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Abstract

Rotigotine (RTG) is a non-ergoline dopamine receptor agonist approved by United States Food
and Drug Administration for the treatment of Parkinson’s disease (PD) and restless leg
syndrome. RTG is currently available as a transdermal patch, Neupro®. RTG is effective as
monotherapy to treat early symptoms of PD and as a combination therapy with levodopa
through course of the disease. RTG shows efficiency in managing the motor symptoms of PD.
It also improves major non-motor PD symptoms such as sleep disturbances, apathy, and
anhedonia. Although RTG is one of the important and frontline drugs in PD management but,
itis associated with various problems in clinical treatment. RTG shows poor aqueous solubility.
It undergoes high first-pass metabolism, limiting its oral bioavailability to less than 1%. Also,
systemic bioavailability of RTG from the transdermal patch is limited to only 37%, which is
further reported to vary with respect to its site of application. Another challenge with RTG
transdermal patches is the development of snowflake-like crystals during storage due to RTG
crystallization. This leads to poor drug absorption through the skin and results in variable
therapeutic responses. After systemic absorption from the transdermal patch, the brain
availability of RTG remains a problem due to poor permeation of the drug across the blood-

brain barrier (BBB).

Despite all the problems, in the market, RTG is available as a transdermal patch. The literature
report revealed that very few attempts were taken to solve the delivery-related issues of RTG.
Due to the shortcomings of orally and transdermally administered RTG, it is important to first
look for an alternative route for the administration of RTG and then to find out some different

formulations for the same delivery route.

Intranasal (i.n.) or precisely nose-to-brain (N2B) drug delivery route overcomes several

problems of oral administration viz., avoidance of hepatic first-pass metabolism,
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gastrointestinal enzymatic degradation, systemic toxicity, etc. This route delivers the drugs via
the olfactory or trigeminal nerve pathway directly to the brain by avoiding the BBB and
improves the brain bioavailability of the drugs. The route also possesses advantages such as
rapid onset of action, rapid absorption, and ease of self-administration which might be further
beneficial for PD patients. Though, poor permeation of hydrophilic drugs, enzymatic
degradation in nasal cavity, mucociliary clearance, shorter residence time, and improper
installation of the formulation are the major limitations of i.n. route. However, these prime

problems can effectively be addressed by using suitable nanocarrier-based i.n. formulations.

In this present research work, we have investigated different i.n. nanocarrier-based
formulation strategies to increase the brain availability of RTG via direct N2B uptake, by

minimizing systemic exposure of the drug.

Therefore, two analytical methods (a simple fluorescence-based and another advanced liquid
chromatographic based) were developed and validated as per ICH guidelines. A fluorescence-
based method was developed and validated to rapidly and accurately estimate the solubility of
RTG in different surfactants and solvents during the preliminary screening of excipients for
the preparation of nanocarriers. Further, design of expert (DoE) based RP-HPLC analytical
method was developed and validated to quantify RTG with accuracy and precision in several
in vitro and ex vivo samples. A rapid, sensitive, and specific RP-HPLC bioanalytical method
was developed and validated as per ICH guidelines to estimate RTG in biological matricesi.e.,
brain and plasma. The applicability of the validated bioanalytical method for quantification of
RTG in plasma and brain tissue samples was demonstrated by carrying out intravenous and i.n.

pharmacokinetics (PK) studies of pure drug in male Wistar rats.

One of the significant disadvantages of RTG is its poor solubility, which results in lower

saturation solubility of the drug in nasal fluid. A nanosuspension for RTG was developed to
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solve the solubility issue of RTG. Several factors affecting nanosuspension were studied
employing the concept of DoE. The formulation was characterized for particle size (nm), in
vitro drug dissolution, ex vivo nasal permeation, nasal ciliotoxicity, and in vivo mucociliary
transport time. The optimized nanosuspension showed a particle size of 73.55 + 4.04 nm and
PDI of 0.286 £ 0.028. The nanosuspension significantly improved the aqueous solubility of
RTG as demonstrated by the in vitro dissolution study. Finally, in vivo PK study was performed
for brain and plasma after i.n. administration of RTG-Nanosuspension and compared with pure
drug suspension. RTG-Nanosuspension showed a 1.86-fold increased brain Cmax When
compared to pure drug suspension. The drug targeting efficiency percentage (DTE (%)) value
for RTG-Nanosuspension was 885.1. This work confirmed that the RTG-Nanosuspension
solved the issue of drug solubility and the i.n. administration enhanced the overall brain

exposure of RTG as compared to pure drug.

To further enhance the direct N2B uptake and sustain the drug in the brain for a longer time,
RTG-Proposomes was developed. Proposomes is a propylene glycol containing liposomal
system that helps to overcome the stability issues associated with conventional ethosomes.
Soya phosphatidylcholine, a mixture of phospholipids reported as nonimmunogenic and
biocompatible, was used in the preparation of RTG-Proposomes to ensure safe delivery of the
drug to brain via i.n. route. Optimized RTG-Proposomes were evaluated for stability, in vitro
drug release, ex vivo nasal permeation, and in vivo PK studies in brain and plasma. RTG-
Proposomes exhibited particle size of 115.63 + 5.22 nm, PDI of 0.267 £ 0.028, and zeta
potential of —14.8 £ 1.2 mV. The optimized proposomes showed mucociliary transport time of
32.5 = 3.53 min. It enhanced the brain Cmax and AUCo_.as by 2.68-fold and 5.21-fold,
respectively than pure drug suspension. The DTE (%) value for RTG-Proposomes was found
to be 1556.4. This signifies that the formulation further enhanced the delivery of RTG to the

brain better than both pure RTG suspension and previously prepared RTG-Nanosuspension.
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Finally, we have developed lecithin-chitosan hybrid nanoparticles (LCNP) using solvent
injection method to further improve residence time of formulation in the nasal cavity which
improves the brain uptake of nanocarrier. Chitosan is well-reported for its mucoadhesive and
permeation enhancement properties and lecithin is considered a safe and biocompatible
phospholipid. Both were used for the preparation of LCNP by ionic gelation method. The RTG-
LCNP were characterized for particle size (nm), zeta potential, entrapment efficiency, surface
morphology, and physical stability. Optimized RTG-LCNP showed a particle size of 108.2 +
1.09 nm and zeta potential of 14.9 + 0.5 mV. The morphology of RTG-LCNP was studied
using FESEM and TEM. The electron microscopic images showed that the LCNP was smooth
and predominantly of spherical shape. The brain PK study showed that RTG-LCNP improved
brain Cmax and AUCo—.uast by 3.84-fold and 8.76-fold, respectively as compared to pure RTG
suspension. From in vivo PK study, DTE (%) and direct transport percentage (DTP (%)) for
RTG-LCNP were found to be 3673.7 and 97.3, respectively. This work indicates that RTG-
LCNP improved the direct N2B uptake of RTG to the highest level as compared to the other

two nanocarriers.

Finally, it was concluded that the prepared nanocarriers considerably enhanced RTG
availability to the brain through direct N2B pathways and addressed the problems associated

with RTG.
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Chapter 1: Introduction

1.1 Parkinson's disease

In the year 1817, a neurologist, James Parkinson for the first time described a disease by the
terms Shaking Palsy/paralysis agitans. Soon after, Jean-Martin Charcot, along with Alfred
Vulpian in around 1861 and 1862, marked a place in medical history for incorporating more
symptoms viz., irresistible propulsion, muscle rigidity, slowness of speech, etc. to James
Parkinson’s clinical description of Shaking Palsy and created the umbrella term Parkinson's
disease (PD) for all those symptoms. PD is an idiopathic nervous system disease characterized

by both motor and non-motor symptoms.

PD is the 2" leading neurodegenerative disease after Alzheimer's, mainly caused due to
dopaminergic neuronal death in pars compacta of substantia nigra and ventral tegmental area,
which eventually results in dopamine depletion in the brain [1-3]. PD affects approximately 7
— 10 million population across the globe [4] and the population affected by the disease is
directly proportionate with age. Since last century, the PD prevalence rate has increased by
117.8% and death rates by 149.8% [5]. The combined direct and indirect expenses of PD are
estimated to be 52 billion dollars per year just in the USA. It comprises treatment costs,
caregiver expenditures, loss of income, etc. This economic burden is projected to cross 79
billion dollars by the end of 2037 [6]. According to the Global Burden of Disease, Injuries, and
Risk Factors Study 2015, PD is the fastest spreading in prevalence, disability, and deaths [7].
As of 2016, 0.58 million people in India suffered from PD [8]. It is reported that PD has a
severe adverse impact on patients' quality of life (QoL) [9]. QoL of PD patients includes
mental, physical, and social domains [10]. Studies demonstrated that PD patients face the

second worst impact on QoL's mental and physical realm [11]. Between 30 — 40% of people
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with PD affected population are also affected by anxiety and depression like stress associated

psychiatric disorders.

1.1.1 Pathophysiology of PD

PD affects multiple segments of the brain simultaneously and regarded as one of the primary
causes of neurological disabilities. Dopaminergic nerve cells of the substantia nigra, the
pigmented nuclei of midbrain and brainstem, olfactory nucleus, and cerebral cortex are parts
of brain majorly affected in the disease. PD causes neuronal degeneration in different parts of
CNS and peripheral nervous system as well [12,13]. Pathophysiology of PD includes
combination of complex series of incidents viz., accumulation of a-synuclein, loss of dopamine,
mitochondrial dysfunction, neuroinflammation, etc. The characteristic pathological features in
conclusive identification of PD are lowering of dopamine neurons in the substantia nigra and
presence of Lewy bodies (LB). These two features start developing in stage 1 of the disease

and get aggravated in further stages.

1.1.1.1 Loss of dopamine in striatum

Degeneration of dopaminergic neurons in pars compacta of substantia nigra and their
projections in the striatum is one of the main pathophysiological features of PD. The loss of
dopamine results in functional changes in striatum which plays a key role in motor dysfunctions
[14]. After a significant amount (at least up to 70%) of dopamine neuron degeneration in
striatum, the motor symptoms of PD can be observed [15]. Dopamine loss promotes changes
in the sensitivity of dopamine receptors and reduces the density of dendritic spines in the
putamen [16,17]. Dopamine loss in the striatum leads to the appearance of three motor
symptoms called bradykinesia, rigidity, and tremor, which conventionally characterize PD

[18].
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1.1.1.2 Appearance of Lewy bodies (LB)

Existence of spherical aggregates called LB is another histopathological character of PD. The
aggregates are usually comprised of insoluble fibrillary clusters containing misfolded proteins.
The fibrillary cluster consists of varieties of proteins but, a-synuclein protein is considered as
its critical element. The formation of LB is another result of neuronal degeneration [19].

Dysfunction of a- synuclein protein seems to be one common hallmark of all stages of PD [20].

PD is a complex disorder involving several factors like mitochondrial dysfunction, gene
variation, oxidative stress, and neuroinflammation. Functional loss of genes causes damaged
mitophagy which results in the growth of dysfunctional mitochondria and leads to the
pathogenesis of PD. Neuroinflammation substantially up-regulates aggregation of a-synuclein,
which finally causes formation of LB [21,22]. Even head injury [23], active and passive
exposure to environmental toxins [24] may increase the probability of PD. Both head injury

and environmental toxins increase the risk of accretion of LB [25] and finally results in PD.

1.1.2 Symptoms of PD

PD is an idiopathic nervous system disease characterized by both motor and non-motor
symptoms. The onset of motor symptoms occurs in later stages of the disease when dopamine
levels drop below normal. Slowness and erratic movements i.e., bradykinesia, rigidity, and
tremor categories motor symptoms of the disease. As the disease advances, it affects the facial

muscles involved in speech, resulting in slurred speech.

Though PD, is a motor disease, but patients show non-motor symptoms viz., anxiety, sleep
disorders, apathy, depression, etc. PD patients also show autonomic systematic dysfunction
causing in symptoms i.e., sexual dysfunction, constipation, orthostatic hypotension,

incontinence, and changes in thermoregulation, etc.
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1.1.3 Stages of PD

PD develops in six pathological stages, wherein every stage leads to the continuous growth of
inclusion bodies in a spindle-like structure called Lewy neurites (LN) in axons or as granular
aggregates or spherical pale bodies called LB in the somata [26]. These inclusion bodies

predominantly consist of misfolded aggregations of a- synuclein protein [27,28].

Mostly in stage 1, very few isolated LN are observed to be present in dorsal part of the motor
nucleus of vagal nerve, and some LN are found in the axon of same nerve [29,30]. At this stage,
tremors and other movement issues typically only affect one side of the body. A slight change

in posture, in walk, and facial expressions are noticeable.

In stage 2, the number of LN increases significantly in the dorsal motor nucleus and also arises
in brainstem nuclei of the lower medulla. Inclusion bodies existence does not initiate in the
substantia nigra during the first two stages of PD [31,32]. For the first time, LN starts appearing
in the pars compacta of the substantia nigra in the 3" stage of PD [27]. In stage 2 symptoms
viz., tremors, stiffness, and trembling are visibly noticeable. This stage is not associated with
balance impairment. Stage 3 signifies a critical turning point in the progression of the disease.
Balance impairment and loss of reflex are common symptoms in this stage along with stiffness,

tremors, etc.

In stage 4, LB also starts appearing along with LN, and hereafter the disease becomes severe
and clinically diagnosable [33]. At this stage 4 of PD, the movement and reaction times of
patients significantly decreased. In stages 5 and 6, neuronal degeneration attains its greatest
extent. LN and LB progressively invade the entire neocortex [34] leading to severe impairment
of somatic, limbic, and autonomic nervous systems which results in extreme manifestation of

PD [35].
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Later stages of the disease have also been associated with sensory abnormalities such as smell
impairment, hallucinations, and illusions etc. These non-motor symptoms considerably lower
the productivity and QoL of PD patients in addition to the motor symptoms. Till now no cure
is available for PD, and the present treatment focuses on extending symptomatic relief. Due to
the tremendous burden that PD poses in social, economic, and emotional life of patients, it is
necessary to understand the condition in depth and develop novel management strategies for

treating PD.

1.1.4  USFDA approved anti-Parkinson drugs

Drug therapy used for PD treatment can broadly be categorized as dopaminergic drugs and
non-dopaminergic drugs. Dopaminergic drugs essentially act by modifying dopaminergic
transmission. Non-dopaminergic drugs work by controlling the abnormal striatal
neurotransmitters [36]. Dopaminergic drugs are mainly classified as dopamine precursors,
dopamine agonists, monoamine oxidase B (MAO-B) inhibitors, and catechol-O-methyl
transferase (COMT) inhibitors. Recently a non-dopaminergic drug is approved by USFDA for

treating PD.

Levodopa (dopamine precursor) is used as first-line therapy for the symptomatic treatment of
PD [37]. COMT inhibitors (tolcapone, entacapone, and opicapone), MAO-B inhibitors
(rasagiline, selegiline, and safinamide), and dopamine agonist (bromocriptine, ropinirole,
apomorphine, and rotigotine) are other drugs used for the treatment of PD [38]. Istradefylline
(non-dopaminergic drug) is a selective adenosine Axa receptor inhibitor recently approved to
treat PD [39]. USFDA approved anti-Parkinson drugs are compiled and presented in Table 1.1.
Non-pharmacological treatment approaches in PD include physiotherapy, occupational and

speech therapy, deep brain stimulation, and cognitive training [40-42].
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Table 1.1 USFDA approved anti-Parkinson drugs, their mechanism of action, available dosage
form, and available dose strength

Druas Mechanism Commercial Dose (mg)
g of action dosage forms g
Act by converting to
Levodopa . . Tablets 100 to 250
neurotransmitter (dopamine)
Entacapone N Tablets 200
P Block COMT enzyme & inhibit
Tolcapone o . Tablets 100, 200
- break down of dopamine in Brain
Opicapone Capsules 25 & 50
Bromocriptine Tablets 25,5
Pergolide Act on dopamine receptors (D1 & Capsules 0.25t05
Ropinirole D2) by mimic action of Tablets 1to08
neurotransmitter (dopamine
Rotigotine (dop ) Transdermal 0.05t01
patches
h ?ﬁfg::g;? de Tablets 1.25t0 12
yRasa e Block MAO-B enzyme & inhibit
g break down of dopamine in Brain Tablets 05&1
mesylate
Safinamide Flim coated tablets 50 & 100
Inhibit adenosine Axa receptor
Istradefylline that restore the basal ganglia Tablets 20 & 40
balance
1.1.5 Blood-brain barrier (BBB)

Blood-brain barrier (BBB) is the most selective and dynamic barrier present in all organisms
with well-developed central nervous system (CNS). The BBB applies the tightest control over
direct microenvironment of brain cells, as it immediately interacts with the circulating blood.
The BBB comprises blood capillaries of specialized endothelial cells, astrocytes, pericytes, and
neuronal terminals. It allows only a few essential molecules to permeate into the brain from
systemic circulation and protect the brain from circulating neurotoxin that may enter into

systemic circulation accidentally [43].

Being the most restrictive endothelium in body, BBB is the principal barrier for transport of

drugs into brain [44]. Most of the approved CNS drugs have limited or to no permeability
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across the BBB which resulted in poor brain availability of them [44,45]. Because of this

several strategies are explored for drug delivery of CNS drugs.

1.1.6  Strategies to improve the brain availability of drugs

Strategies for enhancing the brain delivery of drugs can be broadly categorized into two classes.
Firstly, strategies enhanced the delivery of drugs to the brain through BBB. In recent years,
liposomes, dendrimers [46], micelles [47,48], viral vectors [49], exosomes [50], nanoparticles,
and surface modified-nanoparticles [51], etc. have been used to improve the brain availability

of drugs by crossing the BBB.

For over a decade, several strategies have been explored for delivering drugs directly to the
brain by avoiding the BBB. The strategies can be classified into two types viz., invasive and
non-invasive techniques. Invasive techniques include chemical disruption of BBB, craniotomy
based drug delivery [52], convection-enhanced delivery [53,54], polymeric wafers, and
microchip technologies [55]. But all these delivery techniques are associated with high risk.
The non-invasive approaches include efflux pump inhibition [56,57], prodrug approaches [58],
targeted nanocarrier based drug delivery [59-61], cell-based therapy [62], and intranasal (i.n.)
drug delivery [63-65]. On the other hand, several non-invasive direct drug delivery methods
are also being explored that bypass the BBB and reach the brain and cerebrospinal fluid (CSF).
The i.n. drug delivery is one technique that has demonstrated promising results in recent times.
The i.n. delivery of drugs overcomes the problems of oral administration by avoiding the
hepatic first-pass metabolism and enzymatic degradation of drugs in the gastrointestinal tract.
Additionally, i.n. delivery also possesses advantages such as rapid onset of action, rapid
absorption [66], enhanced therapeutic effects without systemic exposure, reduced peripheral
organ toxicity, etc. Absolute absence of any kind of pain and ease of self-administration make

this delivery approach patient-friendly for the chronic neurodegenerative disease including PD.
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1.2 Intranasal (i.n.) delivery of small molecules

The i.n. administration of any drug molecule refers to absorption of drug through nasal mucosa
and then exhibit the action in body. The i.n. administration for brain delivery of drugs presents
several advantages over any other route such as presence of highly permeable endothelial
membrane, non-invasive painless easy mode of administration, avoidance of gastrointestinal
enzymatic degradation, and hepatic first past metabolism. Transmucosal delivery of drugs via
the olfactory or trigeminal nerve pathway directly to the brain by avoiding the BBB is often

referred as nose-to-brain (N2B).

1.2.1  Anatomy of the nose

Nose is a complex organ that serves an essential role in respiration and olfaction of human and
other vertebrates. The nasal cavity is divided by a septum into two symmetrical segments. Each
segment are further divided into four areas - nasal vestibule, nasal atrium, respiratory region,
and olfactory region. Nasal vestibule is the anterior portion that opens to the face via nostrils.
Nasal atrium is the transitional region between vestibule and respiratory region. Respiratory
region is further subdivided into inferior, middle, and superior nasal turbinate. This region is
lined with a respiratory epithelium layer consisting of ciliated pseudostratified columnar and
goblet cells. The trigeminal nerve's second branch (maxillary) goes directly from the nasal

cavity to the brain stem.

The olfactory region is positioned on top of nasal cavity and continues to the septum and lateral
wall of nose. The olfactory region comprises pseudostratified columnar epithelium (olfactory
neuroepithelium), basal cells, supporting cells, microvillar cells, and a characteristic receptor
(olfactory cells). Olfactory neuroepithelium is the only CNS component that is directly exposed

to the external environment via olfactory region of nasal cavity [67].
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1.2.2  Nose-to-brain (N2B) pathways

1.2.2.1 Uptake pathway of N2B delivery

Nose is the only part of human body which is directly connected to the brain and meets the
external environment [68]. The i.n. route gives a direct entry from the external environment to
the brain without any peripheral sensory receptor relay. The first and fifth cranial nerves viz.,
olfactory and trigeminal nerves, respectively play an important role in the transport of drugs to
CNS from deep area of nose. This pathway is usually called N2B transport [4,69]. The direct

N2B delivery of drugs or nanocarriers majorly follows trigeminal and olfactory pathways.

1.2.2.1.1 Olfactory pathway

The olfactory region of nasal cavity has a surface area of 10 cm?, contributing 5% of the total
nasal surface area [70]. Olfactory epithelium is the only CNS part exposed directly to
environment, so this pathway contributes a substantial role in the transport of drugs directly to
brain upon i.n. administration [71]. This region comprises of olfactory epithelium, lamina
propria, and olfactory bulb. Olfactory epithelium consists of olfactory receptor neurons. This
neuronal pathway is considered to act as a determining transport mechanism pathway for direct
delivery of drugs to brain. The olfactory neuronal pathway helps drugs enter to CSF directly
via N2B route [72]. In this pathway, drugs via axon cross the cribriform plate and reach the
olfactory bulb, which is opened to various parts of brain region like the amygdale, piriform
cortex, and hypothalamus and thus help in transport [71,73]. The olfactory pathway takes only
a few minutes to deliver the drugs directly into the brain by transporting them from CSF to

brain's interstitial fluid [71].

1.2.2.1.2 Trigeminal pathway
Trigeminal nerve is the largest and fifth cranial nerve. It comprises of three branches such as
ophthalmic, maxillary, and mandibular. The trigeminal nerve pathway joins to the end part of

the brain, such as the spinal cord, the medulla, and the pons [71]. N2B delivery uses the
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trigeminal pathway as a channel to carry drugs from nose to the brainstem opening. Then the
drug enters through pons and then transfers through the rest of hindbrain [74]. Maxillary and
ophthalmic branches of the trigeminal nerve play a very essential role in direct N2B delivery
of drugs. These two branches of trigeminal nerves directly pass through the nasal mucosa to
the forebrain and supply innervention to different parts of nasal mucosa and also anterior part
of nose [75-77]. Trigeminal pathway is advantageous than olfactory pathway because it
delivers drugs to both caudal and rostral parts of the brain [73]. This pathway is essential for
the transport of drugs directly to brain to treat PD because, at the early stage of the disease,

accumulation of a-synuclein occurs in caudo-rostral part of brain [70,78].

1.2.2.2 Cellular transport for N2B delivery

Drugs or nanocarriers following i.n. administration, first need to pass through the mucus layer
by overcoming mucociliary clearance, and then only they would get absorbed from the nasal
cavity. Two mechanisms are involved in transporting drugs and nanocarriers after passing

through the mucus: paracellular (extracellular) and transcellular (intracellular).

1.2.2.2.1 Paracellular transport

Paracellular route for drug transport involves a quick mobilization of drugs between the nasal
epithelial layers [73,75,79]. Nasal epithelium cells are inter-connected through various
junctions like tight junctions, zonula adherens, and macular adherens [80]. Transport of drugs
to the brain through olfactory pathway via perineural channels might involve a paracellular
transport mechanism [81]. As most of the reported N2B drug delivery systems exhibit an
immediate delivery of drugs, with high concentrations in the brain. This indicates that brain

delivery of drug via i.n. route largely follows paracellular transport [82,83].
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1.2.2.2.2 Transcellular transport

Upon i.n. administration, transcellular transport mechanism for brain drug delivery involves
transfer of drug molecules through the cells either by endocytosis or carrier-mediated transport.
Clathrin-dependent, caveolae dependant, caveolae/clathrin independent or receptor mediated
endocytosis are involved in transcellular transport. Various receptors like nicotinic
acetylcholine receptors and olfactory receptors are present in the olfactory region and
trigeminal ganglions involving receptor-mediated endocytosis through transcellular
mechanism [73]. Transport of drugs which follows transcellular mechanism sometimes takes
few hours to an entire day for delivery of drug to the brain via olfactory pathway. Transcellular
transport mechanism involves passive diffusion of drugs for uptake. Further, the drugs are
taken up by carrier-mediated endocytosis for transportation to olfactory bulbs and eventually
into brain [84,85]. The transport pathway and mechanism of direct N2B delivery of drugs are

demonstrated in Figure 1.1.
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Figure 1.1 Transport pathway and mechanism of direct N2B delivery of drug

1.3 Formulation approaches to improve N2B delivery of drugs

Several formulation approaches are reported in the literature to enhance N2B delivery of drugs
with low brain availability. Drug loaded in situ gel, different nanocarriers, and nanocarrier

embedded in situ gel have been widely explored in last few years for enhancing the brain uptake
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of drugs via N2B route. These formulation approaches are concisely stated in the following

sections:

1.3.1 Insitu gelling systems

In situ gel are a special type of hydrogels prepared with polymers that transform in the site of
application from solution to gel (sol-gel) in response to physiological stimuli like temperature,
pH, and ionic concentration. In situ gel ensure precise dosing inside the nasal cavity and reduce
loss of drug [86]. In situ gel prolongs nasal retention duration, lowers mucociliary clearance,
enhances drug absorption via nasal epithelium, and finally increases the availability of the drug

to brain [87].

1.3.1.1 Thermoresponsive in situ gel

Thermoresponsive in situ gel are hydrogels that respond to a specific range of temperatures
and convert from sol to gel. Polymers like poloxamer, xyloglucan, and cellulose-derivatives
are mostly used as excipients for thermosensitive in situ gel. Uppuluri et al. prepared and
evaluated piribedil loaded methyl cellulose based thermosensitive nasal in situ gel to improve
its brain delivery for treatment of PD. The absolute brain bioavailability of piribedil increased
from 4.71% to 35.92% from oral to i.n. administration of in situ gel [88]. Rao et al. developed
and evaluated ropinirole loaded i.n. thermoresponsive in situ gel to treat PD. A combination of
Pluronic F 127 and hydroxy methyl propyl cellulose was used as a thermoresponsive polymer
for the in situ gel that increased brain bioavailability of i.n. ropinirole as compared to
intravenous (i.v.) dose of the drug [89]. Ravi et al. developed thermoresponsive rasagiline
loaded in situ gel to enhance brain delivery of drug and for the effective treatment of PD. In
situ i.n. rasagiline gel substantially increased brain bioavailability of drug as compared to oral

solution [90].
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1.3.1.2 lon-responsive in situ gel

lon-responsive in situ gel are composed of polymers that show sol-gel transformation in the
presence of ions in the site of administration. Gellan gum is an anionic polymer widely used
for ion-responsive in situ gel preparation. This anionic polymer interacts with cations Ca™
sufficiently present in the nasal fluid and results in formation of in situ gel. As per best of our
knowledge, no literature reports are available for i.n. ion-responsive in situ gel to treat PD till
now. Literature reports very few ion-responsive in situ gel used to deliver CNS drugs via i.n.

route for better brain targeting [91-93].

1.3.1.3 pH-responsive in situ gel

pH-responsive in situ gel system comprised of polymers that undergoes phase transition upon
change in pH of the microenvironment of site of administration. Carbopol is one of the widely
used pH-responsive polymers used for the sol-gel transformation. Due to the variation in nasal
fluid pH, pH-responsive in situ gel systems are not widely explored. To best of our knowledge,
no i.n. pH-responsive in situ gel system is investigated for PD till now. Very few CNS drugs
are explored for better brain delivery using i.n. pH-responsive in situ gel and are reported in

the literature [94].

