate (NaHCO3), potassium chloride (KCI), magnesium
chloride (MgCl,), calcium chloride (CaCl,), mannitol and other buffer salts used in the study.
High-quality filtered water was made available for the HPLC analysis using the Milli-Q water
purification system (Millipore®) MA, USA. VAB Biosciences Limited, Hyderabad, India,
provided male New Zealand white rabbits weighing between 2 and 2.5 kg.

5.2.2 Preparation of TAA-PLHNPs

TAA-PLHNPs were prepared using the previously reported nanoprecipitation technique
involving solvent-antisolvent method, with some modifications [234]. N-methyl-2-pyrrolidone
(NMP) was chosen as the solvent while water was selected as the anti-solvent in the preparation
of TAA-PLHNPs, based on the solubility of TAA in the two solvents (solubility of TAA in
water is 16.1 pg/mL and in NMP it is >20 mg/mL). To select a suitable stabilizer for the
preparation of TAA-PLHNPs, solubility studies were conducted for TAA in various stabilizers,
including, PVA, PVP-K30, TPGS, Poloxamer 407, Tween 80. Further, preliminary studies
were conducted to study the effect of various material attributes (including PLGA amount,
phosphatidylcholine amount and PVA concentration) and manufacturing process parameters
(including ultrasonication amplitude, ultrasonication time, homogenization speed and
homogenization time) on the physico-chemical properties such as particle size (PS),
polydispersity index (PDI), zeta potential (ZP), and percent loading efficiency (LE %) of TAA-
PLHNPs to identify the lower and upper levels of the various factors to be used in the
optimization of TAA-PLHNPs.

TAA and PLGA were dissolved in the NMP. Aqueous solution of PVA was prepared in a
separate beaker. In a 1.5 mL centrifuge tube, phosphatidylcholine solution was prepared using
NMP as the solvent and added to the aqueous solution of PVA. Under high-speed
homogenization (Polytron PT 3100D, Kinemetica, Lucerne, Switzerland) using a

polypropylene syringe (with a needle having 0.72 mm internal diameter), the NMP solution
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containing the mixture of TAA and PLGA was introduced dropwise to aqueous solution
containing the mixture of PVA and phosphatidylcholine to form a nanosuspension. The
nanosuspension was subjected to an ultrasonication process (Vibra cell, Sonics, Connecticut,
USA) to achieve smaller and uniform PS (Figure 5.1). The ultrasonication process was carried
out in a temperature-controlled (12 °C) environment. The resultant nanosuspension was
centrifuged for 30 min at 12,000 rpm and 10 °C to separate the TAA-PLHNPs (obtained as
pellet) from the dispersion medium. The pellet was washed three times with MilliQ water to
remove the free drug adhering on the surface of the NPs. The pellet containing TAA-PLHNPs
was then redispersed in 10 mL of Milli-Q water containing 3.5% w/v mannitol as
cryoprotectant and freeze-dried. The freeze-dried TAA-PLHNPs were stored at 2-8 °C.

The quantity/proportion of each excipient used in the preparation of TAA-PLHNPs was varied
as per the experimental run conditions provided by the design matrix selected in the screening
and optimization studies. However, the amount of TAA used in each experimental run was
fixed at 40 mg.

To perform physical characterisation, in vitro drug release and in vivo evaluation, the freeze-
dried TAA-PLHNPs (625 mg) were dispersed in deionized water (2 mL) to form an aqueous

suspension of TAA-PLHNPs (TAA-PLHNP-Susp).

Organic phase PCH solution
(TAA + PLGA in NMP) in NMP
— \ _I
\
\g y.
= Y ;
Followed by TAA-PLHNPs
Aqueous Phase under homogenization ultrasonication

(PVA Solution) Organic Phasedis added
followed by PCH solution is
added into the Aqueous Phase

Figure 5.1 Schematic representation showing the step-wise procedure for the preparation of
TAA-PLHNPs.
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5.2.3 Experimental design for the formulation of TAA-PLHNPs

A hybrid design approach was used to optimize TAA-PLHNPs. First a screening design was
performed to identify the critical factors effecting the critical physico-chemical properties of
the TAA-PLHNPs and then the critical factors were optimized using a response surface
methodology. Design Expert software (version 13, Stat-Ease Inc., Minneapolis, USA) was used
to create the design matrices for screening and optimization of the factors as well as for

regression and other statistical analysis of the data obtained in the DoE experiments.

5.2.3.1 Screening design for identifying the critical factors

A minimal resolution (Minires) screening design was used to identify the critical factors
effecting the critical physico-chemical properties of TAA-PLHNPs. A total of 7 factors (which
included both material attributes and process parameters) effecting the critical physico-
chemical properties were identified from the preliminary trials conducted in the preparation of
TAA-PLHNPs. The 7 independent factors, along with the levels [low (-1) and high (+1)] of
each factor, considered in the screening design are shown in Table 5.1. Minires screening
design generated 19 runs including 3 centre points runs.

The critical physico-chemical properties of TAA-PLHNPs considered in the screening design
were particle size (PS), polydispersity index (PDI), zeta potential (ZP), EE (%) and LE (%).
The PS and PDI are the two important properties which effects the drug release from NPs. The
physical stability of the NPs is influenced by the ZP. The total amount of the NPs formulation
to be administered at one dosage point is determined by the LE (%) while EE (%) indicate the
efficiency of the manufacturing method to entrap the drug in the NPs.

Statistical analysis was performed independently for each of the critical physico-chemical
properties based on the data obtained from the experimental runs in the screening design. The

critical physico-chemical properties that demonstrated a significant variation in their responses
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in the experimental runs performed in the screening design were taken up for further analysis
in the optimization design.

Table 5.1 Factors with their levels used in the screening design for the preparation of TAA-
PLHNPs.

Levels
Factor Code Actual factors x| 0 1

X1 PLGA amount (mg) 60 120 180
X, Ultrasonication amplitude (%) 20 35 50
X3 Phosphatidylcholine amount (mg) 40 80 120
X, Homogenization speed (rpm) 7000 11000 15000
X5 Homogenization time (min) 5 10 15
Xe Ultrasonication time (min) 5 10 15
X5 PV A concentration (% w/v) 1 1.75 2.5

5.2.3.2 Optimization of critical factors using Box-Behnken design

Three critical factors, namely PLGA amount (mg), phosphatidylcholine amount (mg) and the
ultrasonication amplitude (%), had a statistically significant impact on the critical physico-
chemical properties of TAA-PLHNPs based on the results obtained from the Minires screening
design. Out of the four critical physico-chemical properties, PS and LE (%) were found to vary
significantly over the 16 non-centre experimental runs in the screening design. Therefore, only
PS and LE (%) were taken as the final critical physico-chemical properties in the optimization
design. A Box Behnken design (BBD) was employed to determine the mathematical
relationship between the three critical factors and critical responses and to optimise the
preparation of TAA-PLHNPs. A second-order polynomial equation was constructed using
BBD involving 17 experimental runs, including 5 centre points for each factor assessed at 3
levels (-1, 0, +1). To determine the best-fit model (i.e., linear or 2-FI or quadratic etc.) for each
response, a variety of model-based investigations, including analysis of variance (ANOVA),
R? adjusted, R? predicted, predicted residual sum of squares (PRESS) and other statistical
parameters were analysed. The polynomial equations obtained for PS and LE (%) were used to
explore the design space of the three critical factors. To determine the relationship between any
two critical factors and a given critical response, response surface methodology (RSM) graphs
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or 3-D graphs were plotted. The general form of the quadratic or second-order polynomial

equation generated for each critical response by the BBD is given below.

Equation 5.1

Y = Bo + B1X1 + B2Xz + B3X3 + B12X1 Xz + P13X1X3 + B23X2X3 + B11XF + B22X3 + B33 X5

Where, Y is the dependent variable, Bo is the arithmetic mean response of the 17 runs and Bi's
and Bii's (i = 1-3) are the coefficients of individual linear and quadratic effects of the variables,
respectively, and Bij's (i, j = 1-3; i <) are the coefficients of the effect of interaction between

the i and j variable.

5.2.3.3 Desirability function and model validation

In this study, DoE was used to design TAA-PLHNPs with desirable physicochemical
properties. To determine the optimal levels of the critical factors (X1, X2, and X3) for preparing
TAA-PLHNPs with the desired PS and LE (%), a simultaneous optimisation technique using
the desirability function was adapted as there were two critical responses with different
objective functions (minimize PS and maximize LE (%)). The solution (with specific values of
the critical factors, Xi, X2, and X3) with the highest value of desirability was selected as the
optimal conditions for the preparation of TAA-PLHNPs out of the various solutions generated
by the DoE software. Six independent formulations of the optimized TAA-PLHNPs were
prepared with three critical factors set at the levels given by the solution with the highest
desirability. The observed responses (PS and LE (%)) for all the six replicates were determined.
The predicted responses for PS and LE (%) were obtained by setting the three critical factors
at the levels given by the solution in their respective regression equations. A statistical
comparison was made between the observed and predicted response values using the Wilcoxon
signed-rank test at 5% level of significance to validate the solution provided by the DoE. No
statistically significant difference between observed and predicted values indicates that the
regression models for PS and LE (%) are valid for predicting the critical responses of the TAA-

PLHNPs.
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5.2.4 Physical characterization of TAA-PLHNPs
5.2.4.1 Measurement of PS, PDI and ZP of TAA-PLHNPs

Based on the principle of dynamic light scattering, the physical properties like PS, PDI, and
ZP of TAA-PLHNPs were evaluated using Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK). All measurements were performed using a 633 nm laser with a fixed
scatter angle of 173° (backscatter). Following the preparation of TAA-PLHNPs by the
nanoprecipitation method, the formulation (TAA-PLHNPs nanosuspension obtained
immediately after the ultrasonication) was diluted 10 times with MilliQ water and allowed to
equilibrate for 2 min at 25 °C before the analysis. In case of the lyophilized TAA-PLHNPs and
TAA-PLHNP-ISG, the formulations (10mg) were first dispersed in MilliQ water (2mL) and
then further diluted 10 times with MilliQ water. The diluted samples were allowed to
equilibrate for 2 min at 25 °C before the analysis. The mean PS, PDI, and ZP values were
calculated from three independent (n = 3) measurements based on intensity graphs obtained
from zeta sizer.