1.3.2 Nanocarrier based N2B delivery

Several clinical and preclinical studies demonstrated that i.n. administration of different
nanocarrier based drug delivery systems are advantageous for direct brain targeting of anti-
Parkinson drugs as compared to conventional formulation using other routes. Nanocarriers, due
to their physicochemical properties like size and shape, can also be directly taken up by the
olfactory region of nasal cavity. Surface modified nanocarriers can help in achieving better
targeting to brain and at the same time reduce drug distribution to the other organs. Surface

modified nanocarriers finally result in lower systemic toxicity when administered intranasally.
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1.3.2.1 Polymeric nanoparticles (NP)

Polymeric nanoparticles (NP) are one of the important nanocarrier systems investigated for
direct N2B delivery of anti-Parkinson drugs. Polymeric NP are mostly composed of synthetic,
semisynthetic, and natural biodegradable polymers wherein, drugs are encapsulated into a
polymeric matrix [95,96]. These NP extend various advantages such as small particle size, high
drug loading efficiency, prolonged circulation time, suffice distribution of drugs to the target

site, better cellular uptakes, etc. [97].

1.3.2.1.1 Chitosan (CS) NP

The most suited natural polymer for design of polymeric drug nanocarrier system intended for
i.n. administration is CS because of its biodegradable characteristic, higher stability, low
toxicity, and mucoadhesive nature [98,99]. The mucoadhesive nature of this polymer leads to
lower mucociliary clearance and extends a longer residence time of NP on the nasal mucosa
[100,101]. Rukmangathen et al. prepared i.n. selegiline hydrochloride loaded CS NP intended
for N2B delivery. PK studies demonstrated improvement in the drug’s plasma t12, Cmax, and
Ke compared to the marketed tablets of selegiline hydrochloride. Pharmacodynamics studies
depicted that NP significantly reversed the catalepsy and akinesia activities in rats [102].
Sridhar et al. formulated NP using CS for N2B delivery of selegiline hydrochloride [103]. PK
studies demonstrated increment in Cmax Of the drug in brain as compared to oral solution. The
enhanced brain bioavailability was attributed to i.n. administration of NP which reduced first-
pass metabolism of the drug. and Pharmacodynamics depicted that the intranasal CS NP caused
increase in dopamine level as compared to oral solution. The i.n. CS NP also facilitated better
therapeutic effect in locomotor activity, catalepsy and stride length tests [103]. Gulati et al.
prepared sustained release selegiline hydrochloride-loaded CS NP intended for intranasal
delivery. Study concluded that CS NP could be promising for treating PD as a targeted delivery

system [104]. In another study, i.n. pramipexole dihydrochloride-loaded CS NP was prepared
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for the effective brain delivery. This NP showed significantly high activity scores in the
photoactometer and catalepsy test, and substantially increased dopamine level in brain
compared to intranasal and oral pramipexole dihydrochloride solutions [105]. Jafarieh et al.
prepared ropinirole hydrochloride-loaded CS NP for brain delivery of the drug. The ex vivo
nasal permeation study depicted improvement of in flux ratio with ropinirole hydrochloride-
CS NP compared to the drug solution. Biodistribution study showed significant improvement
in the brain availability of drug from i.n. NP as compared to i.n. solution. Furthermore, gamma
scintigraphic studies also supported the result and depicted high brain uptake of NP. Study
demonstrated that mucoadhesive nature of CS resulted in longer retention of NP at site of action
[106]. The i.n. rasagiline-loaded CS glutamate NP was prepared to achieve better brain uptake.
The ex vivo nasal permeation study showed that NP improved rasagiline permeation. This was
attributed to the interaction of CS with nasal cell membrane resulting in the opening of tight
junctions. In the biodistribution study, they found that i.n. NP caused enhanced rasagiline brain
concentration as compared to the same dose of i.n. solution. The enhanced brain concentration
of drug from NP was because of its reduced mucociliary clearance compared to the pure
solution [107]. Another i.n. bromocriptine-CS NP showed an increase Cmax and AUCo_.4gn in
Brain respectively, as compared to i.n. solution. The increased brain distribution of drug was
assigned to the ability of NP to protect the drug from degrading in nasal environment [108].
The scintigraphy study of i.n. bromocriptine-CS NP demonstrated significantly high
localization of the drug in brain as compared to the intravenously administered NP. The result
indicated that bromocriptine NP reached to brain via direct N2B pathway by avoiding the BBB

[109].

1.3.2.1.2 Poly lactic-co-glycolic acid (PLGA) NP
PLGA is another commonly used polymer for formulating NP because of its biocompatible,

biodegradable, and long-circulating properties [110]. In a study, i.n. rasagiline encapsulated
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PLGA NP surface coated with CS was found to improve the brain uptake of rasagiline. Study
demonstrated that positive surface charge of NP due to surface coating resulted in increased ex
vivo permeation of rasagiline from NP over drug solution. The i.n. NP compared to i.n. solution
demonstrated increased Cmax and AUCo—.24n. The improved result was attributed to initial burst
release of the drug from NP than solution. Significantly improved drug targeting efficiency
percentage (DTE (%)) and direct transport percentage (DTP (%)) of NP was attributed to the
mucoadhesive property of the prepared NP [111]. Gambaryan et al. evaluated i.n. levodopa-
loaded PLGA NP Which resulted prolonged circulation effect and better restoration of motor
function as compared to i.n. pure levodopa solution [112]. Arisoy et al. reported an i.n. PLGA
based N-(3- Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDAC) modified
levodopa NP for direct brain targeting. The surface modified NP increased dopamine level as
compared to oral and i.n. levodopa solution respectively. Study demonstrated that EDAC
improved nasal absorption of NP and resulted better dopamine availability [113]. Chatzitaki et
al. prepared a nasal ropinirole hydrochloride-PLGA NP surface coated with CS which
improved nasal permeability of the drug. Increased permeability was attributed to the tight

junction opening property of CS [114].

1.3.2.2 Nanoemulsions (NE)

NE are another interesting formulation approach for the N2B delivery of drugs, especially
lipophilic ones [115]. Lipophilic NE with smaller globule size (<200 nm) are extensively used
to enhance nasal permeability and to improve brain uptake of drugs via nasal mucosa
[115,116]. Mustafa et al. reported an i.n. CS modified ropinirole-loaded NE for PD. The ex
vivo study showed a significantly higher drug distribution in various parts of the rat brain. The
study demonstrated that the presence of CS-modified NE caused destabilization of nasal
mucosa which finally resulted easy contact of NE with the trigeminal and olfactory nerves and

facilitated rapid extracellular uptake [117]. Kumar et al. prepared an i.n. selegiline-loaded NE
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for direct brain delivery. In vitro nasal permeation study concluded that nasal permeation fluxes
and permeation coefficient values of selegiline from NE were higher than drug suspensions.
The higher permeation of NE was ascribed to the high solubilization of selegiline due to the
low droplet size of NE. Furthermore, presence of tween 80 in NE blocked the P-gp efflux
resulting in increased diffusion of drug from NE across the nasal mucosa as compared to
suspensions. The i.n. NE significantly restored the level of dopamine towards its normal value
compared to i.v. and i.n. drug solutions [118]. In another study, Kumar et al. developed an i.n.
NE using grape seed oil and Sefsol 218® for selegiline hydrochloride with a particle size of
61.43 + 4.10 nm. In PK and brain distribution studies, i.n. NE showed increased brain Cmax
compared to i.v. solution. The study revealed that due to the lower droplet size of NE as
compared to the diameter of axons (<100 nm) present in filia olfactoria, helped in higher uptake
of NE. Result demonstrated that due to the very low droplet size NE were taken up through
intra-axonal pathway via endocytic process [119]. Nehal et al. developed CS surface coated
ropinirole hydrochloride-loaded NE. The CS coated NE exhibited improved flux as compared
to drug suspensions. The increased permeation was attributed to the fact that CS which interacts
with negative charges of the sialic acid present in mucosa and open the tight junctions. The
smaller globule size of NE was regarded as another important factor for increased permeation
of drug from NE than that of the drug suspension. PK studies showed that i.n. NE resulted an
increased brain Cmax as compared to i.v. pure drug suspensions. Study demonstrated that direct

transport of drug to brain via i.n. route by avoiding BBB, resulted in increased brain Cmax [120].

1.3.2.3 Lipid-based NP

Lipid-based NP are preferred for direct N2B delivery of drugs because of their smaller particle
size, biocompatible nature and ability to easily get transported via transcellular nasal pathway
[121]. This NP are broadly classified in two generations viz., solid lipid nanoparticles (SLN)

and lipid nanocarriers (NLC).
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1.3.2.3.1 Solid lipid nanoparticles (SLN)

SLN is the first generation of lipid-based NP, which is considered to be an attractive colloidal
carrier system for delivery of drugs to brain [122]. SLN are lipid matrix which is solid at room
temperature, mostly dispersed in agueous or aqueous surfactant phase. They have the potential
to carry both lipophilic and hydrophilic drugs with a wide variety of size range between 80 —
1000 nm [123]. SLN are used as carrier for N2B delivery because they allow control release of
drug for a longer time and the excipients used are non-toxic to nasal mucosa. Pardeshi et al.
developed i.n. ropinirole hydrochloride-loaded SLN intended for improved brain delivery. The
optimized SLN showed around 69.88% permeation through sheep nasal mucosa and no
evidence of injury like presence of epithelial necrosis or sloughing in nasal mucosa was
observed in histopathological study. In vivo pharmacodynamics studies showed that even at a
lower dose, i.n. SLN showed enhanced anti-tremor activity as compared to marketed oral

formulation of the drug [124].

1.3.2.3.2 Nanostructured lipid carriers (NLC)

Second generation lipid-based NP are named as nanostructured lipid carriers (NLC) which are
composed with binary mixture of both liquid and solid lipids [125]. Due to presence of both
types of lipids in the structure, organization of NLC are usually imperfect and this phenomenon
helps to overcome the problems of low drug loading, low entrapment efficiency, and burst
release associated with the first generation lipid based NP, the SLN system [126,127]. NLC
demonstrate better brain uptake because of their high biocompatibility and bioacceptability
nature. NLC could also be easily delivered via i.n. route due to their low toxicity attributes
[125]. Mishra et al. formulated i.n. selegiline hydrochloride loaded NLC for direct brain
delivery of the drug. The i.n. NLC demonstrated increase in brain selegiline hydrochloride
concentration as compared to the pure drug solution. In pharmacodynamics study, the i.n. NLC

formulation resulted improved grip strength and restored locomotor activities compared to
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plain drug [128]. Pardeshi and Belgamwar explored the impact of i.n. N,N,N-trimethyl CS
surface modified ropinirole encapsulated NLC when delivered via N2B route. Surface
modified NLC showed high nasal permeation flux compared to ropinirole-NLC. The study
revealed that the absorption enhancing property of N,N,N-trimethyl CS helped in opening the
tight junction of nasal mucosa resulting better permeation. The i.n. surface modified NLC
caused increase in brain Cmax as compared to i.n. ropinirole solution. The study concluded that
the small size and hydrophobic nature of the surface modified NLC resulted in enhancement

of brain availability of drug [129].

1.3.2.4 Nanocarrier embedded in situ gel systems

In recent years, i.n. nanocarriers embedded into in situ gel systems are investigated to overcome
the disadvantage of mucociliary clearance and to increase the nasal residence time. Sharma et
al. prepared levodopa loaded CS NP embedded in thermosensitive in situ gel for efficient
delivery of levodopa. In vivo study depicted that brain recovery of levodopa was highest from
NP and low from the gel incorporated NP. The study concluded that the NP embedded gel
might not have allowed enough release of drug at the site of action which eventually resulted
in lower brain recovery of levodopa as compared to NP. NP showed higher recovery than that
of drug solution which was attributed to the fact that NP uptake improved through paracellular
route by inhibiting P-gp efflux [130]. Gabal et al. prepared ropinirole-loaded both anionic and
cationic NLC embedded in thermoresponsive in situ gel. Cationic NLC-embedded gel
exhibited higher mucoadhesive strength than anionic gel might be because cationic gel had
higher binding affinity towards the negative charge of mucin cells present in nasal mucosa. PK
study for i.n. solution, NLC, and gel formulation showed increased DTE (%) in case of anionic
NLC as compared to cationic one which might be result of direct transport of drug to brain via
olfactory pathway [131]. Uppuluri et al. developed i.n. piribedil-loaded SLN and lecithin-CS

hybrid NP embedded into thermoresponsive in situ gel for better brain bioavailability of the
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drug for treatment of PD. The i.n. SLN and NP embedded in situ gel enhanced improved brain

bioavailability as compared to i.n. drug suspensions [132,133].

1.4 Problem definition and objectives of the research

PD is one of the world's fastest spreading neurodegenerative disorders that poses a substantial
financial burden on patients and the overall global economy. Studies have demonstrated that
PD patients also suffer mentally and socially to a high extent [10,11]. Thus, it is crucial to
efficiently manage PD to reduce the social and economic burden. Most of the clinically
approved anti-Parkinson drugs are associated with limitations viz., high therapeutic doses,
frequent administration, high first-pass metabolism or enzymatic degradation, organ toxicity,
poor brain availability due to presence of BBB, etc. There is an unmet need for an alternative
route for delivering the currently available anti-Parkinson drugs directly to the brain to avoid
drawbacks associated with the conventional routes. The i.n. route overcomes several problems
viz., bypass BBB, avoid hepatic first-pass metabolism, negate gastrointestinal enzymatic
degradation, reduce systemic toxicity, etc. [52,134,135]. Additionally, i.n. delivery also
possesses advantages such as rapid onset of action, rapid absorption [66], enhanced therapeutic
effects without systemic exposure, reduced peripheral organ toxicity, etc. Absolute absence of

any pain and ease in self-administration make i.n. delivery approach is patient-friendly.

However, poor permeation of hydrophilic drugs, enzymatic degradation in the nasal cavity,
mucociliary clearance, shorter residence time, and improper formulation installation are the
major limitations of i.n. delivery [66]. These prime problems could effectively be addressed
by using suitable nanocarrier based i.n. formulations. Nanocarrier based systems intended for
brain delivery via i.n. route allows easy crossing of the therapeutic molecules through the nasal

mucosal membrane [136].
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Rotigotine (RTG) is one of the newest and promising anti-Parkinson drugs approved by
regulatory authorities, the USFDA and Europe Medical Agency, and has a better affinity
toward dopamine receptors than other dopamine agonists [137]. It shows efficiency in
managing the motor symptoms of PD. It also improves major non-motor PD symptoms such
as sleep disturbances, apathy, and anhedonia [138,139]. Itis a BCS class 2 molecule used for
treating PD in early and advanced stage patients as monotherapy or in combination. Currently
approved formulation of RTG is a transdermal patch since the drug shows poor oral
bioavailability (<1%) because of its extensive first-pass metabolism [140]. Although
successfully marketed, RTG potential has not been fully utilized owing to the challenges and
drawbacks associated with its delivery. For instance, the absolute bioavailability from the
transdermal patch is reported to be only 37% [140]. The absolute bioavailability of transdermal
patches varies depending on its site of application [140]. Moreover, RTG forms crystals in the
transdermal patch upon storage and shows variations in drug release and bioavailability as well
[141]. Furthermore, systemic absorption of the drug is compromised due to its slower transport
from patch to the dermal surface after application. After absorption into the systemic
circulation, lower amount of drug reaches to brain due to the hindrance of BBB. To avoid these
problems, high dose of RTG are prescribed even in early stage of PD. Higher and frequent

dosing of transdermal patch leads to both peripheral and systemic adverse effects.

Considering the drawbacks of the currently available RTG transdermal patch, it is necessary to
develop suitable formulations of RTG that can be administered via an alternative route,
avoiding BBB and first-pass metabolism as well, leading to effective increase in the drug’s

brain availability.

Recent studies showed that i.n. nanocarriers have been explored to deliver RTG directly to the
brain. Bi et al. prepared lactoferrin (Lf) modified RTG-loaded PEG-PLGA NP intended for
direct N2B delivery [142]. Bhattamisra et al. prepared an i.n. CS NP for RTG for brain delivery
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[143]. Wang et al. evaluated i.n. RTG-loaded polymeric micelles embedded in
thermoresponsive in situ gel [144]. Prajapati and Patel reported preparation of RTG loaded
SLN and Choudhury et al. prepared a mucoadhesive CS coated RTG-loaded NE [145,146].
However, the brain availability of RTG from SLN and NE was not evaluated. The i.n.
nanocarriers of RTG appear to be an appropriate alternative to overcome limitations of the drug
and to fill the existing gap. Delivery of RTG via i.n. route can reduce the dose, decrease
systemic exposure, and dose-dependent side effects by enhancing the drug's brain availability.
Nanosuspensions, liposomes, and CS-lecithin NP have been reported to enhance the brain
availability of hydrophobic drugs via N2B pathway [132,147-150]. This research work aimed

to enhance the brain bioavailability of RTG by administering it through i.n. route.

Therefore, objectives of the current research work were envisioned as follows:

Objective 1: Development and optimization of suitable nanocarriers of RTG for i.n.

administration

i. Development and optimization of RTG-Nanosuspension for N2B delivery
ii. Development and optimization of RTG-Proposomes for N2B delivery

iii. Development and optimization of RTG-loaded LCNP for N2B delivery

Objective I1: In vitro characterization of the RTG-loaded i.n. nanocarriers

Objective I11: Ex vivo assessment of the RTG-loaded i.n. nanocarriers

Objective 1V: In vivo brain and plasma PK studies of the RTG-loaded i.n. nanocarriers in

Wistar rats

In this current research, we have developed and evaluated RTG-Nanosuspension using
Poloxamer 407 as a stabilizer to increase the solubility of RTG. Solubility enhancement of

RTG helped in drug availability in nasal fluid and finally increased its brain availability. We
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have also prepared RTG-Proposomes using soya phosphatidylcholine and propylene glycol for
improved brain availability of RTG. Finally, RTG Lecithin-CS nanoparticles (RTG-LCNP) is
prepared to increase retention time of drug in nasal cavity and enhance its brain availability in
a controlled manner. All nanocarriers are characterized using differential scanning calorimetry,
fourier-transform infrared spectroscopy, powder x-ray diffraction, field emission scanning
electron microscopy, and transmission electron microscopy. Ex vivo nasal permeation study is
performed to evaluate the nasal permeability of RTG from optimized nanocarriers. Finally, in
vivo brain and plasma PK studies are performed to assess the direct N2B delivery of RTG from
optimized nanocarriers. To evaluate the brain targeting efficiency of optimized nanocarriers

DTE (%) and DTP (%) are calculated for all the developed nanocarriers.
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Chapter 2: Drug Profile

2.1 Introduction

Rotigotine (RTG) is the newest member of dopamine agonist and is effective as monotherapy
to treat early PD and as a combination therapy with levodopa through course of the disease.
Overall, RTG along with motor symptoms diversely improves non-motor symptoms of PD,

particularly sleep disturbances and health-related quality of life [1,2].

2.2 Rotigotine for the management of PD

RTG is a non-ergoline dopamine receptor agonist having higher affinity towards all dopamine
receptors (D2, D3, D4, and D5) than D1 receptors [3]. Chemical name of RTG is 6-{propyl[2-
(thiophen-2-yl)ethyl]amino}-5,6,7,8-tetrahydronaphthalen-1-ol. The chemical structure of

RTG is given in Figure 2.1.

CH,

W,

OH
Figure 2.1 Chemical structure of RTG

RTG was approved by both USFDA and EMA for treatment of PD and restless leg syndrome
in 2007 as a controlled release transdermal patch under the trade name Neupro®. RTG has been
indicated for the symptoms of early-stage idiopathic PD as monotherapy. It is also prescribed

in combination with levodopa at later stages of the disease.
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2.3 Physicochemical properties of RTG

2.3.1  Solubility
RTG is freely soluble in dimethyl formamide (30 mg/mL), dimethyl sulfoxide (20 mg/mL),
and ethanol (1 mg/mL) at 25 °C. It is insoluble in water [4]. The partition coefficient (Log P)

value of RTG is 4.96.

2.3.2  Polymorphic form

RTG exhibits two polymorphic forms namely Form (I) and Form (I1). Among two polymorphic
forms, polymorph Il is more stable. Polymorph | and polymorph 1l exhibit endothermic peak
at 77 = 2 °C and 97 + 2 °C, respectively [5]. Polymorph | of RTG exhibits a characteristic
powder x-ray diffraction peak at about 20.23 + 0.2 (°26) which is found to be absent in Form
Il [6]. Whereas, polymorph Il is characterized by 13.68 + 0.2 and 17.72 £ 0.2 (°20) [6]. The
crystal lattice of polymorph 1 is tetragonal in shape whereas, polymorph Il is orthorhombic in
shape [5]. RTG (Polymorph 1) is used for this research work. Physicochemical properties of

RTG (Polymorph I1) are given in Table 2.1.

Table 2.1 Physicochemical properties of RTG

Parameters” Description
Drug name and BCS Class Rotigotine, Class 2
Therapeutic class Anti-Parkinson drugs

6-{propyl[2-(thiophen-2-yl)ethyl]amino}-5,6,7,8-

Chemical name tetrahydronaphthalen-1-ol

Chemical formula C19H2sNOS
Molecular weight 315.474 g/mol
Physical state Crystalline powder
Melting point 97+2°C
Water solubility (at pH of ~ 7.0) 0.00904 mg/mL
Hydrophobicity (Log P) 4.96
lonization constant (pKa) 10.03 (Strongest acidic), 10.97 (Strongest basic)

* Data taken from available literatures
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2.4 Clinical pharmacology of RTG

2.4.1  Mechanism of Action

The exact mechanism of action of RTG is not yet fully understood. RTG acts by its ability to
stimulate D2 dopamine receptors within the dorsal striatum of brain. RTG is more similar to
dopamine and apomorphine than other dopamine agonists since it exhibits binding affinity for
D1 receptors as well as D2 and D3 receptors [7]. Studies have also reported that it possesses in

vitro binding affinity to 5HT1a and the azs receptor subtypes [8].

2.5 Pharmacokinetics (PK) of RTG

2.5.1  Absorption after transdermal administration

RTG exhibits extremely poor oral bioavailability due to extensive first-pass metabolism [9].
Absolute bioavailability of the currently marketed transdermal patch is 37% after 24 h of
delivery [10]. Literature reported that RTG showed maximum plasma concentration (Cmax) of
0.56 ng/mL with Tmax 0f 19 h following transdermal application [11]. Systemic bioavailability
of the drug varied depending on site of application (thigh, belly, hip, shoulder, flank, and upper
arm) of the patch [12]. From the transdermal patch, RTG showed a dose-proportional PK up to

therapeutic dose rates of 24 mg upto 24 h.

2.5.2  Distribution

RTG demonstrates high distribution towards adrenals, kidneys, harderian gland, and prostate
gland. A high apparent volume of distribution for RTG indicates a quick and extensive
distribution across tissues.

2.5.3 Metabolism and Elimination

RTG gets rapidly metabolized and 71% of metabolites are excreted in urine and 23% into feces.
Literature revealed that CYP2C19 is involved in the metabolism of RTG. In vitro studies have

demonstrated that RTG does not act as a substrate of P-glycoprotein [13]. Upon intravenous
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(i.v.) administration, elimination half-life of RTG is reported to be about 1.8 h and 0.7 h in rat
and monkey, respectively [13]. The plasma terminal half-life of RTG after transdermal

administration was found to be 5—7 h in human [14].

2.5.4  Adverse effect of RTG

The adverse effects of RTG are well tolerated and of mild to moderate severity. The most
common adverse effects of RTG are application site reaction (ASR), nausea, somnolence,
headache, dizziness, vomiting, back pain, insomnia, fatigue, and constipation [13]. Several
studies report dose-dependent ASR such as localized erythema, edema, and pruritus [15].
25,5 Dosage and administration

As per USFDA and EMA, RTG dose for PD patients is initiated from 1 mg/24 h. Depending
on patient response, the dose can be increased to a maximum of 3 mg/24 h on weekly basis. In
early stage of PD, the maximum dose is 8 mg/24 h, and in case of advanced stage of disease

the maximum recommended dose is 16 mg/24 h [16].

RTG is marketed as Neupro® and Leganto® in USA and Europe, respectively. Both Neupro®

and Leganto®are available as 1, 2, 3, 4, 6, and 8 mg/24 h extended release transdermal patches.

2.6 Drawbacks of the currently available RTG formulation

RTG shows high first-pass metabolism and low oral bioavailability (<1%) [11]. Therefore, the
drug is currently available as extended release transdermal patch. The systemic bioavailability
of RTG from transdermal patch is only 37%, which varies with its application site [10].
Furthermore, in transdermal patch RTG develops snowflake-like crystals during storage due to
RTG crystallization [17]. This leads to poor drug absorption through the skin and results in
variable therapeutic responses. Additionally, systemic absorption of drug is compromised due

to its slower transport from the patch. Once systemically absorbed, RTG has to cross the tight
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and rigid blood-brain barrier (BBB) to reach into brain. This additionally lowers the brain

availability of RTG.

2.7 Conclusion

RTG is a newly approved drug for the management of PD that efficiently treat motor and non-
motor symptoms. However, potential of the drug is not fully utilized due to its lower and varied
systemic bioavailability from marketed transdermal formulation. Its brain availability from
transdermal patch is further compromised due to the restrictions posed by BBB. The drug is
well tolerated and safe as required for the treatment of PD. Thus, there is a need to formulate

novel delivery systems for RTG to improve its brain availability.
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Chapter 3: Development and Validation of
Analytical and Bioanalytical Methods for
Quantification of Rotigotine

3.1 Introduction

Accurate quantification of drugs is an important requirement to pursue research and
development of any drug delivery system. Analysis is an essential and basic component in the
formulation development process. It is necessary to develop a suitable analytical method to
analyze and quantify drugs. After development, there is a need to validate the method in order
to show its competency. It is not only important to quantify the drug in any formulation but,
also it is necessary to prove that the quantified results are accurate and precise [1]. Thus,
validation is required after method development which is also a prerequisite of regulatory
bodies. A rapid, accurate, precise, and simple analytical method can make formulation
development quick and successful. Hence, development and validation of an analytical method
is vital before starting dosage form design of any drug [2]. Furthermore, assessment of drug in
plasma and other biological matrices is another crucial aspect of product development [3]. The
quantitative estimation of drugs in plasma and other bio-matrices plays a major role in the

evaluation of pharmacokinetics (PK) studies.

Rotigotine (RTG) is a non-ergoline dopamine agonist which acts by stimulating dopaminergic
receptors in the brain and reduces symptoms of Parkinson’s disease (PD) [4]. Commercially
available RTG transdermal patch exhibits only 37% systemic bioavailability. Additionally,
brain delivery of RTG from the transdermal patch is compromised due to slow release of drug
from dermal surface, hindrance caused by the blood-brain barrier (BBB), etc. In the present
research work, it is proposed to develop and optimize nose-to-brain nanocarriers for enhancing

transport of RTG directly into the brain.
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Screening of excipients for preparation of nanocarriers on the basis of drug’s solubility in
surfactants, lipids, and solvents is an important aspect of formulation development. The particle
size, PDI, drug loading, and entrapment efficiency of drug is dependent on solubility of drug
in several excipients viz., surfactants, lipids, solvents, etc. To rapidly estimate the solubility of
RTG in different surfactants and solvents during preliminary screening of excipients for the
preparation of nanocarriers, a fluorescence-based analytical method was developed and
validated. An accurate, specific, precise, and stability-indicating reverse phase high
performance liquid chromatography (RP-HPLC) analytical method was developed and
validated to assess different aspects of developed nanocarriers viz., drug content, drug loading,
entrapment efficiency, in vitro drug dissolution and release, ex vivo drug permeation, stability
during storage etc. Finally, to evaluate efficiency of the optimized nanocarriers, PK studies are
required to perform. A RP-HPLC bioanalytical method was developed and validated in plasma
and brain matrices to quantify drug in plasma and other biological matrices obtained during the

PK studies.
3.2 Analytical methods for estimation of RTG

There have been a few RP-HPLC analytical methods reported for the analysis of RTG in bulk
and pharmaceutical dosage forms. Swarupa et al. reported a stability-indicating RP-HPLC
method for quantification of RTG in bulk and pharmaceutical formulations with a linearity
range between 10 — 60 pg/mL and the lowest quantity that could be detected using this method
is 0.05 pg/mL [5]. Krishna et al. reported another RP-HPLC method for assay of RTG using
70% v/v methanol as a non-aqueous solvent in the mobile phase [6]. Patil et al. reported an
ultra-performance LC method for the simultaneous analysis of RTG and its impurities where a
longer retention time and usage of high proportion of organic phase was observed [7]. All these

methods are time-consuming, expensive, and non-ecofriendly due to longer run time and usage
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of high organic solvents. There have been a few bioanalytical methods reported for analysis of
RTG in bio matrices viz., rat serum, rat plasma, monkey plasma, and rat brain [8-11]. Kehr et
al. reported a microdialysis technique to analyse RTG in rat brain combined with microbore
column liquid chromatography using electrochemical detection [8]. Den et al. have reported a
RP-HPLC method for quantification of RTG in rat serum with a limit of detection (LOD) of
0.05 nmol/mL [9]. Walters et al. have worked on HPLC method using electrochemical detector
to estimate RTG in monkey plasma with LOD of 1.5 ng/mL and a linearity range of 1.5 — 1000
ng/mL [10]. Sha et al. reported a LC-MS/MS method for estimation of RTG in rat plasma with
a linearity range of 0.100 — 10.0 ng/mL [11]. Despite the several detectors used for LC
separation, detection using UV is still the most frequently used for bioanalysis. Furthermore,
though LC-MS/MS techniques offer good sensitivity and selectivity but, less costly methods

are mostly preferred for routine analysis [12].