5.2.4.2 Determination of EE (%) and LE (%) of TAA-PLHNPs

The evaluation of EE (%) and LE (%) of TAA-PLHNPs was performed by both direct and
indirect methods. In the indirect method, TAA-PLHNP-Susp was centrifuged at 12,000 rpm
for 45 min at 4 °C to produce a pellet of the NPs. The supernatant was collected and analysed
using a previously developed and validated HPLC method (Section 2.3.1, Chapter 2) to
determine the free drug. Further, the pellet was washed three times with MilliQ water to recover
any free drug adhered on the surface of NPs. All the three washing were combined and analysed
using the same analytical method. The total quantity of free (or unentrapped) TAA was
determined from the analysis of the supernatant (after centrifugation) and the washings of the

pellet. The EE (%) of the TAA-PLHNPs was determined using the equation given below.

. Wiota —Weree
Equation 5.2 EE (%) = —% lmj“ l [reeT42 % 100
total TAA
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Where, "Wiotal TAA" Tefers to the total amount of TAA used to prepare the TAA-PLHNPs and
"Wiee TAA" refers to the amount of TAA recovered in the supernatant and the washings of

pellet.

To determine the LE (%) of TAA-PLHNPs by the direct method, TAA-PLHNP pellet obtained
after the three washings was thoroughly dried under vacuum and weighed. The pellet was then
dissolved in a predetermined volume of DMSO to extract TAA. Following the extraction of
TAA from the pellet by DMSO, a sample was taken from it and diluted appropriately before
analysing the same using the validated HPLC method (Section 2.3.1, Chapter 2). The LE (%)

of TAA-PLHNPs was calculated using the following equation:

Equation 5.3 LE (%) =74 x 100

Pellet

Where, "Wtaa" refers to the amount of TAA present in the pellet and "Wpelet" refers to the

weight of the dried pellet of TAA-PLHNPs.

5.2.4.3 Scanning electron microscopy (SEM) imaging of TAA-PLHNPs

A filed emission scanning electron microscope (FEI, Apreo LoVac, TermoFisher Scientific,
MA, USA) was used to examine the surface morphology of the optimized TAA-PLHNPs. 40
uL of the optimized TAA-PLHNPs dispersion was applied on a fixed piece of double-sided
conducive tape on an aluminium stub and was vacuum-dried overnight. Then, using a sputter
coater (Leica EM ACE200, Wetzlar, Germany) in an argon atmosphere, gold was coated on
the surface of the dried sample under vacuum. Following the gold coating process, the samples

were scanned to capture their SEM images at a 5 kV acceleration voltage.

5.2.4.4 Differential scanning calorimetry (DSC) of TAA-PLHNPs
The DSC-60 (TA-60 WS, Shimadzu, Kyoto, Japan) was used to perform thermal analysis of
pure TAA, lyophilized TAA-PLHNPs and a physical combination of TAA with all the

excipients used in the preparation of TAA-PLHNPs. Each sample was weighed (=5 mg) and
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crimp-sealed, separately, in aluminium pans. An empty crimp-sealed aluminium pan was
employed as reference. The reference and sample pans were placed in the DSC sample chamber
before the run and allowed to equilibrate at 30 °C for 2 mins. Thermal analysis of the samples
was performed, in an inert environment, in the temperature range of 30 to 300 °C at a constant
heating rate of 10 °C/min. Nitrogen gas was purged into the sample chamber at a flow rate of

50 mL/min to maintain an inert environment.

5.2.4.5 Powder X-ray diffractometry (pXRD) of TAA-PLHNPs

Using a Rigaku Ultima IV diffractometer (Texas, USA), the powder X-ray diffraction (pXRD)
examination of freeze-dried TAA-PLHNPs, a physical mixture of TAA-PLHNPs components
and pure TAA was conducted to determine the physical state of the drug and as well as the
excipients present in the samples. The analysis was performed by illuminating the samples with
Cu-Ko radiation (A = 1.54 A) that had been Ni-filtered at a voltage of 40 kV and a current of
30 mA. A scanning rate of 2 degrees/min, which covered a 20 range of 10-80° was used in the

analysis of the samples.

5.2.5 Rheological evaluation of TAA-PLHNP-ISG formulation

In chapter 3 (Section 3.3.2), we discussed the optimization of blank RXG-k-CRG in situ gel
(ISG) using a mixture of reacted tamarind seed xyloglucan (RXG) and kappa-Carrageenan (k-
CRG) at 2% w/v and 0.3% w/v, respectively. In this chapter, we loaded the freeze-dried powder
of the optimized TAA-PLHNPs (discussed in section 2.2) into the optimized blank in situ gel
under magnetic stirring at 500 rpm maintained at 25 °C for 30 min to form TAA-PLHNPs
loaded in situ gel (TAA-PLHNP-ISG). A rheometer (Anton Paar MCR 302, Graz, Austria) was
used to evaluate the rheological properties of the TAA-PLHNP-ISG and blank ISG in parallel
plate geometry. The linear viscoelastic region (LVER) for each sample was first determined
using amplitude and frequency sweep tests. The rheological properties of the samples were
then evaluated in the LVER using a temperature sweep in oscillatory mode between 25 °C and
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40 °C. Two different experimental setups were used to evaluate the gelation properties of the
samples: 1) temperature ramp and 2) temperature ramp with STF. The loss tangent (zan J) vs
temperature and complex viscosity (#*) vs temperature plots were constructed using the data
obtained from the rheological studies. The TAA-PLHNP-ISG gelation behaviour was assessed

based on the plots obtained in the study.

5.2.6 In vitro drug release study from TAA-PLHNP-Susp and TAA-PLHNP-ISG
formulations

The in vitro drug release of TAA-PLHNP-Susp and TAA-PLHNP-ISG formulations was
investigated using a membrane-less approach in a dissolution apparatus (USP Type 11, Model
TDT-08L, Electro lab, Mumbeai, India) [186]. In a 1000 mL dissolution jar, a circular stainless-
steel container with an internal diameter of 1.4 cm and a depth of 0.5 cm was glued to the
bottom. The study formulation (40 pL of TAA-PLHNP-Susp or TAA-PLHNP-ISG, equivalent
to 4 mg of TAA) were carefully taken in the stainless-steel container. The dissolution jars were
kept at a constant temperature of 34 £ 0.5 °C. STF containing 0.5% w/v of Tween 80 was used
as the dissolution media in the study. The dissolution media (300 mL) was pre-equilibrated at
34 £ 0.5 °C before adding into the dissolution jars. The paddle was rotated at a speed of 75
rpm. At pre-determined time intervals (0.25, 0.5, 1, 2, 4, 6, 8, 12, 24 and 48 h), samples (2 mL)
were drawn using a syringe during the dissolution study. The samples were centrifuged for 30
min at 10 °C at 12,000 rpm. Following the centrifugation, the clear supernatant was collected
and analyzed using a validated RP-HPLC analytical method (Section 2.3.1, Chapter 2). The
pellet obtained after centrifugation was reconstituted with 1 mL of fresh dissolution media (pre-
equilibrated at 34 £ 0.5 °C) and transferred back to the respective dissolution jars. A similar
procedure was followed at all sampling time points. To understand release kinetics (including
zero-order, first-order and Higuchi square root kinetics) and release mechanisms, data from in

vitro dissolution was fitted into various mathematical models [187]. The dissolving profiles of
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TAA-PLHNP-Susp and TAA-PLHNP-ISG formulations were compared using similarity factor
(f2) [212].

5.2.7 Stability of TAA-PLHNPs and TAA-PLHNP-ISG formulations

In order to evaluate the stability of the optimized TAA-PLHNPs (lyophilized powder) and
TAA-PLHNP-ISG, the formulations were packaged in hermetically sealed vials and kept at
room temperature (25 £ 2 °C and relative humidity of 60 + 5%) and refrigerated (2-8 °C)
conditions, respectively. TAA-PLHNP-ISG was stored separately in a refrigerator (2-8 °C)
based on the storage condition recommended for ISG (Section 4.3.6, Chapter 4). The samples
(n=3) from both the formulations were analysed after every 15 days during the 60-day stability
study. The physico-chemical properties like PS, PDI, ZP, and LE (%) were determined. Data
obtained for the formulations at each sampling point was compared with that of the zero-time
data of the respective formulation to determine the %deviation in the physico-chemical

properties to assess the stability of the formulations.

5.2.8 Ex vivo ocular toxicity tests of TAA-PLHNPs and TAA-PLHNP-ISG formulations
using the HET-CAM technique

The ex vivo ocular irritation investigations were conducted using Hen's Egg Test-Chorion
Allantoic Membrane (HET-CAM) technique [213]. Fresh eggs were acquired from a nearby
chicken farm and incubated for five days at temperature of 37 £ 0.5 °C and 55 + 5% RH. The
eggs weighed between 50 and 60 g. The eggs were candled on the 5™ day to distinguish viable
eggs from the non-fertile ones. To develop CAM, the viable eggs were kept in the incubator
for 10 more days. Throughout the incubation stage, the eggs were manually rotated every 12
h. Using a revolving dental blade, the egg shell was delicately cracked to access the air cell
without damaging the inner membrane. After applying NaCl (0.9% w/v) solution to the
exposed CAM, the opened eggs were placed in an incubator for 30 min. The inner layer of

each opened egg was carefully removed using forceps to make the surface of the CAM
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accessible for easy application of the formulation samples. Four treatment groups were
examined in the study. Group 1 served as the positive control (treated with 0.1 N NaOH),
Group 2 served as the negative control (treated with 0.9% w/v NaCl solution), Group 3 was
given the TAA-PLHNPs-Susp treatment and Group 4 was given the TAA-PLHNP-ISG
treatment. Three eggs, with correctly formed/exposed CAM, were used to apply the treatments
in the study. To the surface of egg CAM, treatment samples (200 uL) were applied and the
degree of damage to the blood vessel was evaluated for 300 sec and irritation severity scores
were recorded. Irritation severity (IS) score for each treatment was calculated using Eq. 5.4

based on the extent of vascular lysis in the CAM.