Fluorescence-based methods are regarded as rapid, sensitive, accurate, cost-effective, easy to
execute, and require relatively simple instrumentation [13]. Literature revealed that to date,
there is no fluorescence-based analytical method reported to estimate RTG in bulk and
pharmaceutical formulations. As required, we have developed a fluorescence-based analytical

method for quantification of RTG in preliminary screening of formulation development.

All reported RP-HPLC methods are costly and time-consuming due to usage of high organic
solvents and longer run time, respectively. Therefore, it was necessary to develop an in-house
RP-HPLC analytical method that would be sensitive, rapid, specific, and economic compared

to the already available methods.

Few bioanalytical RP-HPLC methods are available for estimation of RTG in biological
matrices. But, these methods are costly and required high-end instruments. So, there was a need

to develop RP-HPLC bioanalytical method for analyzing RTG in both plasma and brain using
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a simple UV detector. Hence, we also developed a specific, sensitive, and rapid bioanalytical
RP-HPLC method for quantification of RTG in plasma and brain matrices. All the developed
methods were validated as per the International Conference on Harmonization (ICH) as well

as USP guidelines [14].

3.3 Method I: Fluorescence-based method for estimation of RTG in

agueous samples

3.3.1 Materials

RTG was kindly gifted by Mylan Laboratories (Hyderabad, India). Poloxamer 188 and
Phospholipon 80 H (Soya lecithin) were received as gift samples from BASF (Navi- Mumbai,
India) and Lipoid (GmBH, Germany), respectively. Medium molecular weight (MMW)
chitosan (CS) (99% deacetylated), potassium dihydrogen phosphate (KH2PQa), hydrochloric
acid (HCI), sodium hydroxide (NaOH) were purchased from SISCO Research Laboratories

(SRL) Pvt. Ltd (Delhi, India).
3.3.2 Instrumentation

The fluorescence-based estimations were performed in Fluorolog™ (HORIBA Ltd. Kyoto,
Japan) equipped with Xenon arc lamp. For both excitation and emission, 4 nm slit width was
used with the cuvette size being 0.6 cm. The fluorescence-based method parameters are
provided in Table 3.1. All the hardware regulation and data processing were done using
FluorEssence™ software version 3.8. Regression and statistical analysis were performed using

Microsoft Excel 2013.
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Table 3.1 Fluorescence-based method parameters

Spectrum type Excitation and Emission
Scan range 200 - 400 nm

Scanning speed Medium

Slit width (nm) Excitation : 4; Emission : 4

3.3.3 Methods

3.3.3.1 Preparation of standard and calibration curve standards

The stock solution of RTG was prepared by dissolving accurately weighed 5 mg of the drug
into 5 mL of ethanol to get a final concentration of 1 mg/mL. A working standard solution of
10 pg/mL was prepared by stepwise diluting the stock solution using phosphate buffer pH 6.4.
The working standard solution was diluted with phosphate buffer (pH 6.4) to get calibration
curve standards of 250, 500, 1000, 1500, 2000, and 2500 ng/mL. Fluorescence intensity (FI)
of the calibration curve standards was measured at 298 nm (Aem) after excitation at 277 nm

(Aex). Fl of the blank solution was measured using the same emission and excitation parameters.

3.3.3.2 Effect of pH

The effect of pH on FI of RTG (1300 ng/mL) was investigated using phosphate buffers within
arange of pH 3 — 8. Phosphate buffers (10 mM) were prepared by taking an accurately weighed
amount of KH2PO4 in Milli-Q water and pH of the buffers was adjusted by using either 0.1 (M)

HCl or 0.1 (N) NaOH.

3.3.3.3 Method validation

The developed method was validated as per the ICH Q2(R1) guidelines [14]. For validation of
the developed method, analytical parameters including linearity, range, accuracy, precision,

limit of detection, limit of quantification, specificity, and robustness were evaluated.
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3.3.3.3.1 Calibration curve, linearity, and range

The corrected FI values were plotted against respective concentrations of RTG to get the
calibration curves (n = 6). Each calibration curve was constructed using six different calibration
curve standards in a range of 250 — 2500 ng/mL. Linearity of the method was estimated with
help of the linear regression equation and correlation coefficient equation. Statistical analysis

and model predictability were evaluated by regression coefficient (R?).
3.3.3.3.2 Sensitivity

Limit of detection (LOD) is defined as the lowest concentration of an analyte that can be
detected and distinguished from the level of noise [14]. The lowest concentration of an analyte
that can be quantified with appropriate accuracy and precision is termed as limit of
quantification (LOQ). LOD and LOQ of the developed method were estimated using the
standard deviation of y-intercept and mean of the slope of all six calibration curves. The
following equations were used for the determination of LOD and LOQ, Equation 3.1 and 3.2,

respectively [14].

3.30
LOD = —— (3.2)
S
3.30
LOD = —~ (3.2)

where, ¢ = standard deviation of FI of analyte and S = mean slope of the calibration curves (n

= 6).

3.3.3.3.3 Accuracy and precision

Accuracy and precision of the developed method were determined using three quality control
(QC) concentrations. QC samples at three concentration levels- lower QC (LQC; 375 ng/mL),
medium QC (MQC; 1300 ng/mL) and higher QC (HQC; 2350 ng/mL) were prepared by

appropriately diluting the working standard solution with the phosphate buffer (pH 6.4). Six
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replicates of each QC sample were used for checking the accuracy of the developed method
and the result was represented as % recovery. Inter-day and intra-day precision studies were
performed using all three QC samples and the intermediate precision data was represented as
% RSD. For the inter-day precision study, QC samples were analyzed on three subsequent days
whereas, the intra-day precision study was performed three times in a single day for all three

QC samples. All the samples were analyzed in triplicate.

3.3.3.3.4 Robustness

Robustness of the method was assessed by analyzing all three QC samples by introducing
intentional minor variations in experimental conditions such as a change in pH of buffer (+ 0.5)
and sample temperature (£ 0.5 min of heating). Percent recovery was calculated for each

standard QC sample.

3.3.3.3.5 Specificity

Specificity of the developed method was evaluated using blank Lecithin-chitosan nanoparticles
(LCNP). A dispersion of blank LCNP were prepared using all the excipients (Soya lecithin,
MMW Ch, P-188, acetic acid glacial) except the drug. A known concentration of RTG solution
(10 pg/mL) was spiked to the dispersion and vigorously vortexed. From the mixture, 1 mL
aliquot was withdrawn and RTG was extracted using ACN (up to 10 mL). After complete
extraction of the drug, samples were filtered through 0.22 pm membrane filter and
appropriately diluted. All the samples were analyzed in triplicate to determine the specificity

of the developed method [15].
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3.3.4 Results and discussion

3.3.4.1 Effect of pH

FI of pure RTG was found to be highly dependent on pH of the buffer as shown in Figure 3.1.
The study shows that increase in pH from pH 3 — 8 results in a decrease in FI of the pure drug.
A sharp decrease in the FI from pH 3 — 5 and a slight change in FI can be observed between
pH 5 —6. Again, Fl of RTG started to decrease with an increase in pH of buffer in the range of
pH 6 — 8. This result could be attributed to the change in ionization of drug with the change in
pH of buffer solution (pKa values; 10.77, 8.93) [16,17]. Although RTG exhibited maximum FI
at pH 3 but, the method is developed at phosphate buffer pH 6.4 as pH of nasal cavity is reported
to be 5.5 - 6.5 [18]. The primary objective of developing this method is to employ it in the
future for in vitro release and ex vivo nasal permeation studies of the prepared intranasal (i.n.)

RTG-loaded LCNP.

240000 -
& 200000 -
o
e
T
160000 -
120000 . . . . . : .
2 3 4 5 6 7 8 9
pH of buffer

Figure 3.1 Effect of pH on FI of pure RTG (750 ng/mL)
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3.3.4.2 Method development and validation

RTG is reported to be insoluble in water but freely soluble in ethanol and ACN [4,19]. To
effectively apply the proposed method in the characterization of i.n. formulation, the method
was developed in phosphate buffer pH 6.4 (nasal pH 5.5 —5.6) [18]. RTG was found to exhibit
emission maxima (Jem) at 298 nm after excitation at 277 nm (Zex). A fluorescence contour plot
and an excitation-emission spectrum of the drug (750 ng/mL) in phosphate buffer pH 6.4 are

shown in Figure 3.2 (A) and (B) respectively.
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Figure 3.2 (A) Contour plot for excitation and emission wavelengths of RTG (750 ng/mL),
(B) Excitation and emission spectra of RTG (750 ng/ml)
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3.3.4.2.1 Calibration curve, linearity, and range

Calibration curve Figure 3.3A plotted using six standard concentrations was found to be linear
over the range of 250 — 2500 ng/mL with a correlation coefficient (R?) value of 0.9995. Upon
statistical evaluation of the calibration curve, the Adjusted R? value was found to be 0.9994
which indicates that fit of the model is good. F-calculated (7863.91) value was observed to be
significantly higher than that of F-critical (5.19), at a p-value of 0.000000969 which implies
that regression is significant between FI and concentrations of the analyte. An overlay of
fluorescence emission spectra of different calibration curve points along with the blank is
presented in Figure 3.3B. The statistical data of regression equations are expressed as mean +
SD (Table 3.2). All the validation parameters of the developed method are illustrated in Table

3.2.

Table 3.2 Analytical parameters and statistical data of the regression equations (n = 6) attained
from the developed fluorescence-based method

Parameters Developed method
Excitation wavelength (nm) 277
Emission wavelength (nm) 298

Linear range (ng/mL) 250 - 2500
Correlation coefficient (R) 0.9997
Determination coefficient (R?) 0.9995
Adjusted R? (R? adj) 0.9994
Slope + SD 146.75 £ 1.47

Intercept = SD 55719.6 + 1612.03
LOD (ng/mL) 36.25
LOQ (ng/mL) 109.85
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Figure 3.3 (A) Linearity plot of RTG in pH 6.4 phosphate buffer by Fluorescence-based
method, (B) Overlaid spectra of blank and calibration curve points
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3.3.4.2.2 Sensitivity

LOD and LOQ were determined by applying the equations given in ICH guidelines Q2(R1)
[14]. The LOD and LOQ values calculated using Equations 3.1 and 3.2 were found to be 36.25
ng/mL and 109.85 ng/mL respectively. These results indicate that the developed analytical

method is very sensitive.

3.3.4.2.3 Accuracy and precision

Accuracy of the developed method was determined using three QC concentrations (LQC, MQC
and HQC), and the results are represented as % recovery in Table 3.3. Percentage recovery for
all the three QC concentrations was observed to be within a range of 99.72% to 102.04%. The
high values of percentage recoveries along with % RSD lower than 0.5% indicate that the
developed method is highly accurate. Inter and intra-day precision data are shown in Table
3.4. In inter-day precision study, % RSD values for all three QC samples were found in a range
of 0.28 to 1.33 and in intra-day precision study, % RSD values were observed in a range of
0.73 to 1.98. The intermediate (inter and intra-day) precision data was found to be in
accordance with the ICH guidelines (% RSD < 2%) and the results confirmed that developed
analytical method possesses good repeatability and reliability as well.

Table 3.3 Accuracy of the developed fluorescence-based method at three concentration levels
within the linear range

QC Predicted concentration P % recovery | % Bias
levels ® Range Mean + SD % RSD Mean + SD
LQC 373.98 - 378.41 376.68 £ 1.46 0.39 100.45 +0.39 0.45

MQC 1301.95-1317.28 | 1307.95+6.14 0.47 100.61 +0.47 0.61

HQC 2380.11 - 2391.96 | 2383.89 +7.02 0.29 101.44 +0.29 1.44

Standard deviation (SD), % relative standard deviation (% RSD), n = 6 samples in all cases.

¢ LQC, MQC, HQC are 375, 1300, 2375 ng/mL of RTG

b predicted concentrations of RTG were calculated using linear average regression equation,
given in ng/mL
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Table 3.4 Inter-day and intra-day precisions for the fluorescence-based method

Qc Inter-day precision (n = 3) Intra-day precision (n = 3)
levels 2 Measured D % Measured D %
concentrations P RSD | concentrations® RSD
LQC 384.18 5.12 1.33 377.35 6.08 | 1.61
MQC 1325.43 11.12 | 0.84 1271.83 25.15| 1.98
HQC 2330.33 6.58 0.28 2361.33 17.17 | 0.73

Standard deviation (SD), % relative standard deviation (% RSD)
2 LQC, MQC, HQC are 375, 1300, 2375 ng/mL of RTG, ® Measured concentrations of RTG
were calculated using linear average regression equation, given in ng/mL

3.3.4.2.4 Robustness

Results of the robustness study are presented as % recovery in Table 3.5. It was found that the
effect of slight changes in experimental conditions on FI of the drug was not significant and %
recovery for all three QC concentrations was obtained within a range of 99.22% to 101.94%.
The results were found to be in good agreement with the ICH guidelines Q2(R1) [14]. As
deliberate changes could not affect the method parameters hence, it can be concluded that the

developed method is desirably robust.

3.3.4.2.5 Specificity

Specificity of the developed method was evaluated using blank LCNP. The amount recovered
from blank NP formulation was 99.25 + 0.28% (n = 3). The result demonstrates that the method
is specific for quantification of the drug and there is no interference of excipients used in the

preparation of LCNP on the FI of pure RTG.
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3.4 Method Il: RP-HPLC analytical method for quantification of RTG in

aqueous samples

3.4.1 Materials

Emplura® grade o-phosphoric acid 85% (OPA) and ethanol were purchased from Merck
(Mumbai, India). Hydrogen peroxide (H202) was purchased from SISCO Research
Laboratories (SRL) Pvt. Ltd (Delhi, India). Three different molar concentration of buffers were
prepared by dissolving weighed amount of KH2PO4 in Mili-Q water and pH of buffers were
adjusted using 0.1 (N) OPA. HPLC grade acetonitrile (ACN) and methanol (MeOH) were
purchased from Merck ( Mumbai, India). Glipizide, internal standard for bioanalytical method

was purchased from TCI Chemicals Pvt Ltd. (Chennai, India).
3.4.2 Instrument

The HPLC system (LC-2010CHT, Shimadzu Corporation, Japan) comprised of pulse-free
solvent system delivering two pumps, 5-line degasser, block heating type column oven, sample
cooler, intelligent auto-sampler with UV-visible detector of dual-wavelength was used for the

study. The software used was LC solution, version 1.6.

3.4.3 Chromatographic conditions

Hypersil BDS-C18 column, (250 mm x 4.6 mm, 5 ) purchased from Agilent (Mumbai, India)
was used for the chromatographic separation. In the optimized method, a ratio of 54:46% v/v
of ACN and 10 mM KH2PO4 buffer (pH 5.0) was used as the mobile phase in isocratic mode
at a flow rate of 0.65 mL/min. UV detection wavelength used was 226 nm and injection volume
of the samples was 20 pL. The column and auto-sampler temperature were set at 25 °C during

the entire analysis.
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3.4.4 Methods
3.4.4.1 Preparation of stock solution, calibration curve standards, and quality control (QC)

samples

RTG stock solution of 1 mg/mL was prepared in ACN and stepwise diluted using the mobile
phase to get a working standard solution of 500 ng/mL for both screening and optimization
studies. For preparing calibration curve standards of RTG, 1 pg/mL working standard solution
was stepwise diluted to get 25, 50, 100, 200, 400, and 600 ng/mL solutions using the mobile
phase. The QC samples of three concentration levels- lower QC (LQC; 30 ng/mL), medium
QC (MQC; 150 ng/mL), and higher QC (HQC; 510 ng/mL) were prepared from 1 pg/mL
working standard solution. Before analysis, all the samples were filtered through a 0.45 um

Millipore™ membrane filter.

3.4.4.2 Experimental design

3.4.4.2.1 Preliminary study

Preliminary study was performed using one factor at a time approach (OFAT) to select the type
of organic solvent used in the mobile phase. MeOH and ACN were studied to select the suitable
solvent. Peak parameters like peak area, tailing factor (10%), number of theoretical plates (N),
and height equivalent to theoretical plate (HETP) were evaluated to select the appropriate

organic solvent for further studies.

3.4.4.2.2 Factor screening study

Screening study was performed employing Plackett-Burman design (PBD) for the selection of
critical method variables (CMVs) for the RP-HPLC method of RTG. PBD is a screening design
which helps to analyse a large number of variables more economically using lesser number of

runs as compared to other screening design like 2* fractional design, Taguchi design etc. The
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design involved 12 experimental runs, help to find the CMVs from 7 independent method
variables like ACN proportion (% v/v), flow rate (mL/min), pH of buffer, the molarity of buffer
(mM), column temperature (°C), injection volume (uL) and detection wavelength (hnm) and
study their effect on two responses namely the number of theoretical plates (N), response 1
(R1) and retention time (min), response 2 (R2). The respective values of two levels of all 7
independent variables are shown in Table 3.5. All 12 experiments, as shown in Table 3.6 were

suggested by the Design-Expert® Software (Version 8.1, Stat-Ease, USA).

Table 3.5 List of the analytical method variables and their levels employed for Plackett-
Burman design

Levels
Name of method variables -
. High Low
studied
(+1) (-1)
ACN proportion (%) 55 45
pH of buffer 5.0 3.0
Flow rate (mL/min) 0.80 0.50
Molarity of buffer (mM) 10 5
Column temperature °C) 30 25
Injection volume (uL) 20 40
Detection wavelength (nm) 230 226
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Table 3.6 Plackett-Burman design matrix for screening of various independent variables for
RP-HPLC analytical method

ACN pH of Molarity Column Injection | Detection
. Flow Rate
Run? | proportion | buffer (mL/min) of buffer | Temperature | Volume | Wavelength

(% viv) (mM) (°C) (L) (nm)
1 55 3.0 0.50 5 30 20 230
2 45 3.0 0.50 5 25 20 226
3 45 3.0 0.50 10 25 40 230
4 45 5.0 0.50 10 30 20 230
5 55 5.0 0.80 5 25 20 230
6 55 5.0 0.50 10 30 40 226
7 55 5.0 0.80 10 25 20 226
8 45 5.0 0.80 5 30 40 230
9 55 5.0 0.50 5 25 40 226
10 45 3.0 0.80 5 30 40 226
11 55 3.0 0.80 10 25 40 230
12 55 3.0 0.80 10 30 20 226

& The run order is allocated randomly by DoE software

3.4.4.2.3 Optimization study

Three CMVs were identified on the basis of results obtained from the factor screening study,
which were affecting both the responses (R1 and R2) and taken up for further optimization using
Box-Behnken design (BBD). BBD is a three-level optimization design that provides significant
optimization information in comparison to other three-level optimization designs like full
factorial design, central composite design, etc. using fewer resources and less number of
experimental runs. In this study, BBD was employed using Design-Expert® Software for
optimization of CMVs, i.e. Factor A: ACN proportion, Factor B: pH of the buffer, and Factor
C: flow rate. CMVs were investigated at three levels represented high as (+1), middle as (0),
and low as (-1). Respective values of three CMVs are presented in Table 3.7. The experiments
were executed in randomized order and in a single block with a total number of 17 runs that
comprised of 5 center point runs (Table 3.8). After performing all the experiments, obtained
data was found to be best fitted in the second-order polynomial equation for both the responses.

The quadratic model polynomial equation is as follows:
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Ri == bo + blA + sz + b3C + b4_AB + b5BC + b6CA + b7A2 + bSBZ + bgCZ (33)

where, R; = responses; bo = intercept; bi (i = 1, 2, 3...n) = coefficients of individual linear,

quadratic, and cubic effects along with their interactions; A, B, C = CMVs of the design.

3.4.4.2.4 Statistical analysis of data

Data obtained from all the experimental results were represented as mean £ SD (n = 3).
Statistical analysis of data was performed at a 5% level of significance (o = 0.05). In PBD, t-
calculated value for the magnitude of each of the variables was compared with Bonferroni
limits and t-critical value for identification of the significant term. In BBD, P-value for each of

the terms involved in the model was determined and finally used to select the significant terms.

Table 3.7 Box-Behnken design matrix for optimization of various CMVs for RP-HPLC
analytical method

Run @ A B c
ACN proportion (% v/v) pH of buffer Flow rate (mL/min)
1 50 4.0 0.65
2 50 4.0 0.65
3 50 4.0 0.65
4 45 3.0 0.65
5 50 5.0 0.80
6 50 4.0 0.65
7 45 4.0 0.80
8 50 5.0 0.80
9 50 3.0 0.50
10 50 3.0 0.80
11 45 5.0 0.65
12 45 4.0 0.50
13 55 3.0 0.65
14 55 4.0 0.80
15 55 5.0 0.65
16 50 4.0 0.65
17 55 4.0 0.50

2 Run order is allocated randomly by DoE software

73



Development and Validation of Analytical
And Bioanalytical Methods for Quantification of Rotigotine

3.4.4.2.5 Desirability function and validation run

Desirability function was used to achieve the best favorable conditions for both the responses.
Desirability function for R1, number of theoretical plates (N), was set between a range of 10,000
— 12,000, whereas, in the case of R», retention time (min), was set within a range of 6 — 8 min
(Table 3.8). Experimental conditions extending the highest desirability function using above
mentioned constraints were selected for the validation run. Validation run was performed in
triplicate and experimental results were compared with the predicted values given by the

model.

Table 3.8 List of CMVs and their levels employed for Box-Behnken design for RP-HPLC
analytical method

Levels

Name of critical method variables studied High Medium Low
(+1) (0) (1)

ACN proportion (% v/v) 55 50 45

pH of buffer 5.0 4.0 3.0
Flow rate (min) 0.80 0.65 0.50

Responses Constrain
Number of theoretical plates (N) 10,000 - 12,000
Retention time (min) 6-8

3.4.4.3 Method validation
Method development and validation were executed as per the recommended guidelines of the
ICH referred in Q2 (R1) [20].

3.4.4.3.1 System suitability study

System suitability test was implemented to confirm the suitability of chromatographic system
for the anticipated analysis. Six replicate of a standard solution of RTG (500 ng/mL) were
injected into the HPLC and variations in retention time (min), tailing factor (10%), N, and

HETP were presented in terms of % RSD of respective parameters.
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3.4.4.3.2 Specificity

Specificity of the method was determined by spiking a standard solution of RTG (500 ng/mL)
into the solution of excipients used for preparation of nanocrystals and the components of
dissolution media as well. Chromatograms of both samples were studied for the presence of
interfering peaks corresponding to RTG. Furthermore, forced degradation studies were
performed to evaluate the stability-indicating property of the developed RP-HPLC method. For
this, RTG was exposed to acid, alkali, oxidation, and thermal degradation. Briefly, RTG stock
solution was first prepared by simply dissolving 5 mg of RTG in 10 mL solvent [i.e., ACN and
Mili-Q® water 50:50% v/v]. For acid degradation, 1 mL of 2 (N) HCI was added into 1 mL of
RTG stock solution and refluxed for 8 h. Similarly, for alkali and oxidative degradation, 1mL
of 2 (N) NaOH and 1 mL of 30% v/v H20, were added separately into 1 mL of RTG stock
solution and the resultant solutions were refluxed for 2 h and 8 h respectively. All the above-
mentioned degradation studies were performed at 60 °C. For solid-state degradation study, 5
mg of the pure drug was kept under ultraviolet (UV) radiation for 48 h, and analyzed by RP-
HPLC after dissolving 1 mg of it in 1 mL ACN and further appropriately diluting the stock
solution with mobile phase [7]. All the exposed samples were analyzed for degradation peaks

using the developed RP-HPLC method.
3.4.4.3.3 Calibration curve, linearity, and range

Calibration curve (n = 6) plot of peak area versus concentration of RTG was constructed by
using six different drug concentrations in a range of 25 — 600 ng/mL and the linearity of the
method was estimated. Linearity can be defined as the ability of a specific method to produce

test results that are directly proportional to the drug concentration within a particular range.
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3.4.4.3.4 Accuracy and precision

Method accuracy was determined using the QC concentrations (LQC, MQC, and HQC) and
results are articulated as % recovery. Precision of the method was also estimated, and results
are expressed as % RSD. Intra-day and inter-day precision studies were conducted by
evaluating three QC concentrations (in triplicate) at three different times of a day and, in three

successive days respectively.

3.4.4.3.5 Robustness

Robustness of the method was assessed by analyzing the QC samples by introducing intentional
variation in chromatographic conditions such as pH of buffer (x 0.5), flow rate (+ 0.2 mL/min),
column temperature (£ 5 °C) and performing the study at a different HPLC instrument (HPLC
2: Shimadzu Corporation, Japan; comprised of LC 20AD pump, DGU-20ASR degasser, SIL-
20AC HT column oven, SPD-20A UV detector of dual-wavelength). Percent recovery was
evaluated as a chromatographic response for each variation with respect to the standard QC

samples.

3.4.4.3.6 Sensitivity

LOD and LOQ can be used to describe the sensitivity of the analytical method. LOD and LOQ
were determined using the standard deviation of y-intercept and the mean of slope of all six
calibration curves. Equations used for the determination of LOD and LOQ are as described in

Section 3.3.3.3.2.

3.4.4.3.7 Stability studies

The solution state stability of RTG was carried out in different storage conditions such as
atmospheric temperature (benchtop stability; 24 h), at auto-sampler stability (25 °C; 24 h),

short-term (4 °C; 7 days), and long-term stability (—20 °C; 1 month). QC samples kept for
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stability were compared with freshly prepared QC solutions on the aforementioned time points

to test the stability of RTG solutions.

3.4.5 Results and discussion
3.4.5.1 Experimental design

3.45.1.1 Preliminary study

Peak parameters evaluated for the selection of organic solvents are shown in Table 3.9. Among
the two organic solvents, ACN vyielded better peak parameters like peak area, N, tailing factor

(10%), and HETP. Therefore, ACN was selected as the organic solvent in the further study.