(301-H) X 5 + (301-L) X 7 + (301-C)

—_— X9
300 300 300

Equation 5.4 IS =

Where, ‘H’ denotes the time taken for the start of the haemorrhage responses on the CAM,
‘L’ denotes the time taken for the start of the vascular lysis on the CAM and ‘C’ denotes the
time taken for the start of the coagulation formation on the CAM.
The ocular irritation potential of the in situ gels was evaluated based on their IS scores. The
treatment/formulation with IS score between 0 and 0.9 was identified as ‘non-irritating’;
between 1 and 4.9 was identified as ‘slightly irritating’; between 5 and 9.9 as ‘moderately
irritating’ and between 10 and 21 as ‘strongly irritating’.
5.2.9 Histopathological studies of the TAA-PLHNPs and TAA-PLHNP-ISG formulations
To assess the impact of formulations on the structure and integrity of corneal epithelium,
histopathology studies were conducted using fresh goat eyeballs sourced from a nearby
slaughtering site. A 2 mm incision was made around the scleral ring to remove the cornea from
the eye. The cornea was cleaned immediately using 0.9% w/v NaCl solution for 1 min. The
cleaned cornea was incubated with each treatment, separately, for 6 h. In the study, four
different treatment groups were investigated. The treatment in Group 1 consisted of positive

control (75% v/v isopropyl alcohol), Group 2 consisted of negative control (STF, pH 7.4 +
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0.05), Group 3 was of TAA-PLHNP-Susp and Group 4 was of TAA-PLHNP-ISG. After 6 h of
incubation, the cornea was cleaned with 0.9% w/v NaCl solution and frozen immediately using
a tissue freezing medium. The cornea was maintained frozen at -80 °C until further use. Before
the microscopic evaluation, cross-sections of the frozen cornea were cut into fine sections of
less than 5 mm thickness in a cryotome (Leica Biosystems, CMI1520 cryostat,
Wetzlar, Germany) and placed on a glass slide. The tissue was dehydrated using a gradient of
30-50-70-90-100% v/v of ethanol and xylene. The dehydrated tissue was rinsed with 0.9% w/v
NaCl solution before being stained with hematoxylin and eosin. The tissue was washed with
NaCl solution (0.9% w/v) to remove excess hematoxylin and eosin before being examined for
any histological changes using a digital microscope (ZEISS, Axiocam 705 colour,
Oberkochen, Germany) at 10x magnification [190].

5.2.10 Ocular pharmacokinetic studies of the optimized TAA-PLHNPs and TAA-
PLHNP-ISG formulations

To evaluate the ocular pharmacokinetics of the optimized TAA-PLHNPs and TAA-PLHNP-
ISG formulations, eight (n=8) male New Zealand rabbits (weighing 2-2.5 kg) with normal eyes
(without any symptoms of inflammation) were used in the study. Prior to the study, the
institutional animal ethics committee had reviewed and approved the study protocol (Protocol
No.: BITS-Hyd/TAEC/2022/14).

The animals were acclimated for a week before the study in the animal house facility of our
institute (temperature of 22 + 1 °C; relative humidity of 55 + 10% and 12 h light-dark cycle).
In the pharmacokinetic study, 40 pL of the formulation (TAA-PLHNP-Susp and TAA-
PLHNP-ISG) was instilled into each of the rabbit's two eyes (at the lower cul-de-sac) using a
micropipette. The eyelids were kept closed for 10 sec after dosing to increase contact between
the cornea and the formulation. Following the instillation of the formulation, one animal each
at 0.5, 1,2, 4,6, 8, 12 and 24 h was euthanized by inhaling carbon dioxide. An insulin needle

(30-gauge, 3 mm diameter) was used to draw aqueous humour from the euthanized rabbit. The
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insulin needle was positioned behind the limbus superotemporally and aiming it at the centre
of the eye to draw aqueous humor from the rabbit eye. After collecting the aqueous humour,
the left and right eyes of the rabbit were removed. The eyes were promptly frozen using dry
ice. Vitreous humour was collected from the frozen eyeball and stored at -20 °C.

A validated HPLC method (discussed in Section 2.3.3, Chapter 2) was employed to analyze
the concentration of TAA in the vitreous humor and aqueous humour samples collected from
ocular pharmacokinetic study. Non-compartmental analysis was used to analyse the time
course data of TAA in aqueous humour and vitreous humour. Pharmacokinetic parameters like
Crax (the maximum concentration of TAA), Timax (the time to reach Ciax), AUC (0-) (area under
the TAA time course curve from t = 0 to t = tias) and MRT (0-«) (the mean residence time t = 0
to t = o) were determined. Trapezoidal rule (linear up - linear down) method was used to
calculate the value of AUC (0-1).

5.2.11 Quantification of TAA and Statistical analysis of data

A validated HPLC-PDA analytical method (Section 2.3.1, Chapter 2) was used to quantify
TAA in the formulations, in vitro drug release samples and stability studies samples. For
analysing the concentration of TAA in the aqueous and vitreous humour samples, a validated
HPLC-PDA bioanalytical method (Section 2.3.3, Chapter 2) with a calibration range of 50—
3000 ng/mL was used. The drug was extracted from the biological samples using a two-step
process that involved protein precipitation followed by solvent evaporation. The complete steps
involved in the extraction of TAA from both the matrices (aqueous humor and vitreous humor)
are described in Section 2.3.3, Chapter 2.

Data obtained from physical characterisation studies and in vivo investigations of various
groups/treatments was statistically compared either using unpaired t-test (for comparing two
treatments) or ANOVA (for comparing more than two treatments). A suitable post-hoc test was

then carried out, if necessary, at the 5% level of significance (a = 0.05). Data obtained in
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various studies is expressed as mean + standard deviation, depending on the number of
replicates used in the study.

5.3 Results and discussion
5.3.1 Experimental designs used in the preparation of TAA-PLHNPs
5.3.1.1 Screening design for identifying the critical factors

The saturation solubility of TAA in different stabilizers is presented in Table 5.2. Based on the
results obtained, TAA was found to have similar saturation solubility in Poloxamer 407 (25.09
+2.13 pg/mL), PVP-K30 (23.26 £ 1.59 pg/mL) and PVA (21.77 + 3.28 pg/mL) while Tween
80 and TPGS were found to have higher solubility for the drug. The stabilizer in which the
drug has the least solubility is considered the most ideal for preparing the NPs as it improves
the LE (%), provided the stabilizer can result in forming NPs with desired PS and stability. In
the preliminary formulation trails involving Poloxamer 407, PVP-K30, and PVA as the
stabilizer, the TAA-PLHNPs prepared using PVA had higher stability, low PDI and higher LE
(%) compared to the other stabilizers. Therefore, based on the saturation solubility data and the
initial formulation trials, PVA was selected as the most suitable stabilizer for the preparation

of TAA-PLHNPs.

MiniRes screening design with resolution IV is very useful screening design where the main
effects are not confounded by other main effects as well as two-way interactions. Due to this
property, the effect of the main factorial terms can be studied in this design using a fewer

number of runs for a given set of factors at two levels.

Out of the seven factors studied in the screening design, three factors, namely, PLGA amount
(mg), phosphatidylcholine amount (mg) and the ultrasonication amplitude (%) were found to
have statistically significant effect on the critical physico-chemical factors like PS and LE (%)
of TAA-PLHNPs. In addition, the data obtained from the screening design indicated that there

was no significant variation in the physico-chemical properties like PDI, ZP and EE (%) of the
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TAA-PLHNPs across the 16 non-centre point runs. Therefore, only PS and LE (%) were taken

as the critical responses in the optimization design using BBD.

Table 5.2 Saturation solubility studies of TAA in different vehicles/excipients.

Stabilizer concentration (1% w/v) TAA concentration® (ug/mL)
Poloxomer 407 25.09+2.13
Polysorbate 80 (Tween 80) 47.74 £ 1.49
Polyvinylpyrrolidone (PVP-K30) 23.26 £1.59
Poly vinyl alcohol (PVA) 21.77 +3.28
D-a-tocopherol polyethylene glycol succinate (TPGS) 76.94 £5.07

Note: *All the data is represented as Mean + SD of replicate analysis (n = 3)

5.3.1.2 Optimization of critical factors using Box-Behnken design (BBD)

BBD is one of the most commonly employed quadratic response surface methods for
optimization of response variable(s) as a function of three or more critical factors. Table 5.3
provides the design matrix with the levels of each critical factor used in the experimental runs
for the preparation of TAA-PLHNPs and the data obtained for PS and LE (%) of the NPs in
the corresponding experimental runs. The regression equations for PS and LE (%) were
determined based on the observed responses of the experimental runs in BBD. The regression
equations were subjected to ANOVA to identify the various statistically significant factorial
terms effecting the PS and LE (%) and the results are presented in Table 5.4. The details of
sum of squares (SS), degree of freedom (df), ‘Fc..’ value and ‘P’ value for the factorial terms
are presented. The factorial terms with ‘P<0.05’ are considered to have statistically significant
effect on the response variable while those with ‘P>0.05" are considered to have insignificant
effect. If the ‘Feu” of the model is greater than the corresponding ‘F..’ then we can conclude

that the regression model is statistically valid.

5.3.1.3 Effect of critical factors on PS
The influence of critical factors on PS is described by the following least square second-order

polynomial equation (in coded form, with 95% confidence level):
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Equation 5.5

PS (Y1) =314.0 +177.25X; — 2 X, — 49.50 X5 + 6.75 X, X, — 21.25 X, X5
—37.25 X,X5 +22.87 X? —5.13 X7 + 17.38 X

The regression model ‘F..;’ value (7.72) for PS was statistically significant (Pce; <0.0001). The

lack-of-fit for the regression equation of PS was not significant (P..>0.05). The values of

predicted R? and adjusted R? were 0.7463 and 0.7908, which were in reasonable agreement

with each other and their difference well within 0.2. The residual versus the run number plot

was scattered randomly around and closer to ‘0’°, suggesting that there was no obvious impact

of the run order on the variability of the PS across the different runs. All the above statistical

findings demonstrate that the regression equation obtained for PS is reliable and accurate. In

the experimental runs, the highest PS was seen in the 8™ run with an average PS of 633 nm and

the smallest PS was seen in the 12" run with an average PS of 168 nm (Table 5.3).