Table 3.9 Comparison of peak parameters for selection of organic solvent

Parameters MeOH ACN

Peak Area (mV*min) 29560 36664

Tailing factor (10%) 1.121 1.001

Number of theoretical plates (N) 6645 9161
Height equivalent to theoretical plate (HETP) 22.57 14.37

3.4.5.1.2 Factor screening study

The influence of each independent method variable on the responses (R1and R2) as obtained
from PBD is shown in respective Pareto charts, Figure 3.4A for the number of theoretical
plates (N) and Figure 3.4B for retention time (min) depict that t-value for ACN proportion, pH
of buffer and flow rate is significantly higher than Bonferroni limits and t-critical value which
indicates that these three independent method variables are critical amongst all method
variables screened using PBD. Henceforth, these three were selected as CMVs for the

analytical method and further used for optimization study.
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3.4.5.1.3 Optimization study

As discussed in Section 3.4.4.2.3, the suggested 17 runs were performed, and the respective
values of Ryand R> are presented in Table 3.10. Statistically assessed data and fit of the model
for the number of theoretical plates (N) and retention time (min) are given in Table 3.11. F-
value obtained for the quadratic model related to the number of theoretical plates (N), with
model F-calculated value (258.35) was found to be significant (p < 0.0001). Similarly, the F-
value for quadratic model related to retention time (min), with model F-calculated value
(12420.29) was also found to be significant (p < 0.0001) demonstrating that both the models
were highly significant for the respective responses. A High predicted R? (R? pred) value is
regarded as an indicator of a high degree of predictability of any model. The R? pred values for
response Rz and response R2 were found to be 0.97520 and 0.99901, respectively. In addition,
the ‘lack of fit” value relating to the number of theoretical plates (F-value = 11.81, P-value =
0.0159) and retention time (F-value = 173.26, P-value = 0.0001), for both regression models
were found to be statistically insignificant (P-value < 0.05) which further indicated that the
acquired models are suitable in predicting the responses. P-value is used to determine the
significance of each coefficient. The terms showing P-value < 0.05 were significant and
incorporated in the model equation. The model equation for R1 (number of theoretical plates)
and R2 (retention time) in terms of coded factors are given below in Equation 3.4 and 3.5,

respectively:

R, =9895.434 — 1603.207A + 626.381B — 1061.304C + 408.730A2
+ 470.679B% +
R, = 6.879 — 1.468A + 0.728B — 1.730C — 0.1754B + 0.312AC — 0.148BC
+ 0.2924% + 0.343B% + 0.414C*

(3.4)

(3.5)
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Figure 3.4 Pareto charts representing the influence of various independent variables critically
on the selected responses, (A) number of theoretical plates (N) and (B) retention time (min)
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Table 3.10 Experimental responses obtained for runs given by Box-Behnken design

Run@ Number of theoretical plates (N) Retention time (min)
1 9,842 6.88
2 9,919 6.87
3 9,931 6.87
4 11,511 8.08
5 12,299 10.21
6 9,831 6.88
7 11,382 7.01
8 10,503 6.46
9 11.404 8.51
10 9,144 5.35
11 13,027 9.90
12 13,593 11.09
13 8,660 5.48
14 7,951 4,71
15 9,901 6.60
16 9,954 6.88
17 10,176 7.55

& Run order is allocated randomly by DoE software
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Table 3.11 Regression coefficients and statistical analysis for Box-Behnken design matrix for
analytical method

Response Factor N , | Lack Model
model Factor coefficient Pvalue | AdjR® | Pred R of fit F-value
Intercept | 9895.434 | 0.0001
Ru: A-ACN | 1603207 | 0.0001 F-value
Number | proportion 1181 258.35
theo(r);tical ofB l;lﬁ‘:ler 626.381 0.0001
olates - Flow 0.98974 | 0.97520 ovalue P<
. -1061.304 | 0.0001 X
(Quadratic rate =0.0159 | 0.0001)
model) A? 408.730 0.0002
B2 470.679 0.0001
C? 471.290 0.0001
Intercept 6.879 0.0001
A- ACN -1.468 | 0.0001
proportion
_ B- pH of F-value
Rz._ buffer 0.728 0.0001 ~173.26 12420.29
Retention C- Flow
i -1.730 0.0001
(Qljggreatic rate 0.99986 | 0.99901
model) AB -0.175 0.0001
AC 0.3121 0.0001 p-val
BC -0.148 | 0.0001 VA (p<
A? 0.292 0.0001 - 0.0001)
) 1
B 0.343 0.0001 0.000
C? 0.414 0.0001

3.4.5.1.4 Response surface plots

3D-response surface plots Figure 3.5 (A — F) were utilized for understanding the relationship

between the variables and responses. Response surface plot Figure 3.5A showed that increase

in pH of buffer led to an increase in number of theoretical plates. This could be a result of

higher ionization of RTG in high pH, which might improve the diffusion coefficient of RTG

in buffer proportion of the mobile phase [21,22]. As per Figure 3.5A and B, an increase in

ACN proportion in the mobile phase has caused decrease in the number of theoretical plates.

This result might be attributed to a fact that, an increase in the proportion of ACN causes

reduction in ionization and diffusion coefficient of the hydrophobic drug in buffer portion of

81



Development and Validation of Analytical
And Bioanalytical Methods for Quantification of Rotigotine

the mobile phase which eventually leads into decrease in the number of theoretical plates [21].
Figure 3.5 (B and C) illustrated that increase in flow rate has caused in decrease in the number
of theoretical plates. This could be attributed to the lower interaction of RTG with the stationary

phase, which has finally resulted in compromised separation quality.

3D-response surface plots Figure 3.5 (D — F) showed the effect of CMVs on retention time.
Figure 3.5 (D and E) indicated that an increase in ACN proportion had caused a sharp decrease
in retention time which could be linked to higher solubility of the drug in ACN than to the
buffer. Figure 3.5 (E and F) depicted that increase in flow rate has significantly reduced the
retention time. This result might be attributed to lipophilic nature of RTG which causes higher
affinity of RTG towards the mobile phase as compared to the stationary phase and finally
resulted in faster elution [23]. Figure 3.5D and Figure 3.5F depicted that the pH of buffer has

a negligible effect on retention time.

3.4.5.1.5 Determination of optimized method and its validation

Depending on the constraints defined in Section 3.4.4.2.5 for the number of theoretical plates
(R1) and retention time (R2), a high desirability function (1.000) was obtained for optimized
RP-HPLC analytical method. Optimum conditions found for CMVs using DoE model were-
factor A (ACN proportion): 54% v/v; factor B (pH of buffer): 5.0; factor C (flow rate): 0.65
mL/min and the responses were- number of theoretical plates (R1): 10,023 and retention time
(R2): 7.01 min. Applying above-mentioned chromatographic conditions, three experiments
were performed and the respective responses for R1 and R» were obtained. The experimental
results were compared with the predicted results given by model using unpaired t-test for the
model validity. Statistical analysis indicated that experimental mean values and standard error
values were not statistically different (P-value < 0.05) from predicted values of both the

responses.
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Figure 3.5 3D-response surface plots showing the impact of CMVs viz., Acetonitrile
proportion (factor A), pH of buffer (factor B), and flow rate (factor C) on (R1) number of
theoretical plates (A, B, and C) and on (R2) retention time (D, E, and F).
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3.4.5.2 Method Validation

3.4.5.2.1 System suitability study

Peak area and retention time for 500 ng/mL of RTG were found to be 42101 + 312.23 mVV*min
and 7.65 £ 0.09 min, respectively. Results of all the chromatographic parameters i.e. tailing
factor (10%), HETP, N, and retention factor (k) are expressed as % RSD and given in
Supporting Information Table 3.12. % RSD for all the parameters was found to be less than
2%. Furthermore, the values for tailing factor (10%), k, and N also lie under the acceptance
criteria of United States Pharmacopeia (< 1.2 and > 2000 respectively) for system suitability

parameters.

Table 3.12 Results of system suitability parameters using RTG solution (500 ng/mL)

Parameters Accgptqnce Mean SD % RSD
criteria

Peak Area (mV*min) - 42101 | 312.23 0.74
Retention time (min) - 7.65 0.09 0.81
Tailing factor (10%) 08-15 1.19 0.01 0.81
Retention factor 2<k<10 2.14 0.01 0.52
Number of theoretical plates (N) > 2000 11,206 | 0.03 1.36
HETP - 13.26 | 0.19 1.43

Standard deviation (SD), % Relative standard deviation (% RSD); data represented for n = 6
3.4.5.2.2 Specificity

Absence of any other interfering peak of nanocrystals formulation excipients, dissolution
media components, and degradants at the retention time of RTG (7.65 + 0.09 min) in the
chromatogram indicated the specificity of the developed RP-HPLC method Figure 3.6 (C —
H). Figure 2B represents the blank matrix chromatogram containing all the excipients (without
drug) used in the preparation of NC. Absence of any peak in the particular chromatogram at
retention time of drug illustrates specificity of the developed method. Figure 3.6 (C and D)
depicted that there is no additional peak present at the retention time of RTG when the drug is

present with nanocrystals excipients and dissolution media components, respectively.
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Furthermore, Figure 3.6 (E — H) represented the chromatograms of RTG in different force
degradation conditions. In Figure 3.6E, a well-separated acid degradant peak (7.16 £ 0.23 min)
was observed along with RTG peak (7.79 £ 0.01 min) which corresponds to 28.09 + 1.31%
degradation of the pure drug. Alkali treatment led to a 15.53 £ 1.37% degradation of RTG, and
the degradant of drug was eluted at 8.23 £ 0.02 min in Figure 3.6F. Oxidative stress treatment
resulted in 60.04 + 1.28% degradation of the pure drug, and a degradant peak was observed at
6.79 + 0.25 min (Figure 3.6G). The acid, alkali, and oxidative degradant products might be
regarded as rotigotine thienyl ether or thiophene rotigotine as per previously reported literature
[7]. UV exposure of the drug for 48 h resulted in no additional peak suggesting high stability
of RTG in the condition as shown in Figure 3.6H. Forced degradation studies demonstrated
that the developed RP-HPLC method is significantly specific for estimation of RTG. Retention
time and % recovery for RTG in different stress conditions are presented in Table 3.13.

Table 3.13 Assay of RTG solution (500 ng/mL) under different stress conditions

Stress Samole treatment Retention time Additional % recovery @
Condition P of RTG (min) peaks (min) ° y
Reference - 7.65+0.09 No 99.97 +2.16

Acid 2 (N) HCI, 60°C, 8 h 7.79+0.01 Yes, 7.16 +0.23 | 71.06 +1.31
treated
Alkali
2 (N) NaOH, 60°C, 2 h 7.44+0.14 Yes, 8.23+0.02 | 84.44 +1.37

treated
Oxidation | 30 % H20,,60°C, 8 h 7.88 +0.03 Yes, 6.79+0.25 | 39.93+1.28
UV light 48 h 7.44 +0.06 No 99.51 +1.59

0% recovery = [(Measured concentration / Actual concentration) x 100].
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Figure 3.6 Chromatogram of (A) standard RTG (500 ng/mL), (B) Blank matrix of nanocrystals

excipients, (C) RTG

in presence of Nanocrystals excipients, (D) RTG in presence of

dissolution media components, Chromatogram of RTG after degradation at (E) acidic pH for
8 h, (F) alkaline pH for 2 h, (G) H202 exposure for 8 h, (H) UV exposure for 48 h
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3.4.5.2.3 Calibration curve, linearity, and range

All six calibration curves exhibited good linearity within the ranges of 25 — 600 ng/mL for
RTG. The calibration curve points were 25, 50, 100, 200, 400, 600 ng/mL. Regression
coefficient (R?) for RTG over aforementioned range was found to be 0.9995 as shown in Figure

3.7. Following is the regression equation for RTG (n = 6):

y = 95.115x — 606.898 (3.6)

where, y corresponds to the peak area for corresponding concentration (ng/mL). Statistical
evaluation of the calibration curves yielded adjusted R? (R? adj) of 0.9994 which demonstrates
that fit of model is good. F-calculated (8076.69) was found to be significantly higher than F-
critical (4.95), at a P-value of 0.000000092. Result shows that the regression is significant

between peak area and concentration.
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Figure 3.7 Calibration curve of RTG by RP-HPLC method

3.4.5.2.4 Accuracy and precision

Accuracy of the method was represented as overall % recovery for all three different

concentrations at LQC, MQC, and HQC levels. For all these three concentrations, % recovery
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was found to be ranged between 99.33 + 0.57 to 100.93 + 1.47% (Table 3.14). Precision data
for all three QC samples are expressed as % RSD for both intra-day and inter-day and were
observed to be less than 2% (Table 3.15). Both accuracy and precision data were found to be

in agreement with ICH guidelines [14].

Table 3.14 Accuracy data of developed RP-HPLC analytical method for RTG

QC Measured concentration P Mean . %recovery ¢
accuracy
levels %

a Range Mean £SD | % RSD % bias Mean + SD RSOD
LQC 29.57-30.68 30.17 £ 0.38 1.25 0.58 10058 £1.26 | 1.25
MQC | 148.37-153.00 | 151.39 = 2.20 1.45 0.93 100.93+£1.47 | 1.45
HQC | 503.86-512.24 | 506.58 + 2.88 0.57 -0.67 99.33 £ 0.57 0.57

Standard deviation (SD), % relative standard deviation (% RSD), n = 6 samples in all cases.

4 LQC, MQC, and HQC are 30, 150, 510 ng/mL of RTG, ® Measured concentrations of RTG
were calculated by linear average regression equation, given in ng/mL, ¢ Accuracy (% bias) =
[(Measured concentration — Actual concentration)/Actual concentration x 100], 9 % recovery
= [(Measured concentration / Actual concentration) x 100]

Table 3.15 Precision data of developed RP-HPLC analytical method for RTG

QC Inter-day precision (n = 3) Intra-day precision (n = 3)
Ie\;els Mean meas.urebd sD | % RSD Mean meas.urebd sD % RSD
concentration concentration
LQC 29.55 0.32 1.07 30.34 0.36 1.18
MQC 150.35 3.21 1.81 151.71 154 1.02
HQC 496.23 4.84 0.98 501.10 1.98 0.40

Standard deviation (SD), % Relative standard deviation (% RSD); Intra-day repeatability was
assessed by replicate analysis (n=3) thrice a day at each QC level
4LQC, MQC, and HQC are 30, 150, 510 ng/mL

3.4.5.2.5 Robustness

Robustness of developed method was evaluated by changing instrument, pH of buffer, column
oven temperature and flow rate. After a deliberate changing of different chromatographic
conditions and HPLC instrument, % recovery for all three QC samples of RTG was found to

be within 98.27 + 5.81% and 109.65 + 1.65% (Table 3.16).
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Table 3.16 Different conditions and results of robustness study for RP-HPLC analytical
method for RTG

Conditions / % recovery P (+ SD)
QC levels 2 LQC MQC HQC
HPLC 2 106.39 £ 0.94 99.85 +4.87 100.28 +1.82
pH (= 0.5) 102.78 £ 1.79 100.03 £ 7.85 99.24 +4.10
Flow rate (x 0.2) 109.65 £ 1.65 99.54 +2.97 98.27 £5.81
Temperature (+ 5°C) 108.90 £ 3.07 103.62 £ 0.62 99.19+2.11

Standard deviation (SD)
4LQC, MQC, and HQC are 30, 150, 510 ng/mL, ® % recovery = [(Nominal concentration/Mean
measured concentration)x100]

3.4.5.2.6 Sensitivity

LOD and LOQ were calculated by applying Equations 3.1 and 3.2, respectively [24], and used
to indicate sensitivity of the developed RP-HPLC method. LOD and LOQ of the method for
RTG were found to be 2.58 ng/mL and 7.81 ng/mL, respectively. To further validate
theoretically obtained LOD and LOQ, another independent analysis of samples was performed
for following concentrations: 3, 6, 9, 12, 15, and 18 ng/mL and provided in Table 3.17. For 3
and 6 ng/mL concentrations, no peaks were observed at retention time of RTG. Drug peak was
started to be observed from 9 ng/mL but, the % RSD value was greater than acceptable limit.
From 12 ng/mL onwards, the % RSD values were found to be within the acceptable limit (less
than 2%). This result portrays that although theoretically calculated LOD and LOQ values of
the method were 2.58 and 7.81 ng/mL respectively but, practically LOD and LOQ were found

to be 9 ng/mL and 12 ng/mL, respectively [25].
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Table 3.17 Concentration levels and their %RSD data below LOD and LOQ for RP-HPLC
analytical method

Concentration levels Actual aver.age D % RSD
(ng/mL) concentration
9 9.301 0.124 3.349
12 12.221 0.198 1.839
15 15.218 0.252 1.453
18 18.238 0.489 1.322

Standard deviation (SD), % relative standard deviation (% RSD), n = 3 samples in all cases.

3.4.5.2.7 Stability studies

Stability of RTG in the solution state was estimated in terms of benchtop stability, autosampler
stability, short and long-term stability and the results are presented in Table 3.18. For all the
three QC samples, between zero-day and after exposure to respective conditions (benchtop
stability; 24 h), auto-sampler (25 °C; 24 h), short-term (4 °C; 7 days) and long-term (=20 °C; 1
month) storage, no significant changes (% RSD < 2) in the peak area were observed. These

results advocate the stability of RTG in solution state under different storage conditions.
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Table 3.18 Results for stability study for RP-HPLC analytical method

Mean .

QC measured '\'Om'”?' % RSD | % recovery ¢

levels @ ., | concentration °
concentration
Bench top stability (Room Temperature, 24 h)

LQC 30.15 29.59 1.69 97.88
MQC 147.64 151.39 1.73 101.79
HQC 504.73 505.80 0.39 100.10

Auto sampler stability (25 °C, 24 h)

LQC 30.15 29.97 2.04 99.15
MQC 147.64 147.63 1.50 99.26
HQC 504.73 501.82 0.74 99.32

Short-term stability (4 °C, 7 days)

LQC 30.15 30.61 1.82 101.28
MQC 147.64 151.29 1.68 101.72
HQC 504.73 507.38 0.99 100.42

Long-term stability (=20 °C, 1 month)

LQC 30.15 30.98 0.90 102.49
MQC 147.64 151.03 1.45 101.54
HQC 504.73 500.16 1.65 98.99

4 LQC, MQC, and HQC are 30, 150, 510 ng/mL of RTG, ® Mean measured concentration of
RTG on day zero for LQC =30 ng/mL, MQC = 150 ng/mL, and HQC =510 ng/mL,  Nominal
concentration of RTG during stability studies; % relative standard deviation (% RSD)

d 9% recovery = [(Nominal concentration/Mean measured concentration)x100]
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3.5 Method Ill: Bioanalytical method for quantification of RTG from

plasma and brain samples

3.5.1 Materials and Instrument

Materials and instrument mentioned in Sections 3.4.1 and 3.4.2 were used for bioanalytical
method for quantification of RTG.
3.5.2 Method Development

3.5.2.1 Collection of brain tissue and plasma from rats

All in vivo experiments were approved by the Institute’s Animal Ethics Committee (IAEC),
Protocol number- IAEC/RES/26/07/REV-1/30/19. Male Wistar rats of 9 — 10 weeks old and
weighed between 250 — 260 g were used for experiments. Blood was collected in centrifuge
tubes (Tarson, Kolkata, India) containing 4.5% (w/v) solution of disodium EDTA as
anticoagulant and was centrifuged (Eppendorf®, Hamburg, Germany) at 7,500 rpm for 10 min

at 4 °C to separate plasma and stored at —20 °C till further analysis.

Similarly, for brain homogenate, the brain samples were weighed and PBS (pH 7.4) was added
in 1:3 ratios and homogenised (Kinematica, GmBH, Germany) for 5 min at 12,000 rpm. The
brain homogenate was centrifuged (Eppendorf®, Hamburg, Germany) at 7,500 rpm for 10 min
at 4 °C to separate brain matrices. The supernatant i.e., brain matrices was collected carefully

using micropipettes and stored at —20 °C till further use.
3.5.2.2 Processing of brain matrices and plasma from rats

A simple protein-precipitation technique was used to extract RTG and internal standard (IS)
from brain matrices and plasma. A 90 uL of brain matrices and plasma was mixed separately
with 10 puL of IS (Glipizide) solution and vortexed for 30 s. Standard stock of RTG was

prepared as mentioned in Section 3.4.4.1. ACN was used as protein-precipitating agent. 300
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uL of ACN was added and vortexed for 7 min. The samples were centrifuged (Eppendorf®,
Hamburg, Germany) at 15,000 rpm for 10 min at 4 °C to obtained protein-free brain matrices
and plasma. The supernatants were transferred into microcentrifuge tube (Tarsons, Kolkata,
India) and evaporated to dryness under vacuum. The dried samples were reconstituted using
100 puL of mobile phase and vortexed (Tarsons, Kolkata, India) for 5 min. Finally, samples

were transferred into a HPLC vials and injected on to the column for quantification.
3.5.2.3 Calibration curve and quality control standards

Stock solutions of 1 mg/mL for RTG and IS were prepared in ACN. In order to study absolute
recovery from brain matrices and plasma, working standard solutions were prepared by step-
wise diluting the stock solutions using mobile phase. For both brain matrices and plasma, seven
non-zero calibration standards of RTG in range of 100 — 1200 ng/g and 100 — 1200 ng/mL
respectively, were prepared. Sample preparation process was same as mentioned in Section
3.5.2.2. For brain matrices, IS at 2 pg/g; and for plasma, IS at 2 pug/mL were spiked as
mentioned in Section 3.5.2.2. For brain matrices, QC samples at three concentration levels,
viz., LQC; 150 ng/g, MQC; 750 ng/g, and HQC; 1150 ng/g were considered. For plasma

sample, LQC; 150 ng/mL, MQC; 750 ng/mL, and HQC; 1150 ng/mL were considered.
3.5.3 Method Validation

Validation of developed method for both brain matrices and plasma was achieved as per
guidelines of USFDA and EMA [26,27]. Evaluation of samples was perfomed to determine

selectivity, linearity, sensitivity, accuracy, precision, recovery, and stability.
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3.5.3.1 Selectivity

Selectivity of method was determined by comparing chromatograms of blank (without RTG
and IS) in brain matrices and plasma against chromatograms of RTG and IS spiked brain

matrices and plasma.

3.5.3.2 Linearity

Linearity of the method was measured by plotting ratio of peak areas of RTG/IS against the
nominal concentration of RTG. Unweighted linear regression analysis was used to fit the

calibration curves.

3.5.3.3 Sensitivity

Sensitivity of the method was assessed as described in Section 3.4.4.3.6.

3.5.3.4 Accuracy and precision

Accuracy of the method was estimated as %bias for all three QC standards (n = 6) for both
plasma and brain matrices. For accuracy study, percentage bias was calculated from the
observed concentration from peak area ratio of RTG/IS using average regression equation with
respective nominal concentrations. To assess precision of the method, all QC standards were
analyzed in replicates and percentage relative standard deviation (%RSD) was reported.
Intraday precision was determined by analyzing QC samples (n = 3), twice a day; and for intra-
day precision assessment, QC standards were analyzed on three different days (n = 18).
Recovery of drug was estimated for all QC standards in triplicate by comparing peak area ratio
of RTG/IS attained from extracted brain matrices and plasma with the peak area of analytical

standards at same nominal concentration.
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3.5.3.5 Stability studies

The stability studies of RTG in plasma and brain matrices were determined at three different
conditions. All three QC standards were analyzed in triplicates in the autosampler, freeze-thaw
and long-term stability. For autosampler, samples were stored at 15 °C for 24 h and analyzed
at intervals of 0, 8, 16, and 24 h. In freeze-thaw, three cycles (—20 °C) were performed for all
three QC standards for both the matrices. Finally, for long-term stability, QC standards were
stored upto 27" day. To test the stability of RTG stock solutions, QC samples kept under above

mentioned conditions were compared with freshly prepared QC standards.
3.5.4 Single dose intranasal (i.n.) and intravenous (i.v.) PK study in Wistar rats

Wistar rats (male), weighing 250 — 260 g, were used in the study. All animal experiments were
performed in compliance with the IAEC of BITS-Pilani University with the approved protocol
(IAEC/RES/26/07/REV-1/30/19). All the rats were kept in polyacrylic cages and housed under
ambient temperature of 22 + 3 °C with 65% relative humidity in central animal facility of
institute. All the animals were housed for at least for 7 days preceding the experiment to
acclimate with the environment. The animals were fasted for 12 h prior dosing to avoid

coprophagia. After 4 h of dosing, water, and feed were provided ad libitum till the end of study.

RTG was administered via i.n. and i.v. route at a dose of 2 mg/Kg. For i.n. administration, a
1.3 cm long soft and flexible cannula (Instech Laboratories, PA, USA) was fixed in front of a
100 uL microtips (Tarsons, Kolkata, India). For i.v. dosing, RTG was administered via tail
vein at a dose of 2 mg/Kg body weight. Before both i.n. and i.v. administration, rats were

anaesthetised using isoflurane.

The required dose of pure RTG was solubilized in 0.2% v/v propylene glycol just before the
beginning of i.n. PK study. For blood collection, retro-orbital puncture technique was

employed. Blood was collected in 1.5 mL microcentrifuge tubes, containing an anticoagulant
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(disodium EDTA), at 0 (before administration of the drug), and 0.08, 0.25, 0.5, 1, 2, 4, 6, and
8 h following i.n. and i.v. administration of RTG. At each time point, 200 uL of blood was

collected from every animal.

Brains were collected at 0.5, 1, 2, 4, 6, and 8 h following both i.n. and i.v. dosing, after blood
sampling. At every time point animals (n = 4) were sacrificed for brain sample collection. All
blood and brain samples were processed as described in Sections 3.5.2.1 and 3.5.2.2. Finally,

processed bio samples were analyzed using validated RP-HPLC bioanalytical method.

3.5.5 Results and discussions

3.5.5.1  Selectivity

Protein-precipitation method for analysis of samples was observed to be efficient and
consistent for the estimation of RTG in both plasma and brain matrices. No interfering peaks
were found at retention times of RTG or IS in both the bio matrices. Figure 3.8 presents

overlays of chromatograms for both brain and plasma of their respective blanks and in vivo PK

samples.
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Figure 3.8 Overlaid chromatograms of (A) blank plasma and in vivo PK sample; (B) blank
brain matrix and in vivo PK sample.
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3.5.,5.2 Linearity

Calibration curves were linear in the concentration range of 100 — 1200 ng/mL and 100 — 1200
ng/g for plasma and brain matrices, respectively. The mean regression coefficient, R? was
found 0.9978 and 0.9966 for brain matrices and plasma, respectively. Calibration curves were
constructed with peak area ratio of RTG/IS on y-axis and concentration (ng/mL for plasma;
and ng/g for brain) of RTG on x-axis. From linear regression analysis, slope, intercept, and R?

values were calculated, and results are presented in Table 3.19.
3.5.5.3 Sensitivity

LOD and LOQ obtained using Equation 3.1 and 3.2 are the indicative of sensitivity of the
method. For plasma, LOD and LOQ values were found to be 9.75 ng/mL and 32.51 ng/mL,
respectively (Table 3.19). For the brain matrices, LOD and LOQ values were found to be 9.95
ng/mL and 33.18 ng/mL, respectively (Table 3.19). Hence, lower limit of quantification
(LLOQ) values viz., 100 ng/g and 100 ng/mL for brain matrices and plasma are accurate,
reproducible, and reliable. Furthermore, the LLOQ values were sufficient for quantification of

RTG in both plasma and brain PK studies.

Table 3.19 Results attained from linear regression analysis of calibration curves, LOD, and
LOQ for RTG for bioanalytical method

Parameter Brain matrices Plasma
Slope (mean + SD) 5562.33 + 193.70 5775.67 £ 199.30
Intercept (mean £ SD) 58.37 £ 2.55 61.31 £ 1.77
R? 0.9978 0.9966
LOD 9.95 ng/g 9.75 ng/mL
LOQ 33.18 ng/g 32.51 ng/mL

Mean, Standard deviation( SD), regression coefficient (R?) all are calculated for n = 6

3.5.5.4  Accuracy and precision

In plasma, %bias of the QC samples were found to be ranging from —5.67 to 9.09. For brain

matrices, %bias of the QC samples were found to be ranging from —0.74 to —12.18. The results
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indicated that method was accurate to quantify RTG in both the bio matrices (Table 3.20).
Repeatability study for intra-day precision showed that %RSD was not more than 4.69 and
5.78 for plasma and brain matrices, respectively. The inter-day precision study showed that
%RSD value was not more than 2.53 and 2.82 for brain matrices and plasma, respectively
(Table 3.21). The accuracy and intermediate precision study results were well accepted within
the limits which revealed the developed bioanalytical method is accurate and precise for

quantification of RTG in both the matrices.

3.5.5.5 Recovery

The absolute recovery study result is presented in Table 3.20 for all the QC samples. The peak
areas of aqueous QC samples were compared against the drug peak areas spiked in plasma and
brain matrices. In plasma, %recovery was ranged between 90.91 to 94.33% with %RSD not
more than 4.50 in all cases whereas, in brain matrices, the %recovery was found between a
range of 87.82 — 92.26 (Table 3.20). High recovery values obtained from both the bio matrices
indicated that the protein precipitation process was a reliable extraction method and also

revealed that ACN was a good protein-precipitating agent in this case.