Table 5.3 BBD design matrix for the preparation of TAA-PLHNPs with the levels of critical

factors for each experimental run and the values of the responses obtained for PS and LE (%).

X Xz X3
Run L. ) . Y: Y:
No. PLGA Ultrasonication Phosphatidylcholine PS (nm) LE (%)
amount (mg) amplitude (%) amount (mg)
1 180 35 120 502 18
2 120 35 80 284 25
3 120 20 40 359 25
4 120 35 80 286 25
5 120 20 120 324 25
6 180 20 80 536 18
7 60 35 120 172 39
8 180 35 40 633 18
9 60 35 40 218 39
10 120 50 120 273 24
11 60 20 80 213 39
12 60 50 80 168 39
13 180 50 80 518 18
14 120 35 80 279 25
15 120 35 80 448 25
16 120 50 40 457 25
17 120 35 80 408 25

Note: The values of PS and LE (%) shown are the mean of three independent formulations.

The %RSD of the three independent measurements was less than 5%.
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The RSM graph in Figure 5.2a clearly indicate that the PS increased linearly as the PLGA
amount increased for any given ultrasonication amplitude (%). This could be due to the increase
in the viscosity of the organic solvent with increase in the PLGA amount which negated the

effect of ultrasonication and lead to increase on PS of the NPs.

Figure 5.2b depict that increase in the phosphatidylcholine amount decreased the PS of the NPs
at any given PLGA amount. Phosphatidylcholine is a surfactant which reduces the interfacial
tension between two phases (organic and aqueous phases), resulting in a reduction in the

globule size and consequently a drop in PS of the NPs.

A marginal increase in the PS of NPs was observed with increase in the ultrasonication
amplitude, particularly when the phosphatidylcholine amount was low (40 to 60 mg) (Figure
5.2c). However, no significant difference was observed in the PS of NPs due to increase in
ultrasonication amplitude at higher levels of phosphatidylcholine (80 to 120 mg). Higher
ultrasonication amplitude can result in particles collisions which can sometimes lead to

aggregation, particularly when the surfactant levels are low.

Table 5.4 Statistical data obtained from ANOVA of the regression models of PS and LE (%)
of TAA-PLHNPs.

Particle Size (Y1) Loading Efficiency (Y2)
Source Sum of Sum of
Squares  df Feu Pea Squares df Feu P
Model 2.82E+05 9 7.72 0.0067" 983.90 9 3.71E+05 <0.0001"
X1 2.51E+05 1 61.87 0.0001" 91591 1 3.11E+06 <0.0001"
X 32.00 1 7.88E-03  0.9318"  8.76E-03 1 29.74 0.0010"
X3 19602.00 1 4.83 0.0640*  3.38E-03 1 11.45 0.0117°
XiXe 182.25 1 0.045 0.8383*  3.27E-03 1 11.11 0.0125"
Xi1X3 1806.25 1 0.44 0.5263*  3.75E-03 1 12.74 0.0091"
X>X3 5550.25 1 1.37 0.2807*  1.76E-03 1 5.96 0.0447"
Xi? 2203.22 1 0.54 0.4854" 67.55 1 229E+05 <0.0001"
X7 110.59 1 0.027 0.8736"  1.20E-05 1 0.041 0.8461"
X;2 1271.12 1 0.31 0.5933*  4.00E-04 1 1.36 0.2820%
Residual 28437.00 7 2.06E-03 7
Lack-of-Fit  2381.00 3 0.12* 0.9425%  594E-04 3 0.54* 0.6802"
Pure Error 26056.00 4 1.47E-03 4
Total 3.11E+05 16 983.90 16

Note: “Statistically significant with P<0.05; *Statistically not significant with P>0.05
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5.3.1.4 Effect of critical factors on LE (%)
The least square second-order polynomial equation (Eq. 5.6) for describing the relationship

between the three critical factors and LE (%), in the coded form at 95% confidence level, is as
Equation 5.6

LE (%)(Y,) = 24.55—10.70 X; — 0.033 X, — 0.021 X5 + 0.029 X; X, + 0.031 X, X,
—0.021 X, X5 + 4.01 X? — 1.685E — 03 X2 + 9.750E — 03X2

Table 5.4 shows that the quadratic model for the LE% was statistically significant with ‘Fea/’
value (3.710E+5) and P..; <0.0001. The predicted R? and adjusted R? values were found to be
1.0. In addition, the F.. value (0.54) for the lack-of-fit was insignificant with P.,; = 0.68. There
was no discernible impact of the sequence of experimental runs on the distribution of residuals,
which were distributed randomly around zero. The statistical results suggest that the regression

model obtained for LE (%) is valid and accurate.

The LE (%) of TAA-PLHNPs ranged between 18% to 39%. The highest LE (%) was observed
in run numbers 7, 9, 11 and 12, while the lowest LE (%) was observed in run numbers 1, 6, 8

and 13 (Table 5.3).

The results obtained from ANOVA indicate that the polymer amount was the only variable that
had a significant impact on the LE (%). The primary reason for the decrease in LE (%) from
39% to 18% in the various experimental runs was due to the increase in the amount of polymer
from 60 to 180 mg (Figure 2d) that is used in the calculation of LE (%), rather than due to the
decrease in drug entrapment. Whereas, the EE (%) of the TAA-PLHNPs didn’t change
significantly (remained in the range of 96.7 to 97.3%). The other factors had little impact or no

significant effect on the LE (%) of TAA-PLHNPs.
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Figure 5.2 3D response surface plots demonstrating the impact of critical factors on the critical
physico-chemical properties of TAA-PLHNP: (a, b, ¢) PS and (d) LE (%).

5.3.1.5 Desirability value and validation of the regression models

Desirability function-based simultaneous optimization technique is extremely effective for
optimization studies involving multiple response variables [235]. Design expert software offers
a number of solutions (in terms of conditions to be set for the critical factors) with varying
desirability values. The solution with highest desirability value (closer to 1) offers the best
optimal conditions for the critical factors to achieve the desired responses. For the simultaneous

optimization of PS and LE (%) to prepare TAA-PLHNPs, Design Expert software yielded a
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solution with a desirability value of 0.997. The software projected the following experimental
conditions: polymer amount — 60 mg; ultrasonication amplitude — 39.2%; phosphatidylcholine
amount — 102.2 mg to prepare the optimized TAA-PLHNPs. Verification runs (n = 6) were
performed in order to examine the validity and reliability of the regression models for PS and
LE (%) in predicting the corresponding response variables. Six independent replicate
formulations of TAA-PLHNPs were prepared and characterized for their PS and LE (%). The
statistical difference between the observed and predicted values (obtained by substituting the
optimum levels of the critical factors in the regression equations), for both PS and LE (%), was
assessed using the Wilcoxon signed rank test at a=0.05. No significant difference (P>0.05) was
observed in the observed and predicted values of PS and LE (%), demonstrating the
predictability of the regression models. The PS, ZP and LE (%) of the optimized TAA-PLHNPs

were 163 £2.8 nm, -22.7 + 2.4 mv and 39 + 1.9%, respectively.

5.3.2 Characterization of TAA-PLHNPs formulations using DSC, powder XRD and SEM
imaging

The DSC thermograms of TAA, a physical combination of all the excipients used in the
formulation of TAA-PLHNPs and freeze-dried TAA-PLHNPs are shown in Figure 5.3a. The
DSC thermogram for pure TAA showed a sharp endothermic peak at 292 °C, corresponding to
the melting of crystalline TAA powder. The physical combination of TAA, PVA, PLGA and
phosphatidylcholine displayed the characteristic TAA melting peak at 292 °C, which is
indicative of the absence of incompatibility between TAA and other excipients used in the
preparation of TAA-PLHNPs. Finally, the thermogram of freeze-dried TAA-PLHNPs revealed
sharp endothermic peak only at 160 °C which corresponds mannitol, which was used as
cryoprotectant in the lyophilisation of TAA-PLHNPs. The absence of melting endothermic
peak for TAA at 292 °C in the freeze-dried TAA-PLHNPs may be due to the presence of TAA

in either molecular form or amorphous form in the PLHNPs matrix.
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Figure 5.3b presents the SEM image of optimized TAA-PLHNPs. The image shows that the
PLHNPs are distinct with no aggregation. Figure 5.3¢ shows the pXRD graphs of pure TAA,
physical mixture of TAA and the excipients used in preparation of TAA-PLHNPs and freeze-
dried TAA-PLHNPs. In the physical mixture, sharp peaks of pure TAA can be observed at 20
range of 9-21° and 24-28°, particularly at 20 = 9°, 14°, 17° and 24°. However, no peaks were
observed in the pXRD graph of freeze-dried TAA-PLHNPs suggesting that TAA may

entrapped in the amorphous or molecular state in the PLHNPs, which supports the data
obtained in DSC studies.
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Figure 5.3 (a) DSC thermograms of (i) TAA, (ii) physical mixture of TAA, PLGA,
phosphatidylcholine and PVA, (iii)) lyophilized TAA-PLHNPs (iv) PLGA (v)
phosphatidylcholine (vi) PVA; (b) optimized TAA-PLHNPs surface morphology by SEM; (c)

pXRD graphs of (i) pure TAA, (ii) the physical combination of TAA-PLHNPs components
and (ii1) freeze-dried TAA-PLHNPs.
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5.3.3 Rheological evaluation of TAA-PLHNP-ISG formulation

The results obtained from the rheological evaluation of blank ISG and TAA-PLHNP-ISG are
shown in Figure 5.4a and 5.4b. Figure 5.4a presents the loss tangent (tan J) whereas Figure
5.4b displays the complex viscosity (n*) properties of the formulations as a function of
temperature. As the temperature increased gradually from 25 to 40 °C, the loss tangent (tan o)
values decreased and complex viscosity (7 *) values increased. The tan ¢ and n* values of both
formulations showed a quick shift at temperature between 32—-35 °C, indicating a clear sol-to-
gel transition. This demonstrate the thermoresponsive nature of the RXG present in the ISG.
When TAA-PLHNP-ISG was subjected to temperature ramp in the presence of STF, the fan o
value was found to be less than 1 even from the starting temperature of 25 °C, indicating a
rapid transition from sol-to-gel. This is due to the ion sensitivity of k-CRG present in TAA-
PLHNP-ISG. This can be confirmed from fan é (more than 1 between 25 to 33 °C) and #*
(with a slight increase in the values between 25 to 33 °C) values of the formulations which
suggest that the formulations did not convert rapidly from sol-to-gel in the temperatures

between 25 to 33 °C, when subjected to temperature ramp without STF.
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Figure 5.4 Semi-logarithmic plots of (a) loss tangent (tan ) and (b) complex viscosity (r*) of
blank ISG and TAA-PLHNP-ISG as a function of temperature.
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*Note: A- blank ISG and B- TAA-PLHNP-ISG subjected to temperature ramp; C- TAA-
PLHNP-ISG subjected to temperature ramp in the presence of STF.