Table 3.20 Accuracy and absolute recovery data of bioanalytical methods for RTG

QC Predicted concentration 2 9%6Recovery b % Mean
level* Range Mean+SD | %RSD bias ¢
Plasma (ng/mL)
LQC 135.08 - 147.69 140.99 + 6.34 4.50 92.17 £ 2.26 -7.83
MQC | 752.60 - 764.38 758.49 +5.89 0.78 90.91 £ 0.93 -9.09
HQC | 1142.22 -1193.59 | 1163.43 + 26.82 2.31 94.33 +£1.09 -5.67
Brain matrices (ng/g)
LQC 144.14 - 150.25 14719+ 4.31 2.93 87.82 £5.45 -12.18
MQC | 756.46 - 763.67 760.07 £5.09 0.67 90.71 £ 4.25 -9.29
HQC | 1139.62 - 1155.36 | 1147.49 +11.13 0.97 92.26 +1.63 -7.74

Mean, Standard deviation (SD), % relative standard deviation (% RSD), for n = 6 samples.”
LQC, MQC, and HQC are 150, 750, 1150 ng/mL for plasma. LQC, MQC, and HQC are 150,
750, 1150 ng/g for brain matrices.? Predicted concentrations of RTG were calculated using
linear average regression equation, given in ng/mL for plasma and ng/g for brain matrices, ® %
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recovery = [(Measured concentration / Actual concentration) x 100], ¢ Accuracy i(% bias) =
[(Measured concentration — Actual concentration)/Actual concentration x 100]

Table 3.21 Intermediate precision study results of bioanalytical method for RTG

Matrix | QC level* Intra-day rep(i]at:ag)ility (% RSD) Inter-day repeatability
(%RSD) (n =18)
Day 1 Day 2 Day 3
191 4.69 1.15
LQC 3.03 2.31 2.67 282
Plsma | MOC i
1.89 2.10 1.45
HQC 3.84 2.94 2.97 241
4. A4 4
LeC et 2w
: 1.18 411 2.25
Brain MQC 73 >33 1389 1.23
5.32 4.85 1.53
HQC 3.33 4.92 1.86 23

Percent relative standard deviation (%RSD);

Intra-day repeatability was calculated using (n = 3) replicate analysis twice a day at every QC
level. Inter-day repeatability was calculated using (n = 18) replicate analysis of each QC
samples over three days.

* For plasma, LQC, MQC and HQC are 150, 750 and 1150 ng/mL. LQC, MQC and HQC are
150, 750 and 1150 ng/g for brain matrices

3.5.5.6  Stability studies

Stability of RTG in both matrices was assessed using QC samples under several stress
conditions. Results are presented in Figure 3.9. No significant degradation of RTG in plasma
samples was observed under all stress conditions i.e., auto-injector stability (at 15 °C) study of
processed plasma samples over 24 h post-preparation, freeze-thaw (—20 °C) stability studied
for 3 cycles on 3 consecutive days and long term stability (—20 °C) for period of 27 days. The

deviation from zero-time samples in all the stress conditions was observed to be in the range

of —2.11 — 3.98%.
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RTG spiked brain samples showed no degradation with auto-injector over 24 h, with
%deviation from zero-time samples in the range of —1.78 — 2.77%. In case of freeze-thaw
stability and long-term stability studies, the %deviation with respect to zero-time samples was
between —1.35 — 3.89% up to 1% freeze-thaw cycle and 18" day samples. However, the samples
showed interfering peaks and noise around the retention times of both RTG and IS with rest of
the 3 freeze-thaw cycles and the 27" day long-term stability samples. Hence, it can be

concluded that when stored at —20 °C from zero-time samples in all the stress conditions was

observed to be in the range of —3.01 — 3.51%.
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Figure 3.9 Autosampler stability in (A) plasma and (B) brain; Freeze-thaw stability in (C)
plasma and (D) brain; Long-term stability in (E) plasma and (F) brain
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3.5.6 Single dose i.n. and i.v. PK study

Plasma and brain PK profiles for single i.v. bolus and i.n. dose administration are presented in
Figure 3.10. The Cmax in brain after i.v. and i.n. administration was found to be 155.08 + 15.04
ng/g and 264.71 + 13.31 ng/g, respectively. The AUCo_as In brain was found to be 462.36 £
23.11 ng*h/g and 628.11 + 17.92 ng*h/g after i.v. and i.n. administration, respectively. The
result shows that the developed bioanalytical method is sensitive and can detect nearly the
complete time profile of RTG in rat brain at the given dose. The study further shows that i.n.
administration of pure RTG increased brain Cmax and AUCo_uast by 1.70-fold and 2.10-fold,

respectively as compared to i.v. bolus dose of pure RTG solution.
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Figure 3.10 Plasma and brain PK profiles of pure RTG after i.v. and i.n. administration; (A)
and (B): PK profiles of RTG for plasma and brain respectively after i.v. administration (2
mg/Kg); (C) and (D): PK profiles of RTG for plasma and brain respectively after i.n.
administration (2 mg/Kg); All data points are represented as mean = SD (n = 4). For plasma
PK study, n = 4 animals were used and for PK study in brain, n = 4 rats’ were used at each time
point to collect the brains. “*” denote that the concentration of RTG was not detected at those
time points in brain matrices
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3.6 Conclusion

A simple, effective, rapid, sensitive, robust and accurate fluorescence-based analytical method
was developed and validated for the first time to estimate RTG in presence of excipients.
Further a DoE based rapid, specific, sensitive and stability indicating RP-HPLC method was
developed and validated for effectively quantify RTG from several in vitro, ex vivo study
samples. Critically effecting variables that can affect the analytical methods were selected and
further critical factors were optimized to obtain desired conditions for the final analytical
method. Application of DoE helped to finalize the optimum number of theoretical plates and
retention time for the analytical method. The RP-HPLC method was rapid with a run time of
10 min and cost-effective due to usage of only 46% ACN. The developed method was linear
between the range of 25 — 600 ng/mL. The present chapter also discusses the development and
validation of rapid, selective sensitive RP-HPLC bioanalytical method for quantification of
RTG in bio matrices (rat plasma and brain matrix). Finally, i.v. and i.n. PK studies were
performed for effective application of the developed bioanalytical method. The method was
efficient to estimate RTG in both plasma and brain matrices after i.v. and i.n. administration.
The bioanalytical method was additionally applied in quantification of RTG in bio samples
obtained from in vivo PK studies using several nanocarriers presented in the consequent

chapters.
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Chapter 4: Development, Optimization, In vitro, EX vivo
and In vivo Evaluation of Rotigotine Nanosuspension for
Improved N2B Delivery

4.1 Introduction

Presence of blood-brain barrier (BBB) poses a serious challenge in achieving desired brain
bioavailability of drugs used for the PD treatment. To improve brain bioavailability of drugs
by evading the BBB, several techniques such as intracerebroventricular injections, cerebral
implants, convection-enhanced delivery, nose-to-brain (N2B) delivery etc. have been
reported in literature [1,2]. N2B delivery approach has widely been explored in last few
decades which significantly increases the brain availability of drugs by delivering through
olfactory neuronal pathway and trigeminal nerves [3,4]. Nanocarriers have been currently
explored as an effective delivery approach to deliver drugs directly to brain via N2B route
[5]. Different nanocarriers viz.,, PLGA nanoparticles (NP), chitosan NP, solid lipid NP,
nanoemulsions, polymeric micelles etc. have been explored to deliver Rotigotine (RTG)
directly to the brain. These formulations have been reported to show better nasal
permeability, improved residence time, better brain targeting etc. [6-10]. However, research
in these works was directed only towards solving the problems of permeability or brain
bioavailability of the drug, but the issue of poor solubility of RTG was not addressed.
Whereas, it is important to increase the solubility of RTG which would enhance the solubility
of drug in nasal fluid. Thus improved solubility would enhance the passive diffusion of drug

molecule due to its increased surface area across the nasal mucosa [11].

Amongst different nanocarriers, nanosuspension stabilized by surfactants, can effectively
enhance the aqueous solubility of hydrophobic drugs by virtue of its calibre to have high

loading of drugs (almost 100%) and extends improved permeation profiles as well [12,13].
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Furthermore, nanocrystals of less than 100 nm in size are reported to be internalized by
neuronal cells of the nose-to-brain pathway directly upon intranasal (i.n.) administration [14].
Additionally, in case of i.n. delivery, the dose volume and amount of formulation that can be
administered in the nasal cavity is restricted by physiological constraints [15,16]. Due to
significantly high drug loading capacity, nanosuspension also effectively combat the problem

of small dose volume of nasal formulations.

Nanosuspension can be prepared by mainly two methods viz., bottom-up approach and top-
down approach. Top-down method is an energy driven process where bigger particle size is
broken down into small particles by high pressure homogenizer or wet ball mill. Among
bottom-up approaches, anti-solvent precipitation method is widely used for the preparation.
Though the bottom-up approach have advantages i.e., simple and rapid processing, cost
effective etc. But, this method is dependent on optimization of various factors to produce
desired particle size. Factors viz., solubility of drug in solvent and surfactant, solvent-
antisolvent ratio, concentration of drug and surfactant etc. affect the particle size and other

attributes of nanosuspension [17]

Therefore, in the current work, we have fabricated nanosuspension for RTG using anti-
solvent precipitation ultrasonication method. We have exhaustively evaluated DoE based
optimization for the development of nanosuspension-based RTG formulation intended for
N2B delivery. Further, in vitro dissolution, nasal ex vivo permeability behaviour, nasal
ciliotoxicity study and in vivo brain and plasma pharmacokinetic (PK) study of the optimized

RTG-Nanosuspension were performed and compared with that of pure drug suspension.
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4.2 Materials and methods

421 Materials

RTG was generously gifted by Mylan Laboratories (Hyderabad, India). Glipizide, internal
standard was purchased from TCI Chemicals Pvt Ltd. (Chennai, India). Poloxamer 407,
Poloxamer 188 and Soluplus® were obtained as kind gift samples from BASF (Mumbai,
India). Span 20, sodium lauryl sulphate, and tween 20 were purchased from SRL Pvt. Ltd.
(Mumbai, India) and PVP K-30 was purchased from Sigma Aldrich (Bengaluru, India).
HPLC grade acetonitrile, orthophosphoric acid were procured from Merck (Mumbai, India).
Milli-Q water obtained from an in-house Milli-Q® Reference water purification system

(GmbH, Germany) was used in all experimental processes and analysis.

4.2.2 Solubility of RTG in various solvents

The solubility of RTG was determined in three different water miscible organic solvents for
the selection of the suitable one for preparation of RTG-Nanosuspension. An excess amount
of RTG (n = 3) was added to 1 mL of different solvents and kept in the orbital shaker
incubator (Macro scientific works, Delhi, India) for 24 h maintained at 37 + 1 °C. After 24 h,
samples were centrifuged (Eppendorf®, Hamburg, Germany) at 15,000 rpm for 15 min and
supernatant was collected and filtered through 0.45 um membrane filter. Filtered samples
were suitably diluted with mobile phase and the solubility of RTG was determined with help
of previously discussed Fluorescence-based analytical method discussed in Chapter 3,

Method I1 [18].

4.2.3 Screening of surfactant

Surfactants play an important role in the preparation of nanosuspension. Surfactants not only
offer physical stability to the nanosuspension by decreasing free surface energy or inhibiting
particle aggregation but, also act as cryoprotectant during lyophilization [19]. Various
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surfactants were investigated in order to select the appropriate one for preparation of
nanosuspension. For this, the equilibrium solubility of RTG was assessed in different
surfactants such as span 20, PVP K-30, Soluplus®, tween 20, sodium lauryl sulphate,
Poloxamer 188 and Poloxamer 407 using analytical method described in Chapter 3, Method
I [18]. Briefly, an excess amount of RTG was added into the vials (n = 3) containing 5 mL of
different surfactant solutions (0.1% w/v) and kept on shaking in water bath shaker (Remi,
Mumbai, India) for 24 h at 37 £ 1 °C temperature. Afterwards, nanosuspension using all the

surfactants were separately prepared and analysed for their particle size (nm).

4.2.4 Preparation of RTG-Nanosuspension

Based on the solubility studies of RTG in various solvents and surfactants, ethanol and
Poloxamer 407 were selected as the solvent and surfactant respectively, for the preparation of
RTG nanosuspension. The nanosuspension was prepared by antisolvent precipitation-
ultrasonication method (Figure 4.1). Briefly, RTG was dissolved in ethanol and Poloxamer
407 was solubilized in Milli-Q water to prepare the solvent and antisolvent phase,
respectively. Afterwards, the freshly prepared solvent phase was rapidly injected to the ice-
cold antisolvent phase containing surfactant under ultrasonication (Vibra cell model, Sonics
& Materials, Inc., Connecticut, USA) for 3 min to obtain the nanosuspension. Concentration
of drug (mg/mL), surfactant (% w/v) and solvent:antisolvent ratio used in the preparation
were optimized employing the concept of design of experiments (DoE). The organic solvent
was evaporated from nanosuspension using rotaevaporator (Buchi, Mumbai, India) for 10
min and was freeze-dried (Labconco™, South Kansas City, USA) to obtained final RTG-
Nanosuspension. The prepared nanosuspension was stored under refrigeration (2 — 8 °C) until

further use.
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Figure 4.1 Schematic representation of preparation of RTG-Nanosuspension

4.2.5 Experimental design for the preparation of RTG-Nanosuspension

4.2.5.1 Experimental design

A design approach involving optimization design using response surface methodology
(RSM), was considered to optimize the components used in the preparation of RTG-
Nanosuspension. Design Expert® software (Version 8.1, Stat-Ease Inc., Minneapolis, USA)
was used in building the design matrices for the optimization of variables and analysis of the
data obtained. Particle size (nm) and nanosuspension PDI are important parameters affecting
its uptake via neuronal pathways into the brain upon i.n. administration [14]. Hence, particle
size (nm); R: and PDI; R> were identified as responses for the optimization of
nanosuspension. Based on preliminary trials, 3 method variables, i.e., drug concentration (A),
solvent:antisolvent ratio (B), and surfactant concentration (C) were chosen, and their
respective high, medium, and low levels were determined. Further, a high-resolution RSM
design, Box-Behnken Design (BBD), was employed to understand the impact of method
variables and their interactions on both responses. In BBD, experiments were designed with 3
method variables at 3 different levels with 2 responses (Table 4.1). Seventeen experiments

comprising 5 centre points (Table 4.2) were performed. The corresponding responses were
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fitted to linear, 2-FI, quadratic, cubic, special cubic or quadratic polynomial models. The best
fit model for each of the responses was determined depending on statistical parameters such
as lack of fit, analysis of variance (ANOVA), square correlation coefficient (R?), R?-adjusted
(Adj R?), and R?-predicted (Pred R?). The obtained polynomial equation for each response
was used for the design space. The same was visually illustrated using 3D response surface

plots.

Table 4.1 List of the method variables for RTG-Nanosuspension and their levels

Levels
Name of method variables studied High Medium Low
(+1) () (-1)
A : Drug concentration (mg/mL) 30 20 10
B : Solvent:antisolvent 20 15 10
C : Surfactant concentration (% w/v) 0.3 0.2 0.1
Responses Goal
Ri: Particle Size (nm) Minimize
R>: PDI Minimize

4.2.5.2 Desirability function and model validation

Design-Expert software provided the optimum values for all 3 factors based on the
desirability function criteria. The desirability function was calculated based on the constrains
set for the dependent variables: minimizing the particle size (nm) and PDI. A batch with the
highest desirability function was selected, prepared (n = 3) and characterized for particle size
and PDI to validate the model. The actual values obtained experimentally were compared
with the predicted values given by the software. Further, t-test was applied to the predicted

and actual values to check statistical difference between the values.
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Table 4.2 Box-Behnken Design matrix of various method variables for RTG-
Nanosuspension

Drug concentration

Surfactant concentration

Run? (mg/mL) Solvent:antisolvent (% wiv)
1 10 20 0.2
2 20 15 0.2
3 10 15 0.1
4 30 10 0.2
5 20 20 0.1
6 30 15 0.1
7 20 15 0.2
8 20 15 0.2
9 20 20 0.3
10 20 15 0.2
11 20 10 0.3
12 10 15 0.3
13 30 15 0.3
14 20 15 0.2
15 20 10 0.1
16 10 10 0.2
17 30 20 0.2

& The run order is allocated randomly by DoE software.

4.2.6 Characterization of RTG- nanosuspension

4.2.6.1 Measurement of drug content (%)

The drug content of RTG-Nanosuspension was determined by resuspending 2 mg equivalent

of lyophilized nanosuspension in Milli-Q water. Further, samples were centrifuged

(Eppendorf®, Hamburg, Germany) at 15,000 rpm for 10 min at 4 °C, and the supernatant was

filtered through 0.45 pm membrane filter. Filtered samples (n = 3) were analysed using

validated RP-HPLC method [20].

4.2.6.2 Measurement of particle size, PDI, and zeta potential

Average particle size (d.nm) and PDI of optimization batches were measured using dynamic

light scattering at 25 °C (Nano ZS, Malvern Instrument Ltd., UK). Zeta potential ({) of the

optimized nanosuspension was measured using electrophoretic dynamic light scattering at 25
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°C. Before the measurements, an equilibration time of 20 s was set for all samples. All the
samples were diluted 10 times with Milli-Q water to avoid cross-reflectivity from the

adjacent particles.

4.2.6.3 Field emission scanning electron microscopy (FESEM)

The characteristic surface morphology of lyophilized RTG-Nanosuspension was studied
using field emission scanning electron microscopy (FEI, Washington, USA). The solid
samples of pure RTG, Poloxamer 407 and lyophilized RTG-Nanosuspension were deposited
on double sided carbon tape and tape was then placed on aluminium stubs. Samples were
gold coated for 50 s by QI150TES sputter coater (Quorum Technologies, East Sussex,

England). Gold-coated samples were analysed using FESEM at high vacuum at 10 kV.

4.2.6.4 Transmission electron microscopy (TEM)

The particle size and shape of RTG-Nanosuspension and pure-RTG was further evaluated
using transmission electron microscopy (JEOL, Tokyo, Japan) at an accelerating voltage of
120 kilovolts. A simple drop caste method on carbon coated copper grids were used to
prepare the samples for TEM analysis. Liquid sample of formulations was dropped on the
carbon grid, allowed to caste on the grid, then excess formulation was soaked using blotting

paper before measurement.

4.2.6.5 Differential scanning calorimetry (DSC)

The thermograms of drug, surfactant, and lyophilized RTG-Nanosuspension were acquired
by DSC-60 Plus (Shimadzu, Kyoto, Japan), and TA-60 WS, thermal analyser software, was
used for data analysis. Approximately 3 — 5 mg samples were weighed and crimped inside
standard aluminium pans. Samples were heated at a rate of 10 °C/min from 25 — 200 °C with

a nitrogen flow rate of 50 mL/min.
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4.2.6.6 Powder X-ray diffraction (PXRD)

PXRD analysis was performed to discern the crystalline or amorphous nature of pure RTG,
Poloxamer 407, physical mixture and the lyophilized RTG-Nanosuspension. Miniflex I,
powder-X-ray diffractometer (Rigaku, Tokyo, Japan) was used to analyse the samples. PXRD
experiment was carried out using Cu Ka line as the source of radiation at a wavelength of
1.5405 A. The instrument was operated at a scanning rate of 2 °/min and scanned between 26
range of 5 — 60 ° [21]. The physical mixture of RTG and Poloxamer 407 was prepared by

geometric mixing using mortar pestle.

4.2.6.7 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR was performed to identify interactions between ingredients. FT-IR (Bruker,
Massachusetts, USA) equipped with attenuated total reflectance (ATR) probe was used to
analyse the IR spectroscopy of the samples. Pure RTG, Poloxamer 407, and lyophilized
RTG-Nanosuspension were analysed directly using ATR accessory. Each spectrum was

scanned in a range from 600 — 4000 cm 2.

4.2.6.8 Raman spectroscopy

Raman spectroscopy was used to characterize the interaction between RTG and surfactant. It
can also interpret the crystalline and amorphous nature of the pure drug and lyophilized RTG-
Nanosuspension. Analysis was performed using surface-enhanced Raman spectroscope
(HORIBA Scientific, Kyoto, Japan) equipped with laser excitation energy of 633 nm (17 mW

power). Spectra measurements were conducted in the frequency range 100 — 4500 cm™L,

4.2.7 Invitro dissolution

In vitro drug dissolution study of lyophilized RTG-Nanosuspension and pure RTG was
carried out in small volumes to imitate the volume of nasal fluid. Several drug dissolution

studies are reported using lower volume and modified dissolution apparatus to mimic the in

115



Development, Optimization, In vitro, Ex vivo and In vivo
Evaluation of Rotigotine Nanosuspension for Improved N2B Delivery

vivo environment of the administration site [3,22,23]. The study was performed using an in-
house modified USP Type | dissolution apparatus (Electrolab-Tablet Dissolution Tester,
Mumbai, India). 250 mL beakers of uniform dimensions were placed inside the dissolution
apparatus jar, and the samples were kept inside the basket. Further, the baskets containing
samples were immersed into the beaker containing 100 mL of dissolution medium maintained
at 33 + 1 °C as the temperature of nasal cavity is 33.5 °C [24]. The rotational speed of the
baskets was set at 50 rpm. The study used phosphate buffer saline (PBS) pH 6.4, containing
0.2% sodium lauryl sulphate as the dissolution media. Samples (1 mL) were withdrawn at
predetermined time points (5, 10, 15, 30, 45, and 60 min) and replenished with an equal
volume of fresh dissolution media. Processing and analysis of samples were performed using
our previously reported RP-HPLC method discussed in Chapter 3, Method 11 [20].
Dissolution profiles for pure RTG and lyophilized RTG-Nanosuspension were compared
employing model-independent approach. Dissolution efficiency (DE), mean dissolution time
(MDT), mean dissolution rate (MDR), and similarity factor (f2) were determined for both the

pure drug and lyophilized nanosuspension to effectively compare the dissolution behaviour.

4.2.8 Exvivo nasal permeation

Ex vivo nasal permeation study was performed using Franz diffusion cell (Orchid Scientific,
Nashik, India). Goat nasal mucosa was used for the nasal permeation study [10]. The whole
nose of goat was obtained immediately after the sacrifice of goat from a local slaughterhouse.
The nose was cleaned in saline solution to remove any traces of blood. The adherent muscles
were properly removed using scissors. Mucosa was stored in PBS (pH 7.4) immediately after
processing. The receptor compartment of the diffusion cell was filled with 5 mL of PBS (pH
6.4) as diffusion media. The nasal mucosa, with a diffusion area of 0.785 cm? and thickness
of 0.22 £ 0.03 mm was placed in contact with receptor compartment keeping the mucosal

side facing toward the donor compartment. The mucosa was allowed to stabilize for a pre-
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incubation time of 30 min with PBS (pH 6.4) in both donor and receptor compartments [25].
The whole diffusion assembly was set at 33 + 1 °C and stirred at 50 rpm. One mL of RTG-
dispersion (dispersed in PBS pH 6.4) and RTG-Nanosuspension (dispersed in PBS pH 6.4)
equivalent to 2 mg RTG were placed on the donor compartment. Samples of 500 uL were
withdrawn at predetermined time intervals (5, 10, 15, 30, 60, 120, 240, and 360 min) and
replaced with the same amount of pre-heated fresh media. All the samples were centrifuged
(Eppendorf®, Hamburg, Germany) at 15,000 rpm for 15 min, and supernatant was filtered
through 0.45 um syringe filter. Filtered samples were suitably diluted to determine the
permeated amount of RTG per unit area and the % drug permeability at various time points
from pure RTG-dispersion and RTG-Nanosuspension using validated RP-HPLC method

discussed in Chapter 3, Method 11 [20].

4.2.9 Nasal ciliotoxicity study

The effect of pure drug and RTG-Nanosuspension on the structural integrity of nasal mucosa,
was investigated and suitably compared with positive and negative control groups. Goat nasal
mucosa was carefully separated, cleaned with saline solution, and cut into four pieces. Two
pieces of mucosae were treated with PBS pH 6.4 (negative control) and isopropyl alcohol
(positive control) for 6 h, respectively. Other two pieces of mucosae were treated with pure
drug suspension and optimized RTG-Nanosuspension for 6 h. Afterwards, all the mucosae
were washed with saline solution and fixed in 10% formalin solution. The mucosal sections
were stained with hematoxylin and eosin after the preparation of histopathological slides
[26]. The sections were examined for nasal mucosal damages and sign of toxicity, if any,

using inverted microscope (Carl Zeiss, Jena, Germany).
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4.2.10 Stability study

Lyophilized RTG-Nanosuspension samples were tightly sealed in glass vials (15 mL) and
stored at refrigerated conditions (4 °C). Samples (n = 3) were collected at 1-month intervals
for 3 months. After collection, stored samples were dissolved in Milli-Q water and assessed
for mean particle size, PDI, and drug content. The data acquired at sampling points (1st, 2nd
and 3rd month) were compared with that of the freshly prepared RTG-Nanosuspension. The

stability of the RTG-Nanosuspension was evaluated for 3 months.

4.2.11 Invivo studies in Wistar rats

All in vivo experiments were approved by the Institute’s Animal Ethics Committee (IAEC),
Protocol number- 1AEC/RES/26/07/REV-1/30/19. AIll in vivo studies for RTG
nanosuspension and suspension were performed in male Wistar rats of 9 — 10 weeks old,
which weighed between 250 — 260 g. RTG suspension was prepared by suspending the drug
in 0.2% w/v of methylcellulose (400 cps). Formulations were administered at 2 mg/Kg of rat
weight. Food and water were supplied ad libitum to the rats during their housing. Animals

were fasted overnight with only access to water before dosing.

4.2.11.1 Intranasal (i.n.) administration

Formulations were administered intranasally using a soft cannula (Instech Laboratories, PA,
USA). It was 1.3 cm long and attached to a 100 pL. microtip to ensure delivery to an olfactory
region in the nasal cavity. Rats were anesthetized before dosing and sample collection using
isoflurane in the anaesthetic chamber. 50 uL of the formulation was administered in each

nostril, and animals were kept supine until anaesthesia recovery.

4.2.11.2 Evaluation of mucociliary transport time
Mucociliary transport time was evaluated to assess the mucociliary clearance of the

formulations [27]. Both formulations were administered (50 pL) to each nostril as mentioned
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in Section 4.2.11.1 and the oropharyngeal cavity was swabbed using cotton buds at every 5
min till 90 min. Rats were not allowed to take food for 1 h after starting the study. The
samples collected at each time point were 10-times diluted using RP-HPLC mobile phase
(ACN:KH2PO4,pH 5::54:46) and measured using the validated RP-HPLC method described
in previous Chapter 3, Method Il [20]. The first time point at which RTG was detected in

the oropharyngeal swab was the mucociliary transport time of respective formulations.

4.2.11.3 Brain and plasma PK analysis

Lyophilized RTG-Nanosuspension was dissolved in Milli-Q® just before i.n. dosing. Blood
samples were collected (n = 4 rats) via Retro-orbital puncture at predetermined intervals (0,
0.08, 0.25, 0.5, 1, 2, 4, 6, and 8 h). A separate group of rats (n = 4) was assigned for the brain
PK study. The whole brain was collected at predetermined intervals (0.5, 1, 2, 4, 6, and 8 h)
after sacrificing the rats using cervical dislocation. Brain and plasma samples were processed
and analysed using validated RP-HPLC bioanalytical method described previously in
Chapter 3, Method 111. PK parameters (Cmax, Tmax, AUCo-tast, MRT, clearance) for both
brain and plasma were determined by non-compartmental analysis (NCA) using Phoenix

WinNonlin (Version 8.0, Pharsight Corporation, NC, USA).

Direct transport percentage DTP (%) and drug targeting efficiency percentage DTE (%) of
the formulations were measured to assess brain targeting efficiency. DTP (%) indicates the
drug percentage reaching directly to the brain via nose. In contrast, DTE (%) indicates the
total drug transported to the brain, which includes direct nose-to-brain and indirect nose-to-
systemic circulation-to-brain [28]. Positive and high DTP (%) and DTE (%) are indicative of
efficient brain drug delivery [29]. These were calculated using the following equations,
Equation 4.1 and 4.2, respectively:

AUCprain;,, — Bx
DTP(%) = L
( /O) AUCbraini.n.