5.3.4 In vitro drug release study from TAA-PLHNP-Susp and TAA-PLHNP-ISG
formulations

The in vitro drug release studies were conducted in STF with a pH of 7.4 = 0.05, containing
Tween 80 (0.5% w/v). The saturation solubility values of TAA in STF and STF with Tween
80 (0.5% w/v) are 13.7 pg/mL and 48 pg/mL, respectively. In order to maintain the sink
condition during the in vitro dissolution studies, 300 mL of STF with Tween 80 (0.5% w/v)
was used as the dissolution medium. The mean cumulative percentage of drug released vs time
plots were constructed using the in vitro dissolution data (Figure 5.5). The release of TAA from
the TAA-PLHNP-ISG happens in a two-step process. First, TAA is released from the polymer
network of PLGA and then diffuse across the lipid layer on the surface of the NPs into the gel
network formed by the in situ gel. TAA is then release into the dissolution media from the gel
network by either drug diffusion or erosion of polymer gel. Therefore, the dissolution data from
the TAA-PLHNP-ISG was not modelled using the kinetic models due to their limitations.
However, the dissolution data of TAA-PLHNP-Susp was modelled to identify the release
kinetics of the TAA from the formulation. The Higuchi kinetics model (R?=0.965) was
determined to be the best fit when compared to the zero-order kinetics model (R?>=0.836) and
the first-order kinetics model (R*=0.927). The drug release was slightly faster in the initial
period with more than 28% drug release in the first 1 h followed by a slow and sustained release
for more than 24 h (with 95% drug release at the end of 24 h). The dissolution data was also
analysed using Korsmeyer-Peppas model to understand the mechanism of drug release form
TAA-PLHNP-Susp. The release exponent ‘n’ in Korsmeyer-Peppas model determined from
the dissolution data was found to be 0.66, suggesting a non-Fickian or anomalous transport (for
‘n” between 0.5 to 0.89) of the drug from the TAA-PLHNPs. The release of TAA from TAA-

PLHNPs is governed by drug diffusion as well as polymer relaxation. Since the value of ‘n’ is
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closer to 0.5, out of the two mechanisms, drug diffusion is considered to play a dominant role
in the overall drug release from TAA-PLHNPs.

The drug release from TAA-PLHNP-ISG was slower and more sustained than compared to
TAA-PLHNPs. The drug release from TAA-PLHNP-ISG was around 15% at 1 h and around
85% at the end of 24 h. This is due to the presence of viscous gel network formed by the ISG
around the TAA-PLHNPs in the case of TAA-PLHNP-ISG. The drug molecules after releasing
from the TAA-PLHNPs, should further diffuse through the gel network of the ISG, which
further delayed the drug release. The similarity factor (f2=41) value indicated that the drug
release from TAA-PLHNPs and TAA-PLHNP-ISG were significantly different from each
other.
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Figure 5.5 In vitro drug release profiles of TAA-PLHNP-Susp and TAA-PLHNP-ISG. Each
data point represents the average cumulative% TAA released + SD of n = 3 different
formulations.

5.3.5 Stability of TAA-PLHNPs and TAA-PLHNP-ISG formulations
The stability studies of TAA-PLHNPs and TAA-PLHNP-ISG were conducted at room

temperature (at 25 = 2 °C and 60 = 5% RH) and under refrigeration condition (at 2-8 °C),
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respectively, for a period of 60 days. The PS, PDI, ZP and LE (%) of freshly prepared

formulations and formulations stored under the aforementioned conditions for more than 60
days did not differ significantly as shown in Figures 5.6a and 5.6b. The %bias estimated for
PS, PDI, ZP and LE (%) was found to be less than 5.0% at each sample time point for both
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formulations. This shows that both formulations were stable for 60 days when stored at their

respective storage conditions.
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Figure 5.7 illustrates a comparison of the images acquired by the HET-CAM test of the various

w/v NaCl) and optimized formulations (TAA-PLHNP-Susp and TAA-PLHNP-ISG) did not
show any discernible change in the CAM (neither haemorrhage nor coagulation) during the
study. The positive control secured IS value of 20, while the negative control and optimized

NaOH treatment) after 0.5 min, resulting in rosette-like coagulation. In addition, lysing of the
blood vessels was observed in CAM after exposure to positive control. Negative control (0.9%
formulations (TAA-PLHNP-Susp and TAA-PLHNP-ISG) received IS value of 0. From the IS

Figure 5.6 Stability data of (a) lyophilized TAA-PLHNPs stored at 25 + 2 °C and 60 + 5% RH

and (b) TAA-PLHNP-ISG stored at 2-8 °C.
5.3.6 Ex vivo ocular toxic
treatments used in the study.



values and the visual changes seen in CAM, it can be inferred that TAA-PLHNP-Susp and

TAA-PLHNP-ISG were "non-irritant" and well-tolerated by the eye.

Figure 5.7 Images obtained from ex vivo ocular irritation study performed using HET-CAM
test: (A) positive control (0.1 M NaOH); (B) negative control (0.9% w/v NaCl); (C) TAA-
PLHNP-Susp; and (D) TAA-PLHNP-ISG.

5.3.7 Histopathological studies of the TAA-PLHNPs and TAA-PLHNP-ISG formulations
A microscopic examination of the cornea treated with STF (negative control) revealed intact
epithelium and stroma, with no evidence of any changes in the cornea and stroma. There was
a noticeable deformation of the epithelial cell layer with increased intercellular spaces in the
presence of 75% v/v isopropyl alcohol (positive control). The STF-treated cornea and the
cornea incubated with optimized formulations (TAA-PLHNP-Susp and TAA-PLHNP-ISG)
did not show any significant difference from one another (Figure 5.8). It can be inferred that
the optimized formulations do not affect the cellular structure of cornea and therefore are safe

for ocular administration.

>

Figure 5.8 Photo-milcrographlc comparson of histological changes in the cornea following
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its exposure to various treatments: (A) negative control (STF); (B) Positive control (75% v/v
IPA); (C) TAA-PLHNP-Susp; and (D) TAA-PLHNP-ISG.

5.3.8 Ocular pharmacokinetic studies of the optimized TAA-PLHNPs and TAA-PLHNP-
ISG formulations

The mean concentration-time profiles of TAA in the vitreous and aqueous humour (Figure 5.9)
obtained following topical ocular administration of TAA-PLHNP-Susp and TAA-PLHNP-ISG
were compared with each other as well as with that of TAA-HP-B-CD-Susp (Section 2.3.5,
Chapter 2). To estimate pharmacokinetic parameters like Cmax, Tmax, AUCo—¢ and MRTo«, the
time course data of TAA in both the matrices was subjected to non-compartmental analysis
using Phoenix WinNonlin software (version 8.3.5.340, Pharsight Corporation, NC, USA). The
time course profiles of TAA in both the matrices were constructed by pooling the concentration
data from two eyes of a single animal sacrificed at individual sampling time points in the study.
The most important site for drug localization in the treatment of PU is the vitreous humour. An
ideal topical ocular formulation of TAA for treatment of PU would be the one that can produce
concentrations of TAA higher than 100 ng/mL in the vitreous humour and sustain them for
longer duration of time. Such formulation can reduce the dose as well as the dosing frequency

of TAA.

Figure 5.9b shows that TAA concentrations (Cmax) in the vitreous humour for TAA-PLHNP-
ISG (946.53 ng/mL) were 1.5 times higher than TAA-PLHNP-Susp (647.50 ng/mL) and 3.6
times higher than TAA-HP-B-CD-Susp (264.9 ng/mL). In addition, the concentrations of TAA
were more sustained for TAA-PLHNP-ISG (MRTo = 16.26 h) compared to TAA-PLHNP-
Susp (MRTo— = 10.77 h) compared to TAA-HP-B-CD-Susp (MRTo— = 3.10 h). The results in
Table 5.5 further show that the total vitreous humour exposure (AUCo—) of TAA for TAA-
PLHNP-ISG (10093.76 ngxh/mL) was 1.7 times higher than that of TAA-PLHNP-Susp
(6094.92 ngxh/mL) and 12.5 times higher than that of TAA-HP-B-CD-Susp (810.4 ngxh/mL).

The above results indicate that TAA-PLHNP-ISG produced higher and sustained
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concentrations of TAA in vitreous humor compared to TAA-PLHNP-Susp compared to TAA-

HP-B-CD-Susp.
1,000 -
b - soeoheees TAA-HP-B-CD-Susp
~ 900 1 ,.‘ \‘ —e— TAA-PLHNP-Susp
] \
go 800 [ --#--TAA-PLHNP-ISG
a £ i
oz 700 ; H '
> H N \
1800 7 £ 600 - LA Y
i < Wi [N
1600 { % . < 500 1 oo\ s
.: ‘.' ll ‘\ ‘S / \ ‘\\
- o 400 - g S
\ = S
= 1400 4 [ £ /! \ T
= : . x £30{ 2/ N s
£ i s \ = e ~< BRI
= 1200 4: ks : ~ \\ 8 200 1/, . -~o - Sso
< : all/ \ \ g ~ -~ .
= : Jl/ \ &) r & MEC =100 ng/mL ~ -
2 1000 4: i \ ‘\\ 100 1 J """ S TTTTTT T ~I& T
g : l'{ \ \ “a hd
b #/ \ \\ 0 T T T T T ]
S 800 {: N \ 0 4 8 12 16 20 24
= : I, : \
g . S NN Time (b)
- H 1ime
£ 600 \ .
3 (] Sa
I B B
g s i 7! N T
&) ! . N Ss<
! : -~ ~~.
200 - ! f a S~ e
f( —~ - -~ — *
e
0 & :
0 4 8 12 16 20 24
Time (h)

Figure 5.9 Mean aqueous humour (AH) (a) and vitreous humour (VH) (b) concentration-time
profiles obtained following ocular administration of TAA-HP-B-CD-Susp; TAA-PLHNP-
Susp; and TAA-PLHNP-ISG. Each data point is the mean of two independent assessments
(n=2).

A comparison of the time courses profiles for TAA-PLHNP-ISG, TAA-PLHNP-Susp and
TAA-HP-B-CD-Susp in the aqueous humour is represented in Figure 5.9a. TAA concentrations
in aqueous humour were slightly higher in TAA-HP-B-CD-Susp (Cmax of 1775.40 ng/mL)
compared to TAA-PLHNP-Susp (Cmax of 1234.60 ng/mL) but no significant difference was
observed with TAA-PLHNP-ISG (Cmax of 1625.32 ng/mL). The Tmax of TAA-HP-B-CD-Susp
(1 h) was much lesser than both TAA-PLHNP-Susp (6 h) and TAA-PLHNP-ISG (6 h). This

could be due to the higher and faster dissolution of TAA in the lachrymal fluids from TAA-
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HP-B-CD-Susp compared to TAA-PLHNP-Susp and TAA-PLHNP-ISG. However, the overall
aqueous humor exposure (represented by the AUCo-; in the aqueous humor) and residence time
of TAA in the aqueous humor (represented by the MRTo in the aqueous humor) of the two
nano-formulation were significantly higher than TAA-HP-B-CD-Susp. Due to tear turnover,
tear fluid dilution and nasolacrimal drainage, TAA-HP-B-CD-Susp was cleared rapidly from
the precorneal area. Among the two nano-formulations, TAA-PLHNP-ISG had higher
AUCo and MR Ty in the aqueous humor due to the viscous gel formed by the formulation in
the precorneal area immediately after its administration. The viscous gel formed by TAA-
PLHNP-ISG prolonged the residence time of the formulation in the precorneal area and
lessened the effects of dilution by tear fluids and nasolacrimal drainage. Moreover, the gel
provided an intimate contact with the corneal epithelium, which enabled the drug to be spread
across the whole corneal surface and thereby enhancing the extent of intra-ocular permeation.

Table 5.5 Ocular pharmacokinetic parameters of TAA in the vitreous humour and aqueous
humour following topical administration of TAA-PLHNP-Susp, TAA-PLHNP-ISG in male
New Zealand rabbits.

. . Treatments
Biological PK .
) Units TAA-HP-$- TAA-PLHNP- TAA-PLHNP-
matrix parameters .
CD-Susp Susp ISG
Vitreous Crnax ng/mL 264.9 647.5 946.53
humour Thmax h 2.0 6.0 6.0
AUCo ngxh/mL 810.4 6094.92 10093.76
MRTo o h 3.1 10.77 16.26
Cnax ng/mL 1775.4 1234.60 1625.32
Aqueous Tinax h 1.0 6.0 6.0
humour AUCy ngxh/mL 6697.3 10074.28 15779.39
MRTo h 3.0 9.14 11.49

*Data of TAA-HP-B-CD-Susp is reproduced from Table 2.4, Chapter 2.
Note: The values of Cmax, Tmax, AUCo and MRTo were obtained by composite sampling

from the two eyes (n=2) of animal sacrificed at each time point.

Overall, TAA-PLHNP-ISG not only increased the concentrations of TAA in the vitreous
humour but also sustained the concentrations of the drug for a longer period than TAA-
PLHNP-Susp and TAA-HP-B-CD-Susp. Based on the results obtained in the study, we can
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conclude that TAA-PLHNP-ISG can help in decreasing the dose and dosing frequency of TAA
for non-invasive drug delivery in the treatment of PU.

5.4 Conclusion

In this chapter, TAA-PLHNPs were prepared by employing a bottom-up approach using the
nanoprecipitation method. The principles of the DoE were used in the screening and
optimization of critical factors affecting the critical physico-chemical properties (responses) of
the TAA-PLHNPs. The physico-chemical, in vitro and in vivo properties of the optimized
TAA-PLHNPs were determined. The optimized TAA-PLHNPs were loaded into the optimized
dual responsive blank in situ gel made of a thermoresponsive polymer (RXG) and an ion-
sensitive polymer (k-CRGQG). In vivo ocular pharmacokinetic studies were performed to compare
the performance of aqueous suspension of TAA-PLHNPs (TAA-PLHNP-Susp) and TAA-
PLHNPs loaded in situ gel (TAA-PLHNP-ISG) with TAA-HP-B-CD-Susp. TAA-PLHNP-ISG
produced 1.5 and 3.6 times higher vitreous humor concentrations (Cmax) of TAA than TAA-
PLHNP-Susp and TAA-HP-B-CD-Susp, respectively. Further, TAA-PLHNP-ISG sustained
the TAA concentrations for a longer duration (16.26 h) compared to TAA-PLHNP-Susp (10.77
h) and TAA-HP-B-CD-Susp (3.10 h). Both the nano-formulations were found to be stable for
6 months during their storage. The results show that non-invasive precorneal ocular
administration of PLHNPs formulations of TAA would be beneficial in achieving therapeutic
concentrations in the vitreous humour. TAA-PLHNP-ISG can be an excellent alternative for

intravitreal administration of TAA and improve patient compliance and convenience.
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6

COMPARISON OF THE DEVELOPED
TRIAMCINOLONE ACETONIDE NANO-
FORMULATIONS
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6.1 Introduction

In the current research investigation, we have developed and optimized various formulations
of TAA that were intended to be applied topically into the eyes in order to increase the drug
concentration in the posterior segment of the eye (vitreous humour) for the treatment of PU.
To increase the availability of TAA at therapeutic concentrations, two alternative strategies,
viz., in situ gelling systems and nanoparticulate formulations and their combination, were
investigated. Formulations were evaluated for their physicochemical characteristics, in vitro
properties and in vivo performance. To ascertain the in vivo effectiveness of all the
formulations, ocular pharmacokinetic studies were conducted by administering the
formulations in the precorneal area of the eye (topically) in male New Zealand white rabbits
and the time course of TAA in the aqueous humor and vitreous humor were determined.

In this chapter, we compared the properties (physico-chemical, in vitro and in vivo) of the
various TAA nano-formulations optimized in the study, namely, aqueous suspension of TAA-
NCs (TAA-NC-Susp) and TAA-NCs loaded RXG-k-CRG in situ gel (TAA-NC-ISG), aqueous
suspension of TAA-PLHNPs (TAA-PLHNP-Susp) and TAA-PLHNPs loaded RXG-x-CRG in

situ gel (TAA-PLHNP-ISG).

6.2 Comparison of the manufacturing process of TAA nano-formulations

TAA-NCs were prepared employing solvent-antisolvent precipitation technique using a
bottom-up approach. The processing parameters and stabilizer selection were critical in
achieving the desired PS. The stabilizer system consisted of a mixture of soluplus and sodium
deoxycholate. The data obtained from the DoE suggest that the concentration of soluplus had
a significant impact on yield (%), whereas homogenization time and ultrasonication amplitude
were shown to be the most important factors affecting the PS of TAA-NCs.

TAA-PLHNPs were prepared using the nanoprecipitation technique. In this procedure, TAA

and PLGA were dissolved in an organic solvent (NMP) in a beaker. PC was dissolved in NMP
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and added to aqueous solution containing PVA to form a homogenous mixture of PVA-PC
solution. Finally, the polymeric solution of TAA and PLGA was added drop-wise into the
PVA-PC solution under homogenization followed by ultrasonication. During the addition of
polymeric solution of TAA and PLGA in to the aqueous solution of PVA-PC, TAA gets
entrapped in the network of PLGA which aggregates and forms NPs due to the diffusion of
NMP into the aqueous phase. The homogenization and ultrasonication energies provided
during the process controlled the PS of the TAA loaded PLGA particles formed. Further, the
mixture of PVA-PC -PLGA in the aqueous phase formed a deposition on the surface of the
TAA loaded PLGA particles leading to the formation of TAA-PLHNPs. DoE was used in the
optimization of TAA-PLHNPs, where, PLGA amount, phosphatidylcholine amount and

ultrasonication amplitude were found to significantly affect the PS and LE (%) of the NPs.

Both TAA-NCs and TAA-PLHNPs were prepared by nanoprecipitation techniques. The
precipitation method of TAA-NCs was comparatively easy and simple as it involved few
number of ingredients and fewer steps. However, the methods of precipitation of both the nano-
formulations were reproducible and straightforward to use, which can be easily adapted to

pharmaceutical industries.

6.3 Comparison of physico-chemical, in vitro drug release and physical stability of TAA
nano-formulations

The physico-chemical properties like PS, PDI, ZP, LE (%) and yield (%) (in the case of TAA-
NCs) of the optimized TAA-NCs and TAA-PLHNPs are presented in Table 6.1. The TAA-
PLHNPs have relatively smaller PS than TAA-NCs. The ZP of TAA-PLHNPs was higher than
that of TAA-NCs. The differences in the PS of the NPs is due to the differences in the type and
concentration of the stabilizers used in the preparation of NPs as well the type and quantum of
energy provided in the preparation of the respective NPs. Both the nano-formulations exhibited

a negative charge on their surface. Sodium deoxycholate (an anionic surfactant) was used as
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stabilizer in the preparation of TAA-NCs and therefore responsible for the negative charge on
the surface of the particles. Phosphatidylcholine (though a zwitter ion molecule but exhibits
negative charge in the pH conditions of 6.5 to 9) was used in the preparation of TAA-PLHNPs.
The molecules of PC which gets deposited on the surface of the NPs are responsible for the
negative charge on the surface. The ZP of TAA-PLHNPs (-23.4 + 1.4 mV) was slightly higher
compared to TAA-NCs (-11 + 1.5 mV) due to the differences in the concertation and extent
adsorption of phosphatidylcholine and sodium deoxycholate used in the preparation of TAA-
PLHNPs and TAA-NCs, respectively. The PDI of both the optimized TAA-NCs and TAA-
PLHNPs was well within the usually accepted range of 0.4 for monodisperse nano-
formulations, suggesting that their methods of preparation are reproducible and reliable.