X 100 (4.1)
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where,

AUCbrain-
B, = ——— x AUC
¥ AUCpigsma,, plasma;
where, AUCprain = AUCo—t1ast IN brain, AUCpiasma = AUCo_uast in plasma. By is the fraction of
AUC o 1ast(brainy from systemic circulation (via indirect pathway) after i.n. administration of a

given formulation.

(AUCbrain/AUCplasma)i.n.
(AUCbrain/AUCplasma)i.v.

Where, AUCbrain = AUCO—»tlast in brain, AUCpIasma = AUCO—>tlast in plasma.

DTE (%) = x 100 (4.2)

4.2.12 Histopathology of brain

For histopathology of brain, brains were isolated from rats at 0 time (as control) and at 8" h
(as treated) after i.n. administration of RTG-Nanosuspension. The isolated brains were
washed in PBS (pH 7.4) to remove traces of blood and connective tissues. The cleaned brains
were weighed and then fixed in 10% v/v formalin solution. A series of ethanol concentration
(viv) i.e., 70%, 80%, 95%, and finally using 100%, dehydration of brain tissue was
performed. The brain tissue was embedded in paraffin wax and sectioned using microtome.
The deparaffinization process was performed using xylene. Slides were first treated with
xylene, then ethanol concentrations (v/v)of 100%, 80%, and 70%, and finally using phosphate
buffer saline (pH 7.4) rehydration was achieved. Finally the slides were stained with
hematoxylin and eosin. The histopathological slides were examined using inverted light
microscope (Carl Zeiss, Jena, Germany) for toxicity. The histopathological slides of brain

were analyzed qualitatively, and three rats per group was used in the study.
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4.3 Results and discussion

4.3.1 Solubility of RTG in various solvents

Solubility of RTG was determined in methanol, ethanol, and acetone. All these solvents are
miscible with water which is one of the prerequisites in solvent selection. The solubility of
RTG was highest in methanol, followed by ethanol and acetone (Figure 4.2A). Ethanol and
acetone are classified as class 3 solvents in the ICH guidelines and regarded as safer
compared to methanol, a class 2 solvent [30]. Hence, the further solvent selection was carried
out using ethanol and acetone. The effect of these two solvents on the particle size and PDI of
nanosuspension was assessed. Nanosuspension prepared with ethanol yielded smaller particle
size and narrow PDI than nanosuspension prepared with acetone (Figure 4.2B). This result
can be ascribed to the effect of boiling point of the two solvents. The acetone (56 °C) has
lower boiling point than ethanol (78 °C). Therefore, acetone rapidly evaporates during the
sonication process resulting in quick supersaturation of RTG in the aqueous phase.
Additionally, ethanol has been widely reported to be used as solvent phase in various
nanosuspension intended for oral, parenteral and nasal delivery In contrast, ethanol has been
widely used as the solvent phase in various nanosuspension intended for oral, parenteral, and
nasal delivery [31,32]. Therefore, ethanol was selected as the solvent for the preparation of

nanosuspension.

4.3.2 Screening of surfactant

RTG showed significantly low solubility in Poloxamer 188, Poloxamer 407, and Soluplus®.
Nanosuspension prepared using these surfactants showed considerably lower particle size
(Figure 4.2C). In Poloxamer 407, RTG showed the lowest solubility (5.83 + 2.33 ug/mL)
and resulted in size of 360.50 = 9.26 nm. The decreased drug solubility in the antisolvent
phase results in higher nucleation rates and inhibits Ostwald’s ripening rendering smaller

particle size [33,34]. Hence, Poloxamer 407 yielded the lowest particle size compared to
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other surfactants. One of the most important challenges associated with nanosuspension is
Ostwald ripening and particle aggregation [35]. Surfactants offer a steric barrier, inhibiting
Ostwald ripening and agglomeration, resulting in a physically stable nanosuspension [36].
Furthermore, the lower viscosity with surfactant helps in achieving smaller particle size. An
increase in antisolvent viscosity inhibits the diffusion across solvent phase, leading to a lower
nucleation rate and increased particle agglomeration. Thus, the lower viscosity of Poloxamer
407, Soluplus® and Poloxamer 188 solution might have resulted in smaller particle size than
other surfactants [33,37]. Therefore, Poloxamer 407 was selected as surfactant for further
optimization of nanosuspension. In contrast, span 20, PVP K-30, sodium lauryl sulphate, and

tween 20, RTG showed significantly high solubility and larger particle size (Figure 4.2C).
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Figure 4.2 Selection of formulation excipients for nanosUspension: (A) Effect of organic
solvents on solubility of RTG, (B) Effect of organic solvent on particle size and PDI, (C)
Effect of surfactant on solubility of RTG and particle size

4.3.3 Experimental design for the preparation of RTG-Nanosuspension

4.3.3.1 BBD analysis

A three-factor, three-level BBD was employed for the optimization of RTG-Nanosuspension.
According to the design matrix obtained from Design-Expert software, 17 batches of RTG-
Nanosuspension were prepared. Their corresponding results for particle size (nm) and PDI

are presented in Table 4.3. For all 17 batches of prepared nanosuspension, particle size was
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found to be in the range of 61.2 to 434.1 nm, and PDI was observed to be within the range of
0.181 to 0.495. The obtained responses for all 17 batches were subjected to statistical
evaluation using Design-Expert software. Particle size (hm) and PDI variability are best
explained using a reduced cubic model. The ANOVA result from regression analysis for both
dependent responses (R: and R2) and their significant terms, is presented in Table 4.4. The
regression models obtained for both of the responses were statistically significant (P <
0.0001). The R? and Adj R? for the best-fit models were found to be 0.999 and 0.999 for Ry
(particle size, nm) and 0.998 and 0.992 for R, (PDI), respectively. High R? values and its
closeness to Adj R? values signify that the models are well fitted for both of the dependent
responses. The model equations for R (particle size, nm) and Rz (PDI) in terms of coded
factors are given below:

R, = 64.384 + 30.94 + 10.1875B + 44.35C + 49.0254B + 25.85AC
—36.60BC + 162.634% + 111.08B% + 52.27C? — 39.11A%B
+ 4.49A%C — 48.22AB?
R, = 0.186 + 0.0254 + 0.037B + 0.016C + 0.0154B + 0.029AC — 0.068BC
+ 0.1674% + 0.076B? + 0.063C? — 0.0874%B — 0.087A%C
— 0.087AB?
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Table 4.3 Box-Behnken design batches composition and experimental results for RTG-
Nanosuspension

Drug Surfactant : .
a , Solvent: . Particle size
Run concentration antisolvent concentration (nm) PDI
(mg/mL) (% wiv)
1 10 20 0.2 278.2+1.21 | 0.366 £ 0.009
2 20 15 0.2 61.2 £5.22 0.181 £ 0.028
3 10 15 0.1 2254 +0.98 | 0.446 £0.034
4 30 10 0.2 301.4+£6.11 | 0.464 £0.076
5 20 20 0.1 226.9+2.04 | 0.415+£0.024
6 30 15 0.1 235.5+3.83 | 0.439+£0.003
7 20 15 0.2 63.6 £ 0.99 0.185 = 0.009
8 20 15 0.2 65.3+1.01 0.187 £ 0.023
9 20 20 0.3 2504 +2.58 | 0.312+0.024
10 20 15 0.2 66.2 £ 0.90 0.188 £ 0.019
11 20 10 0.3 295.2£5.25 | 0.373+£0.028
12 10 15 0.3 271.4+3.17 | 0.336 £0.034
13 30 15 0.3 384.9+295 | 0.445+0.001
14 20 15 0.2 65.6 £ 1.62 0.189 = 0.008
15 20 10 0.1 141.3+£3.83 | 0.203 +0.098
16 10 10 0.2 434.1+11.29 | 0.495+£0.002
17 30 20 0.2 341.6 £1.22 | 0.396 £0.021

& The run order is allocated randomly by DoE software.

124




Chapter 4

Table 4.4 Regression coefficients and statistical analysis for Box-Behnken design matrix for
RTG-Nanosuspension

Response Factor Factor P value Adj Pred Model
model coefficient R? R? F-value
Intercept 64.384 0.0001

B- Solvent : antisolvent 10.1875 0.0005
C- Surfactant
concentration

44.3525 0.0001

Ri: AB 49.025 0.0001
Particle AC 25.85 0.0001 4786.37
size BC -32.6025 | 0.0001 | 0.99993 | 0.9997 (P<
(Cubic A2 162.63925 | 0.0001 0.0001)
model) B? 111.80175 | 0.0001

C? 52.27675 | 0.0001

A’B -39.1125 | 0.0001

AZC 4.4975 0.0001

AB? -48.225 0.0001

Intercept 0.186 0.0001

A- Drug concentration 0.0255 0.0001
B- Solvent : antisolvent | 0.03775 0.0001
C- Surfactant
concentration

0.01675 0.0004

L
] . . (P<
r(nCO‘:jZ'I(; BC 1006825 | 0.0001 | 299982 | 0999261 honny

A2 0.1675 | 0.0001

B? 0.07675 | 0.0001

c? 0.063 | 0.0001

A’B -0.087 | 0.0001

AZC -0.04275 | 0.0001

AB? -0.02575 | 0.0003

4.3.3.2 Response surface plots

The 3D response surface plots were used for understanding the relationship between the 3
critical method variables with the two responses i.e., the particle size (R1) and PDI (R2). 3D-
response surface plots Figure 4.3 (A — F) demonstrates the effect of drug concentration (A),
solvent:antisolvent ratio (B) and surfactant concentration (C) on R:; and R of RTG

nanosuspension.
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Figure 4.3A and B shows the effect of drug concentration (A) and surfactant concentration
(C) on Ry; particle size, and R»; PDI, respectively. An increase in drug concentration (A)
results in a significant increase in R1. This could be attributed to the fact that an increase in
drug concentration promotes particle agglomeration resulting in larger particle size [38]. An
increase in surfactant concentration (C) causes an increase in R1 Figure 4.3A This result
might be ascribed to the fact that high surfactant concentration leads to higher antisolvent
phase viscosity, reducing fluid velocity, weakening the cavitation effect, and ultimately
yielding increased particle size [39]. Decreased surfactant concentration also results in
increased R1. This could be attributed to the low surfactant concentration failing to provide
sufficient electrostatic stabilization resulting in particle agglomeration [40,41]. Figure 4.3B
demonstrated that high drug concentration increases PDI. Here, high supersaturation caused
by very high drug concentrations led to particle agglomeration [42]. High surfactant
concentration (C) significantly increased R2; PDI (Figure 4.3B). This result might be
attributed to the fact that high surfactant concentration causes a reduction in nucleation rate,

which promotes particle agglomeration driving increased PDI [41].

Figure 4.3C and D depicted the effect of drug concentration (A) and solvent:antisolvent ratio
(B) on R: and Ro. Figure 4.3C depicted that increased drug concentration (A) has
significantly increased Ri. The increase in drug concentration causes particle agglomeration
during precipitation [43-45]. An increase in solvent:antisolvent ratio (B) has caused an
increase in Ry Figure 4.3C. This might be due to reduced supersaturation and poor nucleation
rate resulting in larger particle size [46,47]. An increase in solvent:antisolvent ratio (B) has

reduced R> (Figure 4.3D), which could be caused by reduced Ostwald ripening.

Figure 4.3E and F presents the effect of solvent:antisolvent ratio (B) and surfactant

concentration (C) on R: and R2. Figure 4.3E indicated that increased surfactant concentration
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(C) causes a sharp increase in Ri. This can be attributed to the combined effect of higher
viscosity of antisolvent phase, lower fluid velocity, and cavitation effect [46,47]. Increased
solvent:antisolvent ratio resulted in higher Rz (Figure 4.3F), which could be due to reduced
supersaturation. It also causes a reduction of the mixing efficiency during the
nanoprecipitation process. The combined effect of these two processes finally results in

increased R>.

4.3.3.3 Desirability function and model validation

The desirability function was used for the simultaneous optimization of both critical
responses. The constrain for desirability function were set in the software as per the desired
properties of nanosuspension intended for i.n. administration i.e., minimizing both the
particle size and PDI. The i.n. nanocrystals of less than 100 nm are directly taken up by the
cells or neurons in the nose-to-brain pathway [14]. Lower PDI provides monodisperse system
that ensures the stability, safety and efficiency of nanosuspension [48]. Based on the model
obtained for each response (R: and R>), the software generated several solutions with the

respective predicted values for particle size, PDI, and various desirability factors

The proposed conditions for the optimized RTG-Nanosuspension were: 22.63 mg/mL drug
concentration (A), 1:15.25 solvent:antisolvent ratio (B), and 0.15% w/v surfactant
concentration (C) with the highest desirability function of 0.89. At the proposed conditions,
optimized RTG-Nanosuspension was predicted to have a particle size of 73.27 nm and PDI of
0.241. Based on the predicted conditions given by the desirability function, batches (n = 3) of
RTG-Nanosuspension were prepared. The particle size (nm) and PDI were statistically
compared with the predicted values using t-test. The difference between the obtained and
predicted values for both responses was statistically insignificant (P > 0.05), confirming the
regression models' validity. The experimentally obtained values (n = 3) for the optimized
RTG-Nanosuspension were 73.55 = 4.04 nm for particle size and 0.286 + 0.028 for PDI
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(Figure 4.4A). The zeta potential ({) of RTG nanosuspension Figure 4.4B was observed to

be —24.7 £ 0.7 mV (n = 3), indicating that the nanosuspension is stable [49,50].
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Figure 4.3 3D Contour plot for (A) Effect of drug and surfactant concentration on particle
size, (B) Effect of drug and surfactant concentration on PDI, (C) Effect of drug concentration
and solvent:antisolvent ratio on particle size, (D) Effect of drug concentration and
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solvent:antisolvent ratio on PDI, (E) Effect of solvent:antisolvent ratio and surfactant
concentration on particle size, (F) Effect of solvent:antisolvent ratio and surfactant
concentration on PDI.
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Figure 4.4 RTG-Nanosuspension characterization (A) Hydrodynamic diameter of optimized
RTG nanosuspension based on the % intensity with an average diameter of 73.55 nm, (B)
Zeta potential of optimized nanosuspension (—24.7 mV)

4.3.4 Characterization of RTG-Nanosuspension

4.3.4.1 Measurement of drug content (%)

Drug content (%) has a major effect on efficacy and safety of lyophilized nanosuspension.
Drug content (%) was measured for the final lyophilized nanosuspension using previously
discussed RP-HPLC method discussed in Chapter 3, Method 11 [20]. The drug content (%)

of the optimized RTG-Nanosuspension was found 101.61 + 3.69 % w/w.
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4.3.4.2 Field emission scanning electron microscopy

Distinctive differences in the morphology of pure RTG and lyophilized RTG-
Nanosuspension were observed in Figure 4.5. Figure 4.5A shows that pure RTG
predominantly appeared as orthorhombic-shaped crystals [18]. Poloxamer 407 were spherical
with smooth surface Figure 4.5B [51]. The FESEM image of lyophilized RTG-
Nanosuspension Figure 4.5C showed no evidence of characteristic morphology of pure drug.
The optimized method could form desired RTG-Nanosuspension, and the selected stabilizer

effectively influenced the morphology of lyophilized RTG-Nanosuspension.

Figure 4.5 FESEM images (A) Crystalline (orthorhombic) structure of pure-RTG, (B)
Smooth spherical structure of pure Poloxamer 407, (C) Porous amorphous structure of
lyophilized RTG-Nanosuspension

4.3.4.3 Transmission electron microscopy
The shape and size of pure RTG and RTG-Nanosuspension were further characterized by
TEM analysis. TEM image of pure RTG showed that the particle size of drug is significantly

higher with sharp edges (Figure 4.6A). The morphological analysis of RTG-Nanosuspension
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is shown in Figure 4.6B. The particles are nearly spherical in shape and size was in the

similar range of the hydrodynamic size of the RTG-Nanosuspension.

Figure 4.6 TEM images (A) pure RTG, (B) Optimized RTG-Nanosuspension

4.3.4.4 Differential scanning calorimetry

DSC defines the thermotropic phase transition behavior quantitatively [52]. The DSC
thermograms of pure RTG, Poloxamer 407, and the lyophilized nanosuspension formulation
are presented in Figure 4.7A. The pure drug showed a sharp endothermic melting peak at
97.93 °C as reported for polymorphic Form Il of RTG [53]. Poloxamer 407 exhibited a strong
endothermic peak at 51.29 °C [54]. But endothermic peak of the drug was found to be
completely abolished in the lyophilized RTG-Nanosuspension formulation. Absence of
endothermic peak of RTG in DSC thermogram indicates that the drug has been completely

converted into amorphous from in the prepared lyophilized nanosuspension formulation [55].

4.3.4.5 Powder X-ray diffraction

The PXRD patterns of pure RTG, Poloxamer 407, physical mixture and the lyophilized RTG-
Nanosuspension are presented in Figure 4.7B. The PXRD pattern of RTG presented intense
peaks, at diffraction angles (°20): 12.140°, 13.775°, 17.855° 20.525°, 22.085° and 22.955°
affirming its crystalline nature [21,56]. The X-ray diffractogram for Poloxamer 407 showed
two distinct characteristic peaks at 20.450° and 24.535° suggesting the crystalline nature of

the surfactant [57,58]. The characteristic peaks of RTG and Poloxamer 407 were present in
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the physical mixture, indicating that the crystallinity of pure drug was unchanged in the
physical mixture. The absence of characteristic PXRD peaks of RTG in the lyophilized RTG-

Nanosuspension suggested its amorphous form, which is also supported by the DSC results.

4.3.4.6 Fourier-transform infrared spectroscopy

FT-IR spectrum of pure RTG, Poloxamer 407, and lyophilized RTG-Nanosuspension is
shown in Figure 4.7C. FT-IR spectrum of pure RTG showed characteristic stretching
vibrations at 3550 cm™, 1524 cm?, and 1269 cm™ [21]. In pure RTG, intermolecular
hydrogen bonding between -N group of one drug molecule and (OH group) is formed. The
formation of hydrogen bonding caused the characteristic crystal structure of the drug [53].
Several IR absorption bands of RTG were observable in the FT-IR spectrum of lyophilized
RTG-Nanosuspension, but with less intensity, which indicates an interaction between RTG

and Poloxamer 407.

4.3.4.7 Raman-spectroscopy

Surface-enhanced Raman spectroscopy further investigated the conversion of crystalline
RTG into amorphous form in the lyophilized RTG-Nanosuspension. In pure RTG,
intermolecular hydrogen bonding between —OH group of one drug molecule and with -N
group of another drug molecule is formed [53]. The Raman spectra of pure drug Figure 4.7D
exhibited characteristic spectra at wavenumbers 683.09 cm™, 1054.9 cm™, and 1437.7 cm
corresponding to aliphatic C—S vibrations (630 — 790 cm™), amines (1000 — 1350 cm™) and
asymmetrical CH2—CH: chains (1400 — 1470 cm™?), respectively [59]. The Raman spectrum
of lyophilized RTG-Nanosuspension Figure 4.7D showed broader and less intense spectra at
683.7 cm™, 1053.9 cm™, and 1437.9 cm™ compared to pure crystalline RTG. The typically
crystalline form produces a Raman spectrum with very sharp, intense Raman bands, whereas

an amorphous form shows comparatively broader and less intense bands [59-61]. These

132



Chapter 4

results again confirmed that the crystalline RTG converted into an amorphous form in
lyophilized RTG-Nanosuspension. The Raman spectroscopy results endorse FT-IR results,

and both studies complement each other.
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Figure 4.7 (A) DSC thermograms, (B) PXRD spectra, (C) FT-IR spectra, (D) Raman spectra
for pure RTG and optimized RTG-Nanosuspension with magnified view of Raman spectra of
pure RTG and RTG-Nanosuspension: Broadening of aliphatic C-S vibrations peak (682 cm”
1); amines peak (1054 cm™); and asymmetrical CH,—CH, chains peak (1440 cm™)

4.3.5 Invitro dissolution

The dissolution profile of the optimized RTG-Nanosuspension was compared with pure RTG
and presented in Figure 4.8A. A significant improvement in nanosuspension’s rate and extent
of dissolution compared to the pure drug was seen. In the first 15 min, % cumulative drug
dissolved from RTG-Nanosuspension was found to be greater than 95%, whereas, in the case
of pure drug, it was observed to be less than 2% within the same period. Furthermore, pure
RTG demonstrated very poor dissolution, as only 6.32% of the drug was dissolved in 1 h.

The DE at 60 min, MDT, MDR, and f, were calculated and used to effectively compare the
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dissolution behaviour of nanosuspension and pure drug (Table 4.5). The f, was significantly
lower than 50, demonstrating that the two dissolution profiles are not similar. Lower MDT
and higher MDR of RTG-Nanosuspension further show the significant dissolution
enhancement of RTG. This enhancement in the RTG dissolution from the RTG-
Nanosuspension can be attributed to the various properties of the formulation. Firstly, the
conversion of crystalline form into amorphous in RTG-Nanosuspension is one of the reasons
[31]. Secondly, nanosize particles can cause improvement in the apparent solubility [36].
Nernst-Brunner postulated that particle size reduction below 50 pm results in decreased
effective boundary layer thickness and increased particle surface area [62,63]. This causes
significant improvement in the dissolution rate of a substance. The Prandtl boundary layer
equation states that particle size reduction beyond 2 pm creates a thin hydrodynamic layer
around it. Thin hydrodynamic layer formation around particles is ascribed to their enhanced

curvature, resulting in an improved dissolution rate [64,65].

Table 4.5 Model-independent dissolution parameters of pure RTG and RTG-Nanosuspension

Parameters Pure RTG RTG-Nanosuspension

Qs 0.56 76.5
Q15 1.57 95.11
Qe0 6.32 100

DEs 0.002 0.383

DEis 0.007 0.709

DEso 0.311 0.918

MDT 0.508 0.082

MDR 3.84 15.66

4.3.6 Exvivo nasal permeation

Ex vivo nasal permeation study was performed to evaluate the permeation behaviour of pure
RTG and the RTG-Nanosuspension. Figure 4.8B shows the drug dispersion's permeation

profile and the formulated nanosuspension across the goat nasal mucosa. The study revealed
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that the amount of drug permeated per unit area from RTG-Nanosuspension was enhanced by
20-fold compared to pure drug suspension (p < 0.0001, Two-way ANOVA-Tukey test) over
360 min. The % cumulative drug permeated after 360 min from RTG-Nanosuspension and
pure-drug suspension was 82.23 = 3.85% and 10.85 + 3.52%, respectively. The result
demonstrates that formulation of nanosuspension has caused substantial improvement in drug
permeability across the nasal mucosa. The improved nasal absorption could be predominantly
due to the reduction in particle size and higher drug dissolution rate in nanosuspension
formulation [66]. Higher permeability might also be attributed to the surface area of
nanosuspension attained due to low particle size [32]. Further, the presence of Poloxamer 407
in the formulation might also help increase the nasal permeation of optimized
nanosuspension. Poloxamer 407 is reported to increase drug transport via nasal mucosa by
reducing the viscosity and elasticity of mucus [67,68]. Furthermore, characteristic property of
surfactant to alter the tight junction of nasal mucosa could also improve the permeability of
RTG-Nanosuspension [69]. The nasal permeation study result indicates that the optimized
RTG-Nanosuspension is an interesting nanocarrier for i.n. delivery of RTG that might

enhance the brain availability of the drug.

4.3.7 Nasal ciliotoxicity study

Nasal ciliotoxicity study was performed to determine the effect of pure RTG and RTG-
Nanosuspension on nasal mucosa. Effect of negative control (PBS pH 6.4), positive control
(isopropyl alcohol), pure drug suspension and RTG-Nanosuspension on nasal mucosa is
shown in Figure 4.9 (A — D), respectively. Negative control (PBS pH 6.4) treated nasal
mucosa Figure 4.9A showed intact epithelial lining and no damage of mucosa. In Figure
4.9B, positive control (isopropyl alcohol) sample showed substantial damage to the epithelial
cell lining of nasal mucosa. Isopropyl alcohol (mucociliary toxic agent) treated tissue

appeared necrotized and also shown atrophy of glands (shown using arrow).
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Histopathological structure of both nasal mucosae treated with pure drug suspension Figure
4.9C and optimized RTG-Nanosuspension Figure 4.9D appeared similar to the tissue
structure of negative control and showed no sign of toxicity. The ciliotoxicity evaluation
indicates that RTG-Nanosuspension is safe due to its non-toxic nature and can be used to

deliver RTG into brain via i.n. route.
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Figure 4.8 (A) Dissolution profiles of pure RTG and RTG-Nanosuspension (data are the
means and standard deviations of three determinations; n = 3), (B) Ex vivo amount of drug
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permeated/unit area from optimized RTG-Nanosuspension and drug suspension via goat
nasal mucosa (n = 3, Mean + SD)

Drug suspension

Figure 4.9 Histopathological micrograph (at 100X magnification) structure of goat nasal
mucosa treated with (A) Phosphate buffer saline pH 6.4, (B) Isopropyl alcohol, (C) Drug
suspension; (D) Optimized RTG-Nanosuspension

4.3.8 Stability study

Lyophilized RTG-Nanosuspension was evaluated for its stability over a period of three
months in terms of particle size (nm), PDI and drug content. Results obtained from the
stability study are shown in Table 4.6. No significant changes in terms of the mean particle
size (hm), PDI and drug content of the lyophilized RTG-Nanosuspension were observed
during 3 months of storage at refrigerated condition. This result indicates that the lyophilized

RTG-Nanosuspension was stable.
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Table 4.6 Stability studies data of RTG-Nanosuspension (n = 3)

Time (Months) Particle size (nm) PDI Drug content (% w/w)
0 73.55+4.04 0.286 + 0.028 101.61 + 3.69
1 76.25+2.11 0.223 £ 0.017 100.50 + 1.57
2 80.44 +1.33 0.257 £ 0.053 99.47 + 1.60
3 82.88 + 6.41 0.339 £ 0.049 97.89 + 2.90

4.3.9 Invivo studies

4.3.9.1 Mucociliary transport time

Mucociliary transport time values for pure RTG suspension and RTG-Nanosuspension were
found to be 7.5 + 3.53 min and 20.0 + 5.00 min, respectively. RTG-Nanosuspension
demonstrated significantly higher (P < 0.05, one-tailed unpaired t-test) mucociliary clearance
transport time than that of RTG suspension (Figure 4.10). Increased residence time of RTG-
Nanosuspension compared to pure drug suspension can be attributed to the presence of
Poloxamer 407 in the nanosuspension formulation which is well known for its mucoadhesive
property [70]. The high mucociliary clearance transport time value of RTG-Nanosuspension
compared to pure drug suspension indicated that the nanosuspension was capable of resist the

process of mucocilliary clearance and increased the retention time of nanosuspension in the

nasal cavity.
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Figure 4.10 Mucociliary transport time of aqueous RTG suspension and RTG-
Nanosuspension. Independent student t-test with one-tail was applied. ‘*’ shows p-value <
0.05

4.3.9.2 Brain and plasma PK analysis

The brain and plasma PK profile of RTG-Nanosuspension and pure drug suspension are
shown in Figure 4.11. The important brain and plasma PK parameters are presented in Table
4.7. For optimized nanosuspension, RTG brain concentration at all time points was much
higher than RTG suspension (Figure 4.11A). The brain Cmax for RTG-Nanosuspension was
significantly (P < 0.0005, one-tailed, unpaired t-test) higher than pure drug suspension (Table
4.7). RTG-nanosuspension showed 1.86-fold increase in brain Cmax and 2.56-fold increment
in brain AUCo—ast. This increase in brain Cmax and AUCo—.ast IS supported by the longer
residence time of optimized nanosuspension in the nasal cavity. The higher residence time
would allow higher absorption of RTG to brain via olfactory and trigeminal transport

pathways from nose.
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Though RTG-Nanosuspension also showed a significant improvement in plasma PK
parameters than RTG suspension; however, brain PK parameters were better than plasma
showing the selective delivery to the brain (Figure 4.11B). For RTG-Nanosuspension, Cmax
and AUC_uast for brain was higher than plasma. The higher brain concentration of RTG than
plasma would ensure better therapeutic effect, while lower systemic exposure and associated
side-effects. The higher plasma concentration for RTG-Nanosuspension than suspension
could be due to increased transport through other pathways via the respiratory route. The
increased absorption to other transport pathways from nose to plasma can be attributed to

faster dissolution of RTG-Nanosuspension than suspension [71].