The in vitro drug release studies revealed that TAA-PLHNP-Susp extended the release of TAA
for more than 24 (with around 95% drug release at the end of 24 h) due to the combination of
rate controlling polymer (PLGA) as well the lipophilic excipient (phosphatidylcholine) playing
a significant role in the drug release. However, in the case of TAA-NC-Sups, the drug dissolved
instantly in the simulated tear fluid (7.4 = 0.05), suggesting that the nanocrystal formulation
increased the saturation solubility of the drug. Loading the nano-formulations into the RXG-k-
CRG in situ gel (TAA-NC-ISG and TAA-PLHNP-ISG) resulted in a slower release of TAA
when compared to the aqueous suspension of the respective nano-formulations (i.e., TAA-NC-
Susp and TAA-PLHNP-Susp). The viscous gel network formed by the in situ gel contributed
to the decrease in drug release from the nano-formulations loaded in situ gels.

The lyophilized powder of TAA-NCs and TAA-PLHNPs were found to be stable over a period
of 60 days when stored at 25 + 2 °C and 60 + 5% RH. The nano-formulations loaded in situ
gels (TAA-NC-ISG and TAA-PLHNP-ISG) were stable for 60 days when stored under

refrigeration conditions (2-8 °C). There was no significant difference observed in the physical
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properties for the nano-formulations like PS, PDI, ZP, yield (%) and LE (%) during the stability
studies over the period of 60 days.

Table 6.1 Physical characteristics of TAA loaded nano-formulations

Physical characteristics = TAA-NCs TAA-NC-ISG TAA-PLHNPs TAA-PLHNP-ISG

PS (nm) 243 +5.7 239 £ 4.0 163 +2.8 168 £ 3.6
PDI 024+0.08  0.25+0.07 0.27 +0.02 0.29 +0.01
ZP (mV) 11+13 109+ 1.5 234+14 239+ 1.1
LE (%) NA NA 39419 38417
Yield (%) 88.5+2.4 87.9+2.1 NA NA

Note: The values given for the physical characteristics of nano-formulations are represented as
mean £ SD of n=3 independent measurements

6.4 Comparison of the rheological characteristics of TAA loaded and TAA nano-
formulations loaded in situ gels

The rheological characteristics of the in situ gels were assessed in two different experimental
configurations: 1) a temperature ramp in the presence of STF (for Blank RXG-x-CRG, TAA-
RXG-k-CRG, TAA-NC-ISG and TAA-PLHNP-ISG) and 2) a temperature ramp in the
presence of deionized water (only for Blank RXG-x-CRG). The graphs of complex viscosity
(m*) vs temperature and loss tangent (tan ) vs temperature are used to compare the sol-to-gel
transition and the gel strength of the formulations. It can be seen from Figures 6.1a and 6.1b
that all formulations showed faster gelation and higher gel strength than compared to blank
RXG-k-CRG, both in the presence of DI water as well as STF. This can be attributed to the
presence of suspended solids in the formulation compared to the blank in situ gel. TAA-RXG-
K-CRG had the highest gel strength compared to TAA-PLHNP-ISG compared to TAA-NC-
ISG though the proportion of the in situ gelling polymers and KCl, is exactly same in all the
formulations. In the case of TAA-RXG-x-CRG, TAA powder with an average PS of around 5-
10 um was loaded into the in situ gel while the PS of TAA-NCs and TAA-PLHNPs loaded in

the in situ gel were 243 + 5.7 nm and 163 + 2.8, respectively. Therefore, the differences in the
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viscosity of the gel formed could be due to the PS of TAA loaded into the in situ gel. The larger

PS of TAA can be attributed to the higher gel strength for TAA-RXG-k-CRG.
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Figure 6.1 Semi-logarithmic plots of (a) loss tangent (tan ) and (b) complex viscosity (r7*) of
Blank RXG-k-CRG, TAA-RXG-k-CRG, TAA-NC-ISG and TAA-PLHNP-ISG as a function
of temperature.

*Note: A- Blank RXG-«x-CRG in the presence of DI water; B- Blank RXG-k-CRG in the
presence of STF; C- TAA-RXG-x-CRG in the presence of STF; D- TAA-NC-ISG in the
presence of STF and E- TAA-PLHNP-ISG in the presence of STF.

6.5 Comparison of ocular pharmacokinetic performance of various TAA nano-
formulations

The comparison of PK data obtained from the time course of TAA in aqueous humor and
vitreous humour following the topical ocular administration of TAA nano-formulations (TAA-
NC-Susp and TAA-PLHNP-Susp) and TAA nano-formulation loaded in situ gels (TAA-NC-
ISG and TAA-PLHNP-ISG) are given in Table 6.2. Out of the four nano-formulations, TAA-
PLHNP-ISG showed the highest Ciax as well as highest AUCy in the vitreous humor. We can
infer that TAA-PLHNP-ISG is the best formulation to achieve the highest vitreous humor
exposure for TAA compared to the other nano-formulations designed in the study. In addition,
TAA-PLHNP-ISG exhibited the highest MRTy., value (16.26 h) compared to the remaining

three nano-formulations. The concentrations of TAA in the vitreous humor were more
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sustained from TAA-PLHNP-ISG than any of the remaining nano-formulations. Higher
vitreous humor exposure and higher sustenance of TAA concentration in vitreous humor of
TAA-PLHNP-ISG could be due to the combined benefit provided by the in situ gel as well as
the polymer-lipid hybrid nanoparticles. The in situ gel helped in providing longer residence
time in the precorneal area and also intimate contact of the formulation with the corneal
epithelium. The polymer-lipid hybrid nanoparticles helped in time controlling the TAA release
which resulted in sustaining the TAA concentrations in vitreous humor, the target site for the
treatment of PU.

In the case of aqueous humor, TAA-NC nano-formulations showed higher Cmax values than the
TAA-PLHNP formulations. This could be due to the rapid dissolution of the TAA-NCs in the
tear fluid which resulted in rapid permeation through the cornea into the aqueous humor.
However, the overall exposure (expressed in terms of AUC, ) and residence time (expressed in
terms of AUCy.) in aqueous humor for TAA-NC nano-formulations were lesser than compared
to the TAA-PLHNP nano-formulations. This is because the concentrations of TAA are not
sustained in the aqueous humor by the TAA-NC formulations as compared to the TAA-PLHNP
nano-formulations.

Table 6.2 Aqueous and vitreous humour PK parameters of different TAA nano-formulations
(dose equivalent to TAA of 4 mg/40 pL/eye).

TAA Nano-formulations

Biological PK .
. Units TAA-NC- TAA-NC- TAA-PLHNP- TAA-PLHNP-
Matrix Parameters
Susp ISG Susp ISG
Crnax ng/mL 6354 854.9 647.5 946.53
Vitreous Timax h 4.0 6.0 6.0 6.0
humour AUC¢ ngxh/mL 3720.2 7126.1 6094.92 10093.76
MRToy h 6.0 11.2 10.77 16.26
Crnax ng/mL 2069.2 2202.9 1234.60 1625.32
Aqueous Tmax h 4.0 6.0 6.0 6.0
humour AUCo ngxh/mL 10846.2 13355.0 10074.28 15779.39
MRTy h 4.9 8.6 9.14 11.49
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6.6 Conclusion

The manufacturing processes of both TAA-NCs and TAA-PLHNPs were simple, reproducible
and can be scale-up easily in the pharmaceutical industries. All the TAA nano-formulations
were found to be stable in their respective storage conditions for a period of 60 days. The
vitreous humor PK data suggest that TAA-PLHNP nano-formulations performed better
compared to the TAA-NC nano-formulations. Among the two TAA-PLHNP nano-
formulations, TAA-PLHNP-ISG showed the best vitreous humor exposure and sustained TAA

concentrations in the vitreous humor for longer duration.
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CONCLUSION
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The treatment of inflammatory eye diseases effecting the posterior segment of the eye is very
challenging. It is very difficult to achieve therapeutic concentrations of a drug in the posterior
segment of the eye by administering the drug product topically in the precorneal area of the
eye. This is primarily due to the presence of various barriers, namely the static barriers,

dynamic barriers and metabolic barriers, existing in the eye.

Uveitis is an inflammatory disease which can affect either the anterior segment or the posterior
segment of the eye. The inflammation of the posterior uveal tract is referred to as posterior
uveitis, where the retina and choroid are affected. One of the first synthetic glucocorticoids to
be approved for the treatment of inflammatory eye conditions is TAA. TAA is frequently
advised for the treatment of PU. Due to its poor aqueous solubility (12 mg/mL) and slow
dissolving rate in the lachrymal fluids, the topical formulations of TAA (aqueous suspensions)
given as ocular drops were found to be ineffective in attaining therapeutic concentrations in the
vitreous humour (target tissue). As a result, TAA is marketed as a suspension formulation
(Triesence) that is intended for intravitreal injection. The primary risks of intravitreal injections
are postoperative infections and non-infectious illnesses, pseudoendophthalmitis and

endophthalmitis, retinal detachment, cataract formation and secondary ocular hypertension.

In the current study, we explain our attempts to assess and enhance the therapeutic
concentrations of TAA in the vitreous humor after topical ocular delivery of TAA using a range

of formulation methodologies/strategies.