DTE (%) for RTG-Nanosuspension was 885.13 whereas, for suspension was 438.18. For
RTG-Nanosuspension, DTP (%) was 88.7 while for drug suspension it was 77.18. DTE (%)
compares the brain exposure of the drug when administered via the i.n. route vs a systemic
route. In this study i.v. administration of RTG was considered as the systemic route. DTE (%)
of optimized RTG-Nanosuspension more than 100 signifies the brain exposure of RTG after
i.n. administration was superior to that of systemic route. This is regard as a measure of direct
nose-to-brain uptake efficacy. The positive DTP (%) obtained from RTG-Nanosuspension
representing efficient direct nose to brain uptake. The observed results for both DTE (%) and
DTP (%) may be ascribed to the better residence times of RTG-nanosuspension in nasal

cavity as compared to RTG suspension.
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Figure 4.11 PK profiles of RTG attained after i.n. administration of RTG-Nanosuspension
and RTG suspension in (A) Brain and (B) Plasma; ‘“*’ in both the profiles denote that the
concentration of RTG was not detected at those time points in brain matrices and plasma
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Table 4.7 Brain and plasma PK parameters for RTG-Nanosuspension and RTG suspension
after i.n. administration

PK Brain Plasma
RTG- RTG RTG- RTG
parameters ) ) . .
Nanosuspension suspension Nanosuspension suspension
AUC ) tlast
(ng*h/g)°®, 1609.49 £ 34,92 | 628.11+12.21 | 1286.29 +14.07 | 779.01+14.11
(ng*h/mL)P
Cmax
(ng/g)®, 490.79 = 48.93 264.71 £21.12 430.87 £9.20 270.12 £ 18.50
(ng/mL)P
Tmax () 1 1 1 2
MRT (h) 2.95 1.82 2.23 3.15
Clearance
(g/h)®, 255.30 - 276.71 312.65
(mL/h)?

b unit for brain PK parameters, P unit for plasma PK parameters. RTG dose for all i.n.
formulations = 2 mg/Kg; for plasma PK n = 4 animals were used, and n = 4 animals’ brains
were used for brain PK at every time point; The brain and plasma data are represented as
mean * SD.

4.3.10 Histopathology of brain

The morphology of hippocampal region on brain slides at 0 h and after administration of i.n.
nanosuspension at 8" h was studied for any sign of toxicity (Figure 4.12) [72]. The results
showed similar morphology for treated animal’s hippocampal region (Figure 4.12C and D)
as compared to the control (Figure 4.12A and B). Any symptoms of neuronal damage viz.,
shrinkage of cell body or cell undergoing necrosis were not observed in the treated brain
(Figure 4.12D). This result suggests that the i.n. RTG-Nanosuspension was safe and did not

cause any brain damage.
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Figure 4.12 Histopathological evaluations of brain (hippocampal region) in different
conditions (A) Control animal at 100X magnification, (B) Control animal at 400X
magnification, (C) RTG-Nanosuspension treated animal at 100X magnification, (D) RTG-
Nanosuspension treated animal at 400X magnification

4.4 Conclusion

This chapter describes the design, optimization, in vitro, ex vivo and in vivo characterization
of RTG-Nanosuspension. RTG-Nanosuspension were prepared by antisolvent precipitation-
ultrasonication procedure. RTG-Nanosuspensions were characterized for their particle size,
PDI, and drug content. The crystalline state of RTG was altered in the optimized
nanosuspension formulation and was confirmed by several analytical tools viz., DSC, PXRD,
Raman spectroscopic methods. The stability study confirmed that the optimized lyophilized
nanosuspension is stable up to 3 months. Furthermore, the amorphous conversion of RTG

from crystalline state in the optimized nanosuspension formulation significantly enhanced the
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in vitro dissolution behaviour, ex vivo nasal permeation of the drug. Moreover, nasal
ciliotoxicity study established the safety and non-toxic nature of the optimized RTG-
Nanosuspension. In vivo brain and plasma PK studies were performed by administering the
nanosuspension via i.n. route and compared with the i.n. pure RTG suspension. Results
demonstrated that i.n. RTG-Nanosuspension showed significantly increased brain uptake in
term of both DTE (%) and DTE (%) as compared to i.n. drug suspension. The results from
present work indicate that intranasally administered nanosuspension formulation of RTG

would be advantageous for enhancing the brain delivery of the drug.
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Chapter 5: Development, In vitro, Ex vivo and In vivo
Evaluation of Rotigotine Proposomes for
Improved N2B Delivery

5.1 Introduction

Treatment of central nervous system (CNS) diseases has been a potential challenge due to the
presence of blood-brain barrier (BBB). Nanocarrier-based drug delivery systems have made
sufficient advancements in the management of CNS diseases by either transporting the drugs
to brain through BBB or by evading it. Nose-to-brain (N2B) delivery of nanocarriers has shown
remarkable improvement in treating CNS diseases by avoiding BBB. Nanocarriers due to their

properties viz., size, shape, and surface charge are able to increase nasal permeation of drugs.

Literature suggests that intranasal (i.n.) liposomes are effective for the treatment of CNS
diseases such as Alzheimer’s disease, schizophrenia, stroke, and epilepsy [1-3]. These
nanoformulations are known to improve brain availability of CNS drugs with minimal or no
toxicity to the nasal mucosa [1,3,4]. Different modified versions of liposomes such as ethanol
based ethosomes [5], glycerol based glycerosomes, and propylene glycol (PG) based
proposomes [6] have been developed to further improve the advantages of liposomes for i.n.
and other route of delivery. PG is widely used in combination with other excipients for i.n.
nanoemulsions intended for brain delivery of CNS drugs. PG helped to increase stability of the
vesicles, improve in vivo absorption of drugs, and exhibit rapid onset of action following i.n.

administration [7-9].

Proposomes are reported to improve liposomal stability, and the combination of phospholipids
and PG synergistically could increase drug permeation by blending the lipid bilayer with the
cellular lipids. Thus, in this study, we have prepared Rotigotine (RTG) loaded proposomes

(RTG-Proposomes) for i.n. delivery to enhance the brain availability of drug. The RTG-
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Proposomes were characterized for size distribution, zeta potential, microscopic morphology,
and in vitro drug release. An ex vivo nasal permeation study was performed to evaluate the
nasal permeability of drug from RTG-Proposomes. The in vivo study was performed to assess
the direct N2B delivery and brain targeting efficiency of the formulation by calculating drug

targeting efficiency percentage (DTE (%)) and direct transport percentage (DTP (%)).

5.2 Materials and methods

5.2.1 Materials

RTG was a kind gift from Mylan Laboratories Ltd. (Hyderabad, India). Glipizide, used as
internal standard (IS) was purchased from TCI Chemicals Pvt Ltd. (Chennai, India). Soya
phosphatidylcholine (SPC), Lipoid S 100, was kindly gifted by Lipoid (GmBH, Germany). PG
was purchased from SRL Chemicals Pvt. Ltd. (Mumbai, India). Milli-Q water obtained from
an in-house Milli-Q® Reference water purification system (GmbH, Germany) was used in all

experimental processes and analysis.

5.2.2 Preparation of RTG-Proposomes

The proposomes were prepared by cold mixing followed by ultrasonication as previously
reported [6], with slight modification (Figure 5.1). Briefly, SPC was dissolved in PG at 60 °C
and cooled down to room temperature. 24 mg of RTG was added into the solution of SPC and
PG, and dissolved under magnetic stirring. The aqueous phase (pure Milli-Q water) was
dispensed via ‘pump A’ of Mitos Duo XS-Pump, part no 3200401 (Dolomite, Royston, UK).
The aqueous phase (10 mL) was dropwise added at a flow rate of 500 pL/min to the drug
solution under magnetic stirring at 750 rpm. The dispersion was kept at room temperature under
continuous stirring for further 30 min. The dispersion was subjected to ultrasonication (Vibra
cell model, Sonics & Materials, Inc., Connecticut, USA) for 1.5 min at 25% amplitude in a

pulse mode for obtaining proposomes. Ultrasonication time, SPC concentration (%w/v), and
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PG concentration (%v/v) were varied at different levels during optimization of particle size,

PDI, and % entrapment efficiency (%EE) of RTG-Proposomes.

SPC and RTG in PG
Milli-Q water

Proposomes

U

Syringe Pump
Figure 5.1 Schematic representation of the preparation process of RTG-Proposomes

5.2.3 Characterization of RTG-Proposomes

5.2.3.1 Particle size, PDI, and zeta potential

Dynamic light scattering technique (Zetasizer nano ZS, Malvern Instruments, UK) was used
for determining the particle size, PDI, and zeta potential of formulated RTG-Proposomes. The
samples were diluted 10 times with Milli-Q water and equilibrated at 25 °C for 2 min before
every measurement. Three independent measurements were performed for each proposomes

formulation, and the mean values were reported for particle size, PDI, and zeta potential.

5.2.3.2 Entrapment efficiency

Entrapment efficiency (%EE) was determined using dialysis bag (molecular weight cut-off
3,500 Da, Himedia, India). %EE was calculated from the amount of free RTG (WFrree drug)
present in the formulation. 0.4 mL of formulation was added into dialysis bag and dialyzed

against Milli-Q water (80 mL) for 45 min with constant stirring at 100 rpm using magnetic
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bead. 45 min dialysis time was identified based on free drug release from the dialysis bag. The
time, at which 90% free drug (of 0.4 mL in dialysis bag) was dialyzed, was taken as the
endpoint for free drug dialysis. Drug content present in the filtrate was determined using a
validated RP-HPLC analytical method discussed in Chapter 3. Equation 5.1 was used for the

calculation %EE:

WTotal drug — WFree drug

%EE =

X 100 5.1
WTotal drug ( )

where, WrotardrugiS the amount of RTG used in the preparation of RTG-Proposomes, and Weree

drug 1S the amount of unentrapped RTG.

5.2.4 Transmission electron microscopy (TEM)

The morphology of RTG-Proposomes and pure-RTG was evaluated using transmission
electron microscopy (TEM) (JEOL, Tokyo, Japan). An accelerating voltage of 120 kV was
used during the analysis. A simple drop caste method was used to prepare the samples for the
analysis. Briefly, a small drop of diluted sample was dropped on the carbon coated copper grid,
allowed to caste for few minutes on the grid, then excess liquid was soaked using blotting paper

before measurement.

5.2.5 Invitro release

In vitro release study of RTG-Proposomes was performed by dialysis bag method (Molecular
weight cut-off of 12 kDa, Himedia, India). The membrane was soaked for 2 h prior to the
experiment for its activation. The study was carried out in 50 mL phosphate buffer saline
(PBS), pH 7.4 as release media, and stirred at 100 rpm, temperature maintained at 37 + 2 °C
[11]. RTG-Proposomes containing 1 mg equivalent RTG was taken in the activated dialysis
membrane, sealed, and immersed into the release media. At predetermined time points (0.5, 1,
2, 4, 6, 8, 12, 18, and 24 h) samples of 1 mL were withdrawn and replenished with fresh

medium. Percentage cumulative drug released was analyzed by suitably diluting the samples
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using validated RP-HPLC analytical method described in Chapter 3, Method Il [12]. To
understand the kinetics and mechanism of drug release from the optimized proposomes, release
profile results were fitted into several mathematical models viz., first order, Higuchi model,
and Korsmeyer-Peppas. Best fitted mathematical model was selected based on high correlation
coefficient (R?) value for the release data. For the Korsmeyer-Peppas model, obtained n value
was used to evaluate the drug release mechanism. Similarity factor (f2) was used to evaluate

the release profiles of RTG-Proposomes and RTG suspension.

5.2.6 Exvivo nasal permeation

Goat nasal mucosa was obtained immediately after the sacrifice of goat from a local
slaughterhouse. Permeation study was performed using Franz diffusion cell (Orchid Scientific,
Nashik, India) with a diffusion area of 0.785 cm?. The mucosa was hydrated in PBS (pH 6.4)
for 15 min prior use. Receptor compartment of the diffusion cell was filled with 5 mL of PBS
(pH 6.4) as permeation media. Nasal mucosa was kept in contact with receptor compartment
keeping the mucosal side facing toward the donor compartment. The whole diffusion assembly
was kept under magnetic stirring at 50 rpm and the temperature was maintained at 33 + 1 °C.
Ex vivo nasal permeation study was performed using 2.4 mg drug equivalent RTG-Proposomes.
1 mL of final RTG-proposomes and pure RTG suspension were placed separately in the donor
compartment. At predetermined time intervals (5, 10, 15, 30, 60, 120, 240, and 360 min), 500
uL of samples were withdrawn and replaced with the same amount of pre-heated fresh media.
All the samples were centrifuged (Eppendorf®, Hamburg, Germany) at 15,000 rpm for 15 min
at 4 °C, and supernatants were collected. The supernatants were suitably processed and

analysed using validated RP-HPLC analytical method described in Chapter 3, Method 11 [12].

5.2.7 Stability of RTG-Proposomes
Stability of optimized proposomes (n = 3) was evaluated by determining average particle size,
PDI, zeta potential and %EE at various time points (7" day, 1%t month, and 2" month) over 2
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months. Optimized RTG-Proposomes were stored in 15 mL glass container and kept at

refrigerated conditions (4 °C).

5.2.8 Invivo studies in Wistar rats

All in vivo experiments were prior approved by the Institute’s Animal Ethics Committee
(IAEC), Protocol number- IAEC/RES/26/07/REV-1/30/19. Male Wistar rats of 9 — 10 weeks
old and weighed between 250 — 260 g were used in all in vivo studies conducted for RTG-
Proposomes and suspension. RTG suspension was prepared as described in the previous
Chapter 4, Section 4.2.11. Formulations were administered at 2 mg/Kg of rat weight. Animals

were fasted overnight having only access to water before dosing.

5.2.8.1 Intranasal (i.n.) administration

Formulations were intranasally administered using a soft cannula (Instech Laboratories, PA,
USA). To ensure delivery to the olfactory region of nasal cavity, 1.3 cm long cannula was
attached in front of a 100 uL microtip. Isoflurane was used in the anaesthetic chamber to
anesthetize the rats before dosing and during blood sample collection. After dosing of each
formulation, rats were kept in supine position till recovery. Formulations were administered at
2 mg/Kg (75 pL) of rat weight. Rats were fasted overnight with only access to water prior

dosing.

5.2.8.2 Evaluation of mucociliary transport time

Mucociliary clearance transport time for RTG-Proposome was evaluated using a method
previously described in Chapter 4, Section 4.2.11.2. RTG-Proposomes were administered (75
uL) to each nostril as mentioned in Chapter 4, Section 4.2.11.1. After administration of
formulation, oropharyngeal cavity of rat was swabbed using cotton buds at every 5 min interval
upto 90 min. Rats were not allowed access to food for 1 h after initiation of the study. Samples
collected at each time point were diluted using mobile phase (ACN:KH2POas,pH 5::54:46).

RTG was estimated in each swab with the validated RP-HPL analytical method discussed in
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Chapter 3, Method Il [12]. The time point at which presence of RTG was detected in
oropharyngeal cavity was reported as mucociliary transport time for the RTG-Proposomes.
Mucociliary transport time for pure drug suspension data was taken from Chapter 4, Section

4.3.9.1 [13].

5.2.8.3 Brain and plasma PK analysis

PK studies for brain and plasma were performed for RTG-Proposomes following i.n.
administration to rats. Dosing of each formulation was completed using the setup and technique
discussed in Chapter 4, Section 4.2.11.1. For plasma PK study, blood samples were collected
from rats (n = 4) via retro-orbital puncture technique. At each time point, 200 uL of blood was
collected in 1.5 mL centrifuge tubes already containing anticoagulant (4.5% w/v disodium
EDTA in water). Blood was collected at predetermined time intervals of 0 min i.e., before dose
and 0.08, 0.25, 0.5, 1, 2, 4, 6, and 8 h after dosing. After dosing, brains were collected at 0.5,
1, 2, 4, 6, and 8 h. At each time (n = 4) rats were sacrificed, and brains were collected as
described in Chapter 3, Section 3.5.2.1. Samples were processed using protein-precipitation
method as described in Chapter 3, Sections 3.5.2.1 and 3.5.2.2, respectively. The samples
were analysed using the validated RP-HPLC bioanalytical method discussed in Chapter 3,
Method I11. For aqueous drug suspension, the plasma and brain PK data were taken from
Chapter 4, Section 4.3.9.2. PK parameters viz., Cmax, Tmax, AUCo—1as, Clearance, and MRT
were determined by non-compartmental analysis (NCA) using Phoenix WinNonlin (Version
8.0, Pharsight Corporation, NC, USA) for RTG-Proposomes. To compare the brain uptake
efficiency of pure drug and optimized RTG-Proposomes, DTP (%) and DTE (%) [14,15] were
calculated using Equation 4.1 and Equation 4.2, respectively as described in Chapter 4,

Section 4.2.11.3.
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High and positive values of DTP (%) and DTE (%) suggest effective brain delivery of the drug
[15]. DTP (%) indicates percentage of drugs reaching directly to the brain via N2B pathways.
DTE (%) indicates total amount of drug transported to the brain which includes direct nose-to-

brain and indirect nose-to-systemic circulation-to-brain [14].

5.2.9 Histopathology of brain

Rat brains were collected at 0 time (as control) and at 8 h following i.n. administration of RTG-
Proposomes. The isolated brains were washed with PBS (pH 7.4) to get rid of any remaining
blood or connective tissues. The cleaned brains were weighed and stored at 10% v/v formalin
solution. A series of ethanol concentration (v/v) i.e., 70%, 80%, 95%, and finally using 100%,
dehydration of brain tissue was performed. The brain tissue was embedded in paraffin wax and
sectioned using microtome. The deparaffinization process was performed using xylene. Slides
were first treated with xylene, then ethanol concentrations (v/v)of 100%, 80%, and 70%, and
finally using phosphate buffer saline (pH 7.4) rehydration was achieved. Finally the slides were
stained with hematoxylin and eosin. The histopathological slides were evaluated using an
inverted light microscope (Carl Zeiss, Jena, Germany) for toxicity. Three rats from each group

were used for the study [15].

5.3 Results and Discussion

5.3.1 Preparation of RTG-Proposomes

5.3.1.1 Effect of ultrasonication on particle size and PDI

Proposomes was prepared by cold mixing process followed by the ultrasonication method. It
was found that ultrasonication time has an effect on the vesicle size of proposomes (Table 5.1).
Proposomes prepared without the assistance of ultrasonication showed significantly high
particle size. Ultrasonication might cause several cavitation events that increase the diffusion

of lipid used for the preparation of proposomes [16]. It was observed that after 0.5, 1 and 1.5
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min of ultrasonication, the particle size and PDI of proposomes were significantly decreased.
However, further increase in the ultrasonication time up to 2.5 min did not result in significant
decrease in the particle size and PDI. Thus, further optimization studies of RTG-Proposomes
were carried out at a fixed ultrasonication time of 1.5 min. Change in concentration of PG also
showed an effect on the particle size. Thus, to understand the exact effect of PG on particle

size, a detailed study was performed in the following section.

Table 5.1 Effect of ultrasonication time on particle size and PDI

Formulation code 2 Ultraso?rlr(]:iant)lon time Particle size (nm) PDI

P1(1,5) 0 198.00 + 7.54 0.183 £ 0.038
P 1A (1, 5) 0.5 173.80 + 9.52 0.354 +0.076
P 1B (1,5) 1.0 116.26 + 8.02 0.419 + 0.024
P1C(1,5) 1.5 94.95 + 3.17 0.255 + 0.003
P 1D (1, 5) 2.0 95.43 £5.25 0.247 £ 0.009
P 1E (1, 5) 2.5 99.51 +2.58 0.278 £ 0.028
P2(1,10) 0 168.73 +8.11 0.103 + 0.086
P 2A (1, 10) 0.5 85.88 + 6.42 0.339 + 0.049
P 2B (1, 10) 1.0 59.54 +1.62 0.394 +0.003
P 2C (1, 10) 1.5 57.94 +£2.95 0.354 +£0.020
P 2D (1, 10) 2.0 63.89 + 7.88 0.371+£0.016
P 2E (1, 10) 2.5 71.12 +0.90 0.385+ 0.018

& The values in bracket with labels show the concentration of SPC (1% w/v) and concentration
of PG (5% and 10% v/v)

5.3.1.2 Effect of PG (%vV/v) on particle size PDI and %EE

In case of nasal delivery, PG content in a formulation should be limited [17]. Hence, amount
of PG was considered as an essential parameter for RTG-Proposomes. All three concentrations
(5%, 7.5%, and 10% v/v) of PG resulted desired particle size below 150 nm. Increased
concentration of PG resulted in decreased particle size. This result might be ascribed to the fact
that PG shows stabilizing effect that avoids aggregation of vesicles. PG might also help in
modification of surface tension of proposomes resulting in spatial stability that leads to lower
particle size [18]. High concentration PG might also cause increased disorders on bilayer

structure of lipid, which further reduces particle size [6].
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All three concentrations of PG yielded good %EE between 76.40 + 1.68 to 87.01 + 1.86.
Increase in PG concentration caused an increase in the %EE of proposomes (Table 5.2). This
might be because due to PG, the solubility and distribution of RTG gets increased inside the
vesicle of proposomes [19,20]. Though the highest concentration of PG showed better particle
size and %EE but, it resulted in higher PDI (Table 5.2). Hence, medium concentration (7.5%)

of PG was fixed for further studies.

Table 5.2 Effect of PG on particle size, PDI, and %EE of different proposomes

Formulation Code 2 Particle size (nm) PDI % EE
P3(1,5) 146.77 £11.29 0.275 £ 0.009 76.40 + 1.68
P4(1,7.5) 105.37 £ 2.04 0.266 + 0.004 81.44+221
P5(1,10) 93.65 +3.83 0.349+0.34 87.01+1.86

@ The values in bracket with labels show the concentration of SPC (1% w/v) and concentration
of propylene glycol (5%, 7.5%, and 10% v/v). P3 to P5 contains 24 mg of RTG

5.3.1.3 Effect of SPC (%w/v) on particle size, PDI, and %EE

Phospholipid, SPC, is the primary component of RTG-Proposomes layer and has an immediate
effect on particle size and the PDI. As shown in Table 5.3, increased concentration of SPC
resulted in proposomes of significantly large particle size and high PDI. An increased amount
of SPC leads to increased aggregation, resulting in higher particle size and wide range of

distribution [21,22].

Increase in SPC concentration also resulted in increase in %EE (Table 5.3). An increase in the
SPC concentration forms more vesicles and leads to high %EE. Although 2.5% wi/v

concentration of SPC showed highest %EE but, also resulted to high particle size and PDI.
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Table 5.3 Effect of SPC on particle size, PDI, and %EE of different proposome formulations

Formulation Code 2 Particle size (nm) PDI % EE
P6(7.5,1) 115.63 + 5.22 0.267 + 0.028 82.97 £0.18
P7(75,15) 149.53 + 2.64 0.396 +0.023 85.20 £ 0.03
P8(7.5,2) 190.80 £ 0.98 0.447 +£0.024 86.55 +0.19
P9(7.5,2.5) 231.23+7.22 0.274 +0.019 90.80 + 0.10

& The values in bracket with labels show the concentration of propylene glycol (7.5% v/v) and
concentration of SPC (1%, 1.5%, 2%, and 2.5% w/v). P6 to P9 contains 24 mg of RTG

Hence, formulation P 6 (Table 5.3) that resulted in a good %EE (82.97 + 0.18), particle size of

115.63 £5.22 nm with PDI of 0.267 £ 0.028 was selected as final optimized RTG-Proposomes

formulation. The hydrodynamic particle size of RTG-Proposomes is presented in Figure 5.2A.

The zeta potential of formulation P6 was measured (—14.8 = 1.2 mV) and data presented in

Figure 5.2B.
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Figure 5.2 (A) Hydrodynamic diameter of optimized RTG-Proposomes based on the %

intensity, (B) Zeta potential of optimized RTG-Proposomes

5.3.2 Transmission electron microscopy

The morphology of pure-RTG and optimized RTG-Proposomes analyzed using TEM showed
in Figure 5.3. TEM images showed that the size and shape of pure drug are significantly
different from the optimized proposomes (Figure 5.3A). TEM analysis revealed that the
prepared proposomes were primarily spherical with a consistent size distribution. The
proposomes surface was found to be smooth and regular. No evidence of vesicle agglomeration
was observed on the surface which revealed stability of the optimized proposomes. The

diameters of prepared proposomes were found to be in the range of 100 nm approximately

(Figure 5.3B).
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Figure 5.3 TEM images of (A) Pure RTG, (B) Optimized RTG-Proposomes

5.3.3 Invitro release

The in vitro drug release study of optimized RTG-Proposomes and pure RTG suspension was
performed, and result is presented in Figure 5.4. From the pure drug suspension, almost 100%
drug released within 24 h. Form RTG-Proposomes, cumulative drug released was found up to
45% after 24 h. The release data confirmed that RTG-Proposomes prolonged the release of
drug Figure 5.4. The release kinetics showed that optimized proposomes followed Korsmeyer-
Peppas model (R? = 0.9645) (Table 5.4) and showed a non-Fickian diffusion release
mechanism with a ‘n’ value of 0.347 [23]. This result indicated that the vesicle successfully
controlled release of RTG from the optimized proposomes [4,11]. The release profiles of RTG-
Proposomes and RTG suspension were evaluated for similarity factor (f2), which showed that

the two release profiles are significantly not similar to each other.
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Figure 5.4 In vitro release profiles of RTG suspension and optimized RTG-Proposomes in
PBS (pH 7.4)

Table 5.4 Kinetic model application to in vitro release data of RTG-Proposomes

Model R? value
First-order 0.5186
Higuchi Model 0.8942
Korsmeyer-Peppas 0.9645

5.3.4 Exvivo nasal permeation

Ex vivo nasal permeation study was performed to compare pure RTG suspension and RTG-
Proposomes. The mean cumulative ex vivo RTG permeated/unit area vs time through the goat
nasal mucosa is presented in Figure 5.5. The permeation behaviour showed that RTG amount
permeated (386.26 + 18.62 pg/cm?) from proposomes was significantly higher than that of pure
drug suspension (p < 0.05). Optimized RTG-Proposome showed 8.04-fold increase in amount
permeated as compared to the pure drug suspension. The result indicated that proposome

formulation provides better permeability than pure drug [24]. Better permeation of RTG from
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proposome can be attributed to the combined effect of PG and SPC present in the formulation.
. SPC increases affinity towards biological membrane which might also enhance the
permeation behaviour of proposome [25]. The bilayer proposomes vesicles, due to its fluidity,

might also have helped in opening tight junction pores of the nasal mucosa [26].