The first objective of this work was to identify the dose of TAA required for producing
therapeutic concentrations of more than 100 ng/mL in the posterior segment of the eye by
employing a specific and sensitive bioanalytical method. Analytical and bioanalytical methods
of TAA were developed and validated as per the regulatory guidelines. The developed methods

were employed for accurate and precise quantification of TAA in bulk formulations, samples
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obtained from various in vitro experiments and in vivo PK studies. Aqueous suspensions of
TAA with 20% HP-B-CD containing different dose strengths (1 mg/30ul, 2 mg/30ul, 4
mg/30ul) were administered in male New Zealand rabbits at a dose volume of 30 ul per eye in
both the eyes to determine the time course of TAA in aqueous humor and vitreous humor.
Ocular pharmacokinetic studies revealed that aqueous suspension of TAA with 20% HP--CD
with dose strength of 4 mg/30ul/eye produced therapeutic concentrations of more than 100
ng/mL for a period of more than 3 h in the vitreous humor. Based on the results obtained in the
study, a therapeutic dose of 4 mg (in a dosing volume of NMT 40 pul) was identified for TAA

for precorneal delivery of the drug.

One of the key challenges with topical ocular delivery is the fast clearance of medications after
dosing. A dual responsive in situ gel using a combination of k-CRG and RXG was developed
to prevent rapid ocular clearance and provide longer residence time on the corneal membrane.
Many factors affecting the sol-to-gel transition temperature and the gel strength of the RXG-
k-CRG in situ gel were examined and modified using rheological experiments. The optimized
TAA loaded RXG-x-CRG in situ gel was investigated for its in vitro drug release,
mucoadhesion and ex vivo ocular toxicity. Ocular PK studies were conducted for the optimized
TAA loaded RXG-k-CRG in situ gel and aqueous suspension of TAA with 20% HP-B-CD in
male New Zealand rabbits. The PK parameters were determined from the time course of TAA
in aqueous humor and vitreous humor. The TAA loaded RXG-k-CRG in situ gel resulted in
significantly higher concentrations (1.64 times increase in Cmax), drug exposure (4.01 times
increase in AUCy.) and sustained the concentration for longer duration (5.2 times increase in
MRTo ) in the vitreous humor than the aqueous suspension of TAA with 20% HP-B-CD. TAA
loaded RXG-x-CRG in situ gel could significantly improve the delivery of TAA as compared

to the conventional aqueous suspension of TAA.
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Nanoparticulate drug delivery systems are known to provide significant benefits over
conventional formulations, particularly in increasing the drug delivery/distribution to the target
tissue as well as sustaining the drug concentrations at the target site for longer duration.
Therefore, two different nano-formulations [Nanocrystals of TAA (TAA-NCs) and Polymer-
lipid hybrid nanoparticles of TAA (TAA-PLHNs)] were designed and evaluated in the current

research work.

Nanocrystals of TAA (TAA-NCs) were prepared utilizing the solvent-antisolvent precipitation
method under ultrasonication followed by high-speed homogenization. The design of
experiments (DoE) approach was used to optimize TAA-NCs to achieve a mean PS of 243 +
5.7 nm and yield (%) of 88.5 £+ 2.4. The optimized TAA-NCs had PDI and ZP of 0.24 = 0.08
and -11 + 1.3 mV, respectively. The pXRD and DSC analysis of optimized TAA-NCs revealed
that crystalline nature of TAA in the TAA-NCs. The optimized TAA-NCs were loaded into the
dual responsive RXG-k-CRG in situ gel (ISG) to delay the precorneal ocular clearance and
increase the residence time of the formulation following its topical ocular delivery. The
rheological characterization of the TAA-NCs loaded RXG-x-CRG in situ gel (TAA-NC-ISG)
showed a quick sol-to-gel transition in the physiological conditions (STF at 34 = 0.5°C) of the
eye. The in vitro drug release studies indicate that TAA was completely dissolved within 15
min in case of optimized TAA-NCs while the drug release was slow and sustained for more
than 12 h from TAA-NC-ISG. No significant differences were observed in the physical
properties of the lyophilised TAA-NCs (stored at 25 + 2 °C and 60 + 5% RH) as well as TAA-
NC-ISG (stored at refrigerated conditions (2-8 °C)) over 60 days of study. Ocular PK
evaluation in male New Zealand rabbits revealed significantly higher vitreous humour
concentrations (Cmax) for TAA-NC-ISG (854.9 ng/mL) compared to TAA-NC-Susp (635.4
ng/mL) compared to TAA-HP-B-CD-Susp (264.9 ng/mL). Further, the total vitreous humour

exposure (AUCo-) for TAA-NC-ISG (7126.1 ngxh/mL) was 1.9 times and 8.8 times higher
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than TAA-NC-Susp (3720.2 ngxh/mL) and TAA-HP-B-CD-Susp (810.4 ngxh/mL),
respectively. The residence time of TAA (MRTo ) in the vitreous humor for TAA-NC-ISG
(11.2 h) was 1.9 times higher than that of TAA-NC-Susp (6.0 h) and 3.6 times higher than
TAA-HP-B-CD-Susp (3.1 h). This shows that the NCs formulation of TAA improved the drug
delivery towards the vitreous humor compared to the aqueous suspension of TAA with 20%

HP-B-CD (TAA-HP-B-CD-Susp).

TAA loaded polymer-lipid hybrid nanoparticles (TAA-PLHNPs) were prepared using a
combination of PLGA and phosphatidylcholine by nanoprecipitation method under high-speed
homogenization followed by ultrasonication. The TAA-PLHNPs were optimized using DoE.
The optimized TAA-PLHNPs had a mean PS of 163 +£2.8 nm, PDI of 0.27 £ 0.02, ZP of -23.4
+ 1.4 mV and LE (%) of 39.2 + 1.9. To increase the residence time in the precorneal area, the
optimized TAA-PLHNPs loaded into the dual responsive RXG- k-CRG in situ gel (ISG). The
rheological studies of TAA-PLHNPs loaded RXG- k-CRG in situ gel (TAA-PLHNP-ISG)
indicated a rapid sol-to-gel transition when exposed to the physiological conditions (STF at 34
+ 0.05°C) of the eye. The drug release from TAA-PLHNPs was found to follow Higuchi’s
square root kinetics. The polymer-lipid hybrid nanoparticles could prolong the drug release
beyond 24 h with approximately 96% drug release at the end of 24 h. In the stability studies,
conducted over a period of 60 days, no significant difference was observed in the physical
properties of lyophilised TAA-PLHNPs (stored at 25 + 2 °C and 60 = 5% RH) as well as TAA-
PLHNP-ISG (stored at refrigerated conditions (2-8 °C)). Ocular PK studies were conducted in
male New Zealand rabbits to compare the time course of TAA in vitreous humor for the TAA-
PLHNPs and TAA-PLHNP-ISG. The vitreous humour concentration (Cmax) of TAA-PLHNP-
ISG (946.53 ng/mL) was significantly higher compared to TAA-PLHNP-Susp (647.50 ng/mL)
compared to TAA-HP-B-CD-Susp (264.9 ng/mL). In addition, the vitreous humour exposure

(AUCo.t) of TAA-PLHNP-ISG (10093.76 ngxh/mL) was significantly higher than TAA-
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PLHNP-Susp (6094.92 ngxh/mL) compared to TAA-HP-B-CD-Susp (810.4 ngxh/mL). The
residence time of TAA (MRTo) in the vitreous humor for TAA-PLHNP-ISG (16.26 h) was
1.5 times higher than that of TAA-PLHNP-Susp (10.77 h) and 5.2 times higher than TAA-HP-
B-CD-Susp (3.1 h). The in vivo performance of TAA loaded polymer-lipid hybrid nano-
formulations (TAA-PLHNPs as well as TAA-PLHNP-ISG) exhibited higher vitreous humor
exposure as well as maintained the concentrations of TAA in the vitreous humor for longer
duration than compared to the aqueous suspension of TAA with 20% HP-B-CD (TAA-HP-B-

CD-Susp).

Out of the various formulations designed in the current research work (TAA-HP-B-CD-Susp,
TAA loaded RXG-x-CRG, TAA nano-formulations [TAA-NCs, TAA-NC-ISG, TAA-
PLHNPs and TAA-PLHNP-ISG]), based on the PK parameters obtained from the time course
of TAA in the vitreous humor, TAA-PLHNP-ISG provided superior performance in terms of
Cmax (Maximum concentration), AUCo¢ (overall exposure) and MRTo . (longer residence

time).

The developed TAA nano-formulations are effective in producing therapeutic concentrations
of TAA in the vitreous humor. All the developed TAA nano-formulations are suitable for
administration as ophthalmic drops in the precorneal area and therefore, they are non-invasive,
patient compliant, easy to administer and circumvent all the major side effects associated with
the intravitreal injections of TAA which are currently being used in clinical practice. Overall,
we can conclude that developed TAA nano-formulations are excellent alternatives to

intravitreal injections of the TAA for the treatment of PU.
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FUTURE SCOPE OF WORK

172



In this research work, we have designed and evaluated various formulations with the aim of
enhancing the vitreous humour availability of TAA upon topical ocular application. Enhanced
therapeutic TAA concentrations were produced by the developed nano-formulations loaded in
in situ gelling system, which was a significant improvement. Quantitative in vivo PK studies
on rabbits showed that TAA was extensively absorbed through the eyes, especially when
administered in nano-formulations. Yet, it is still unknown precisely how NPs are absorbed by
this topical route into the posterior segment of the eye. Mechanistic experiments must therefore
be carried out to determine the various mechanisms involved in the absorption of drugs or
formulations in the treatment of posterior segment disorders. This may make it possible to

further optimize various formulations for effective drug absorption into the vitreous humour.

Recently, some devices (contact lenses, microneedles) have been developed specifically to treat
ocular infections and anterior segment disorders (glaucoma). Several clinical studies also focus
on drug delivery for the treatment of posterior region diseases/disorders. Given the promising
outcomes of the recent research (in pre-clinical animals), it is critical to pursue more research
aimed at adapting the findings for application in humans. When compared to the traditional
intravitreal injections of TAA, this would be tremendously advantageous to the patients.
Additionally, it is necessary to investigate the viability of scaling up the production of the

aforementioned TAA-NCs and TAA-PLHNPs.
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