500+

ek

oY

=

=
1

Amount permeated (;,Lgh:mz)

Time (min)
2 RTG suspension EE RTG-Proposomes

Figure 5.5 Ex vivo amount of drug permeated/unit area from optimized RTG-Proposomes and
drug suspension via goat nasal mucosa (n = 3, Mean = SD)

5.3.5 Stability under refrigerated condition

Stability study results of RTG-Proposomes are given in Table 5.5. No significant difference
was noted in any of the parameters such as particle size (nm), PDI, zeta potential, and %EE
between freshly prepared proposomes and RTG-Proposomes stored at the refrigerated

conditions over 60 days (P > 0.05).
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Table 5.5 Stability data of RTG-Proposomes

Parameters 0t Day 7t Day 30" Day 60" Day
Particle size (nm) 115.63+5.22 | 118.23+1.01 | 11252+1.12 120.11 £ 3.91
PDI 0.267 +£0.028 | 0.301 £0.002 | 0.291 +0.001 0.302 + 0.005
Zeta potential (mV) -148+1.2 -16.8+1.1 -15.1+05 -16.7+2.1
%EE 82.97+0.18 | 81.77+£0.11 85.10+1.11 80.68+ 2.90
5.3.6 Invivo studies

5.3.6.1 Mucaociliary transport time

Mucociliary clearance transport time for pure RTG suspension and RTG-Proposomes were
found to be 7.5 £ 3.53 min and 32.5 + 3.53 min, respectively. RTG-Proposomes demonstrated
higher (P < 0.05) mucociliary clearance transport time than that of RTG suspension (Figure
5.6). Increased mucociliary transport time of RTG-Proposomes indicates its higher residence
time in the nasal cavity. This might be attributed to presence of SPC in the proposomes. High
mucociliary clearance transport time of RTG-Proposomes indicated that proposomes could

resist the process of mucociliary clearance resulting in its increased retention in nasal cavity.
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Figure 5.6 Mucociliary transport time of aqueous RTG suspension and RTG-Proposomes.
Independent student t-test with one-tail was applied. “***’ shows p-value < 0.05.
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5.3.6.2 Brain and plasma PK analysis

In vivo PK studies after i.n. administration of RTG-Proposomes and RTG suspension were
conducted at a dose of 2 mg/Kg and dose volume of 75 pL in each nostril. Brain and plasma
concentration vs time profiles were constructed and presented in Figure 5.7. A comparison of
the PK performances (in brain and plasma) of RTG-Proposomes and pure drug suspension is
given in Table 5.6. PK data for RTG suspension was taken from Chapter 3, Section 3.5.6

[13].

Table 5.6 Brain and plasma PK parameters for RTG-Proposomes and RTG suspension after
i.n. administration

PK Brain Plasma
RTG- RTG RTG- RTG
parameters . .
Proposomes suspension Proposomes suspension
AUC o tlast
(ng*h/g)°®, 327110+ 13.12 | 628.11+12.21 | 1491.89 +16.34 | 779.01 +14.11
(ng*h/mL)P
Cmax
(ng/g)®, 708.61 + 29.95 264.71+21.12 | 321.87+11.90 | 270.12 +18.50
(ng/mL)P
Tmax () 2 1 0.5 2
MRT (h) 3.34 1.82 2.74 3.15

b ynit for brain PK parameters, P unit for plasma PK parameters. RTG dose for both i.n.
formulations: 2 mg/Kg; for plasma PK n = 4 animals were used, and n = 4 animals’ brains were
used for brain PK at every time point; The brain and plasma data are represented as mean *
SD.
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Figure 5.7 PK profiles of RTG attained after i.n. administration of RTG-Proposomes and RTG
suspension in (A) Brain and (B) Plasma. ‘*’ in both the profiles denote that the concentration
of RTG was not detected at those time points in brain matrices and plasma.
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The brain AUCo—ast value for RTG-Proposomes was around 5.21-fold higher than that of the
brain AUCo_ast Of pure drug suspension. The brain Cmax of RTG-Proposomes showed a 2.68-
fold increment as compared to pure RTG suspension after i.n. administration. An unpair t-test
comparison for brain AUCo—.uast Values for both formulations showed a statistically significant
(p < 0.0001) difference between the two formulations. The brain concentrations of RTG were
compared at different time points for both treatments using t-tests. At all-time points, brain
drug concentrations from proposomes were significantly higher than that of RTG suspension
at a 5% confidence interval level. To further evaluate the performance of formulations, DTP
(%) and DTE (%) values were calculated as per Equation 4.1 and Equation 4.2, describe in
Chapter 4, Section 4.2.11.3. The DTE (%) evaluates the brain exposure of drug when
administered via the i.n. route vs a systemic route. DTE (%) value for RTG-Proposomes was
found 1556.4 which is significantly higher than 100. This result implies that the brain exposure
of proposomes after i.n. administration was superior to that was attained via systemic route
following intravenous administration of pure RTG solution. This result finally showed that the
prepared proposomes improve the direct N2B uptake efficacy of RTG. The DTP (%) was found
to be 93.6 for RTG-Proposomes representing effective direct N2B uptake. The observed results
for both DTE (%) and DTP (%) of RTG-Proposomes may be ascribed to the increased
residence of the formulation in nasal cavity. This might have helped in better uptake of the
proposomes to brain after i.n. administration. Furthermore, the smaller particle size of RTG-
Proposomes might also have helped to enter through the olfactory neurons of brain via different
endocytic transport in nasal mucosa and resulted in higher DTP (%) and DTE (%) as compared

to RTG suspension [27,28].
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5.3.7 Histopathology of brain

Morphology of the hippocampus region on brain slides was examined at 0 h and at 8 h
following RTG-Proposomes administration (Figure 5.8) to show any signs of toxicity [29].
Figure 5.8C and 5.8D depicts the morphology of hippocampus area of treated rats compared
to control rats (Figure 5.8A and B). There were no signs of neuronal injury, such as cell body
shrinkage or necrosis, in the rats' brain (Figure 5.8D). This indicated that RTG-Proposomes

were safe and did not induce brain injury.

After 8 h following i.n.

Control (0 h) RTG-Proposomes
(A) ©
200 pm 200 pm
(B) (0)
20 pm 20 pm

Figure 5.8 Histopathological evaluations of brain (hippocampal region) in different conditions
(A) Control animal at 100X magnification, (B) Control animal at 400X magnification, (C)
RTG-Proposomes treated animal at 100X magnification, (D) RTG-Proposomes treated animal
at 400X magnification
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5.4 Conclusion

This chapter describes the design, optimization, in vitro, ex vivo, and in vivo characterization
of RTG-Proposomes. RTG-Proposomes were prepared using cold mixing process followed by
ultrasonication. RTG-Proposomes were developed and optimized for improved N2B delivery
of the drug. Presence of PG improved ex vivo permeability of the drug in proposomes
formulation. RTG-Proposomes showed controlled release of RTG as compared to pure RTG.
In vivo PK studies in Wistar rats demonstrated that the developed RTG-Proposomes showed
significant high DTE (%) and DTP (%) of 1556.4 and 93.6, respectively. High DTE (%) and
DTP (%) value of proposomes indicate better direct N2B delivery of drug compared to pure
RTG suspension via olfactory or trigeminal pathway upon i.n. administration. Brain
histopathology study further confirmed that the prepared proposomes are non-toxic and safe
for N2B delivery of RTG. The overall results demonstrate superiority of the optimized RTG-
Proposomes for the better management of PD via i.n. route in comparison to pure drug

suspension given via same route.
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Chapter 6: Development, In vitro, Ex vivo and In vivo
Evaluation of Rotigotine Loaded Lecithin Chitosan
Nanoparticles for Improved N2B Delivery

6.1 Introduction

Chitosan (CS) is a positively charged biodegradable polysaccharide available in broad range
of molecular weights from 50 — 400 kDa. CS is a promising polymer for pharmaceutical
formulations due to its biocompatible and mucoadhesive nature. Intranasal (i.n.) formulations
based on CS have shown improved nasal residence time and better mucoadhesion. CS is well
reported for opening tight junctions reversibly which helps in the enhancement of
paracellular/extracellular transport of nanocarriers via the olfactory neuronal pathway [1,2].

Soy lecithin is a negatively charged phospholipids combination consisting mainly of
phosphatidylcholines. It is a biocompatible, safe, and non-immunogenic excipient. The
interaction between lecithin and the CS can produce nanoparticles (NP) by self-assembling
utilizing ionic interactions [3,4]. CS-lecithin NP of both hydrophilic and lipophilic drugs have
been developed and reported for oral, transdermal, and i.n. delivery [5-9]. These NP have
enhanced the drugs' oral, systemic, and brain bioavailability. In this present study, we have
prepared and evaluated Rotigotine (RTG)-loaded CS-lecithin hybrid NP (RTG-LCNP) for i.n.
administration to improve the brain availability of drug in comparison to pure RTG suspension.
An ex vivo nasal permeation study was performed to evaluate the permeability properties of
RTG-LCNP compared to pure RTG suspension. Finally, the nasal clearance time and in vivo
study of the optimized LCNP were performed to assess the direct nose-to-brain (N2B) delivery

and brain targeting efficiency.
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6.2 Materials and methods

6.2.1 Materials

RTG was a gift sample from Mylan Laboratories (Hyderabad, India). Medium molecular
weight CS (75 — 85% deacetylated), acetic acid glacial (GAA) was purchased from SISCO
Research Laboratories (SRL) Pvt. Ltd (Delhi, India). Lecithin (Lipoid S 100, soybean lecithin
with phosphatidylcholine) and Poloxamer 407 were obtained as gift samples from Lipoid
(GmBH, Germany) and BASF (Mumbai, India), respectively. Sodium chloride, potassium
chloride, mannitol, and different buffer salts (KH2PO4, K2HPO4) were obtained from SD Fine
Chemicals Pvt. Ltd. (Mumbai, India). HPLC grade acetonitrile (ACN) was purchased from

Merck (Mumbai, India).

Milli-Q water taken from an in-house Milli-Q® Reference water purification system (GmbH,

Germany) was used in all experimental processes and analysis.

6.2.2 Preliminary studies for RTG-LCNP

Solubility of RTG, in the presence of different stabilizer was evaluated to identify the suitable
stabilizer for the preparation of RTG-LCNP. A solubility study of RTG in presence of different
stabilizers was performed as discussed in the previous Chapter 4, Section 4.2.3. The
equilibrium solubility of RTG was assessed in different surfactants such as span 20, PVP K-
30, Soluplus®, tween 20, sodium lauryl sulphate, Poloxamer 188, and Poloxamer 407. Briefly,
an excess amount of RTG was added into the vials (n = 3) containing 5 mL of different
surfactant solutions (0.1 %w/v) and kept on shaking in water bath shaker (Remi, Mumbai,

India) for 24 h at 37 + 1 °C temperature.
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6.2.3 Preparation of RTG-LCNP

The LCNP was prepared by solvent injection method [8,10]. An ethanolic solution of the drug
and lecithin was prepared by dissolving 20 mg of RTG and lecithin in 1 mL of ethanol. CS and
Poloxamer 407 were dissolved in GAA, and pH of the solution was adjusted with sodium
acetate buffer. The ethanolic solution was injected into the aqueous phase using 22G needle
attached to a polypropylene syringe. The injection was done for 5 min under high-speed
homogenization (Polytron PT 1300D, Kinematica, Lucerne, Switzerland) at 12,000 rpm. The
organic solvent was evaporated from nano-dispersion using rotavapor (Buchi, Mumbai, India)
for 10 min and was lyophilized (Labconco™, South Kansas City, USA). The obtained nano-
dispersion of RTG-LCNP was ultracentrifuged (Thermo, Massachusetts, USA) at 45,000 rpm
for 1 h at 4 °C to attain a pellet of RTG-LCNP. The supernatant was decanted, and the LCNP
was collected. Further, LCNP pellets were washed thrice with Milli-Q water to remove any
trace of free drug from the surface of LCNP. For lyophilization, the final collected pellet of
RTG-LCNP was re-dispersed using Milli-Q water containing mannitol as a cryoprotectant
(Figure 6.1). The lyophilized RTG-LCNP was stored under refrigerated conditions (4 °C) till
further use. A control RTG suspension was prepared by dispersing RTG in 0.2 %w/v methyl

cellulose (400 cps).

The effect of several formulation parameters viz., ratio of drug:lecithin, ratio of lecithin:CS,
amount of Poloxamer 407, pH of CS solution on particle size, PDI, % entrapment efficiency

(%EE), % drug loading (%DL) were optimized to select the final LCNP batch.
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High Speed Homogenization (12,000 rpm) with Ethanol removal and lyophilization

ethanolic solution injection

Rotigotine
(RTG)
0,0 RTG and soya
Soya lecithin lecithin Ethanolic
solution
Organic
solvent
) - evaporation Lyophilization
Ciitosan 99 ooo CS and Poloxamer
(CS) ™ : Mannitol as
solution cryoprotectant
RTG-Lecithin Chitosan nanoparticles  Lyophilized
(RTG-LCNP) dispersion powder

Figure 6.1 Schematic representation of preparation of LCNP

6.2.4 Characterization of RTG-LCNP

6.2.4.1 Particle size, PDI, and zeta potential

The average particle size (d.nm) and PDI of RTG-LCNP were determined using the dynamic
light scattering technique (Zetasizer nano ZS, Malvern Instruments, UK). The zeta potential
was measured using electrophoretic dynamic light scattering. The LCNP nano-dispersion were
diluted ten times with sodium acetate buffer (pH 5.5) and allowed to equilibrate for 2 min at
25 °C before each measurement. Three measurements were performed for every LCNP nano-
dispersion, and the mean values were reported for final particle size, PDI, and zeta potential.
6.2.4.2 Entrapment efficiency (%EE) and drug loading (%DL)

The %EE of LCNP were estimated from the amount of RTG unentrapped ( Weree drug). The free
RTG was separated from LCNP nano-dispersion by ultracentrifugation at 45,000 rpm for 1 h.
The amount of RTG present in the supernatant was analysed for determination of unentrapped
drug ( Weree drug) Using the RP-HPLC analytical method described in Chapter 3, Method 11

[11]. %EE for LCNP was calculated using the formula presented in Equation 6.1:
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Wrotal drug — Weree drug (6.1)

%EE = ( ) x 100

Wrotal drug
where, Wrota darug is the amount of RTG used in the preparation of RTG-LCNP.
For LCNP, %DL was estimated following the direct method. For this, after ultracentrifugation
(45,000 rpm for 1h at 4 °C) pellets of RTG-LCNP was collected, washed, and dried under
vacuum. The pellets were first weighed and dissolved in ACN to extract RTG, then diluted
appropriately using mobile phase (ACN:KH2PQO4, pH 5::54:46). The amount of RTG was
quantified using the RP-HPLC analytical method described in Chapter 3, Method I

previously. Finally, %DL was calculated using the formula given in Equation 6.2:

W,
%DL = (———) x 100 ©.2)
WRTG—LCNP
where, Wrre is the weighed of RTG loaded in the LCNP and Wgrc-Lene is the total weight of

prepared NP.

6.2.4.3  Differential scanning calorimetry (DSC)

Thermal analysis was carried out using DSC to analyse the physical state of RTG encapsulated
in the optimized RTG-LCNP. Lyophilised RTG-LCNP was accurately weighed inside an
aluminium pan and crimped. The samples were analysed using DSC-60 Plus (Shimadzu,
Kyoto, Japan) at a temperature range of 30 — 250 °C and heated at a rate of 5 °C/min in nitrogen
environment (50 mL/min). DSC analysis was also performed for pure RTG, CS, lecithin, and

mannitol (cryoprotectant).

6.2.4.4  Field emission scanning electron microscopy (FESEM)

Field emission scanning electron microscope (FEI, Washington, USA) was used for
examination of surface morphology of optimised LCNP. Briefly, 5 uL of optimized RTG-
LCNP nano-dispersion was dropped onto a glass coverslip and left overnight to dry under

desiccator [12]. The sample containing glass coverslip was sticked to the aluminium stab using
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double-sided carbon tape. Finally, the samples were sputter-coated for 50 s by Q150TES
sputter coater (Quorum Technologies, East Sussex, England). Gold-coated samples were

analysed using FESEM using 15 kV high-voltage vacuum pump.

6.2.4.5 Transmission electron microscopy (TEM)

The particle size and shape of RTG-LCNP and pure-RTG were further evaluated using
transmission electron microscopy (JEOL, Tokyo, Japan) at an accelerating voltage of 120 kV.
The samples were prepared by drop caste on carbon coated copper grids. The formulations
droplet was dropped on the carbon grid and cast on the grid for a few min. Then the excess
liquid was soaked using blotting paper before analysis. The cast grid was placed in TEM to

take microscopic images for morphological analysis.

6.2.5 Invitro release

RTG-LCNP drug release was carried out using the dialysis bag method (Molecular weight cut-
off of 12 kDa, Himedia, India). The dialysis bag was soaked in Milli-Q water for 2 h and then
opened. 1 mg drug equivalent RTG-LCNP and RTG suspension were separately taken in a
dialysis bag, sealed, and immersed in the 50 mL phosphate buffer saline (PBS), pH 7.4, as
release media. The system was maintained at 37 + 2 °C with constant stirring at 100 rpm [13].
At predetermined time (0.5, 1, 2, 4, 6, 8, 12, 18, and 24 h), 1 mL samples were withdrawn and
replenished with pre-heated fresh medium. The samples were diluted with mobile phase and
analysed using the validated RP-HPLC method described in previously in Chapter 3, Method
Il. The release profiles of RTG-LCNP were analysed using mathematical models, i.e., first-
order, Higuchi model, and Korsmeyer-Peppas, to understand the kinetics and release
mechanism. The high correlation coefficient (R?) was taken as a best fit. The n value obtained

in Korsmeyer-Peppas model was used to assess the drug release mechanism. The similarity
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factor (f2) was determined and used to compare RTG-LCNP and RTG suspension release

profiles.

6.2.6 Exvivo nasal permeation

Goat nasal mucosa samples were acquired immediately after the sacrifice of goat from
slaughterhouse. Permeation study was performed using Franz diffusion cell (Orchid Scientific,
Nasik, India) with a diffusion area of 0.785 cm?. The mucosa was hydrated in PBS (pH 6.4)
for 15 min prior use. The receptor compartment of diffusion cell was filled with 5 mL of PBS
(pH 6.4) as release media. The nasal mucosa was kept in contact with receptor compartment
keeping the mucosal side facing towards the donor compartment. The whole diffusion
assembly was kept under magnetic stirring at 50 rpm and temperature was maintained at 33 +
1 °C. Nasal permeation study was performed for optimized RTG-LCNP containing Separately,
1 mL of each formulations viz., optimized RTG-LCNP dispersion and pure RTG suspension
were placed onto the donor compartment. At predetermined time intervals (5, 10, 15, 30, 60,
120, 240, and 360 min), 500 uL of samples were withdrawn and replaced with the same amount
of pre-heated fresh media. All the samples were centrifuged (Eppendorf®, Hamburg, Germany)
at 15,000 rpm for 15 min at 4 °C and supernatants were collected and suitably diluted with
mobile phase (ACN:KH2POs, pH 5::54:46). To permeated amount of RTG was analysed using

previously described RP-HPLC method discussed in Chapter 3, Method 11 [11].

6.2.7 Stability study of RTG-LCNP

The storage stability of the lyophilized RTG-LCNP was analysed over 60 days in refrigerated
conditions. RTG-LCNP were taken in airtight glass containers (15 mL) and stored at 4 °C.
Samples (n = 3) were collected on 7" day, 30" day, and 60" day and evaluated for particle size

(nm), PDI, zeta potential (mV), and %DL.
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6.2.8 Invivo studies in Wistar rats

Male Wistar rats of 9 — 10 weeks (250 — 260 g) were used for all the in vivo studies. All the
animals were housed at the central animal facility. A previous approval from the Institute’s
Animal Ethics Committee (IAEC), Protocol number- IAEC/RES/26/07/REV-1/30/19 was

attained for all the experimental procedures carried out on animals.

6.2.8.1 Intranasal (i.n.) administration

Formulations were administered intranasally using a 1.3 cm long soft cannula (Instech
Laboratories, PA, USA) attached in front of a 100 pL microtip. Rats were anaesthetized using
isoflurane for both dosing and plasma collection. 75 uL of formulation (dose of 2 mg/Kg) was
carefully pipetted out and administered in each of the nostrils [14]. After the i.n. administration
of RTG-LCNP and RTG suspension, the rats were kept in supine position till it recovered from
the anaesthesia. The PK parameters of brain and plasma of LCNP formulation were compared
with that of pure RTG suspension. Agueous suspension of RTG was prepared similarly as

described in Chapter 4, Section 4.2.11.1.

6.2.8.2  Evaluation of mucociliary transport time

Mucociliary transport time for RTG-LCNP was assessed as described in Chapter 4, Section
4.2.11.2. Both formulations were administered (75 uL) to each nostril as mentioned in Chapter
4, Section 4.2.11.1. After administration, oropharyngeal cavity of rat administered with nasal
dose was swabbed using cotton buds at an interval of 5 min till 90 min. Rats were not allowed
to access of food for 1 h after initiation of the study. The samples collected at each time points
were diluted using mobile phase (ACN:KH2POs, pH 5::54:46). RTG was estimated in each
swab with the validated RP-HPL method as discussed in Chapter 3, Method I1. The time point

at which presence of RTG quantified in oropharyngeal cavity was reported as mucociliary
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transport time for RTG-LCNP. Mucociliary transport time for pure drug suspension data was

taken from the previously reported Chapter 4, Section 4.3.9.1.

6.2.8.3 Plasma and brain PK analysis

PK studies for brain and plasma were performed for two groups viz., RTG-LCNP and RTG
suspension following i.n. administration to the rats. For aqueous drug suspension, the plasma
and brain PK data were taken from the previously discussed Chapter 4, Section 4.3.9.2.
Dosing of RTG-LCNP was completed using the set up and technique discussed in Chapter 4,
Section 4.2.11.1. For plasma PK study, blood sampling was done from rats (n = 4) via retro-
orbital puncture technique. At each time point, 200 uL of blood was collected in 1.5 mL
centrifuge tubes already containing anticoagulant (4.5 %w/v disodium EDTA in water) at time
intervals of O min i.e., before dose and 0.08, 0.25, 0.5, 1, 2, 4, 6, and 8 h after dosing. After
dosing, brains were collected at each time intervals as mentioned before. At each time point
rats (n = 4) were sacrificed, and brains of animals were collected as described in previous
Chapter 3, Section 3.5.2.1. Brain tissue samples were collected at 0.5, 1, 2, 4, 6, and 8 h post
dosing. Plasma and brain matrices were separated, and samples were processed using protein-
precipitation method as described in previous chapter, Sections 3.5.2.1 and 3.5.2.2,
respectively. Further analysis of the bio samples was performed using the validated RP-HPLC
bioanalytical method discussed in Chapter 3, Method I1l. PK parameters viz., Cmax, Tmax,
AUC-.1ast, and MRT were determined by non-compartmental analysis (NCA) using Phoenix
WinNonlin (Version 8.0, Pharsight Corporation, NC, USA). To evaluate and compare the brain
uptake of pure drug to optimized RTG-LCNP after i.n. administration, brain direct transport
percentage (DTP (%)) and drug targeting efficiency percentage (DTE (%)) [15,16] were
calculated using Equation 4.1 and Equation 4.2, respectively as described in Chapter 4,

Section 4.2.11.3.
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Using the PK parameters, DTP (%) and DTE (%) were computed to assess the direct N2B
delivery effectiveness of the RTG-LCNP. Values greater than 0 and 100 for DTP (%) and DTE

(%), respectively, signify substantial direct N2B distribution of the drug.

6.2.9 Histopathology of brain

The brains were isolated from rats before i.n. administration (as control, 0 h) and at 8 h after
i.n. administration of RTG-LCNP. The isolated brains were washed in PBS (pH 7.4) to remove
traces of blood and connective tissues. The cleaned brains were weighed and then fixed in 10
%v/v formalin solution. A series of ethanol concentration (v/v) i.e., 70%, 80%, 95%, and finally
using 100%, dehydration of brain tissue was performed. The brain tissue was embedded in
paraffin wax and sectioned using microtome. The deparaffinization process was performed
using xylene. Slides were first treated with xylene, then ethanol concentrations (v/v)of 100%,
80%, and 70%, and finally using phosphate buffer saline (pH 7.4) rehydration was achieved.
Finally the slides were stained with hematoxylin and eosin. Then the rehydrated slides were
stained with hematoxylin and eosin. The histopathological slides were examined using an
inverted light microscope (Carl Zeiss, Jena, Germany). Three rats from each group were used

for the study.

6.3 Results and discussion

6.3.1 Preparation and characterization of RTG-LCNP
6.3.1.1 Effect of drug:lecithin ratio particle size and PDI
The amount of lecithin played an essential role in the preparation of NP. Lecithin concentration
directly affects %EE and %DL of RTG-loaded LCNP. Thus, first drug:lecithin ratio was
optimized during the preparation of formulation. The drug:lecithin ratio also affects particle

size and PDI of the drug-lecithin dispersion (Table 6.1). The NP suspension was also prepared
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without CS. Drug:lecithin ratio between 1:1 to 1:6 (w/w) was used during the formulation
optimization. An increase in drug:lecithin ratio from 1:1 to 1.3 (w/w) resulted in decreased
particle size of dispersion. The further high drug:lecithin ratio caused increased particle size
and PDI. The ratio of 1:3 (w/w) had the lowest particle size and PDI. Both lower and higher
lecithin concentrations resulted in increased particle size and PDI. The result might be
attributed to the fact that an increase in lecithin amount results in aggregation of particles
whereas, a decrease in lecithin amount fails to suitably stabilise the dispersion. The

drug:lecithin (1:3) ratio was the selected as the optimum.

Table 6.1 Effect of drug:lecithin ratio on particle size and PDI of RTG-LCNP

Formulation code® | Drug:lecithin ratio (w/w) | Particle size (nm) PDI
LCNP 1 1:1 220+ 1.33 0.451+0.011
LCNP 2 1:2 182 +2.34 0.412+.014
LCNP3 1:3 123 £2.12 0.292 +.002
LCNP 4 1:4 263 +1.22 0.409 £+ 0.009
LCNP 5 1:5 294 +£1.56 0.495 £+ 0.003
LCNP 6 1:6 322 +2.86 0.309 +0.001

4LCNP 1 to LCNP 6 contains 20 mg of RTG
6.3.1.2  Effect of lecithin:CS ratio on particle size and PDI

Lecithin:CS ratio also affects particle size and PDI of the LCNP. A proper complexation
between lecithin and CS is a prerequisite for preparing self-assembled LCNP and resulting in
desired particle size. Lecithin:CS ratio was varied between 10 to 30, where the lecithin amount
was kept constant at 60 mg. The increased lecithin:CS ratio resulted in lower particle size
(Table 6.2). Whereas, lower lecithin:CS ratio resulted higher particle size. These results might
be attributed to the fact that at low lecithin:CS ratio, a greater number of CS chains available
for complexation with lecithin [10]. Hence, the lecithin:CS ratio (30) was selected for further

optimization of LCNP.
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Table 6.2 Effect of lecithin-CS ratio on particle size and PDI of RTG-LCNP

Formulation Code? | Lecithin:CS ratio Particle size (nm) PDI
LCNP 7 10 203.6 +1.22 0.430 £+ 0.001
LCNP 8 20 171.0 +2.31 0.394 £+ 0.002
LCNP 9 30 102.0 £ 1.22 0.312 £ 0.006
4LCNP 7 to LCNP 9 contains 20 mg of RTG

6.3.1.3  Effect of amount of Poloxamer 407 on particle size, PDI and %EE

Poloxamer 407 can directly affect RTG-LCNP particle size, PDI, and %EE. The drug exhibited
lower solubility in Poloxamer 407 than other stabilizers (data showed in Chapter 4) [17]. Thus,
Poloxamer 407 was selected as the stabilizer. The amount of Poloxamer 407 was varied from
2.5 to 10 mg by keeping the previous two parameters constant (drug:lecithin ratio: 1:3 (w/w),
and lecithin:CS ratio 30) (Table 6.3). Decrease in the amount of Poloxamer 407 significantly
increased the particle size of LCNP. This can be attributed to the absence of sufficient
Poloxamer 407 to stabilize the formulation. The high Poloxamer 407 also resulted in a larger
particle size and PDI. Increase in Poloxamer 407 amount was observed to negatively affect the
%EE (Table 6.3). The high Poloxamer 407 increased the drug solubility, negatively impacting

the %EE of RTG-LCNP. Hence, 5 mg of Poloxamer 407 was selected for the further

optimization of %DL of the NP.

Table 6.3 Effect of amount of Poloxamer 407 on particle size, PDI, and %EE of RTG-LCNP

Formulation Amount of Particle size
Code? Poloxamer 407 (mg) (nm) PDI 7EE
LCNP 10 2.5 259.8+5.17 | 0.309 £0.009 93.1 £3.61
LCNP 11 5 110.3 £1.09 | 0.348 £0.012 87.6 £2.93
LCNP 12 10 193.7+4.05 | 0.421£0.018 83.2+1.90
4LCNP 10 to LCNP 12 contains 20 mg of RTG
6.3.1.4  Effect of pH of CS Solution on particle size and %DL

pH of CS solution is already reported to have a significant effect in the preparation of LCNP

by ionic gelation method. CS gets solubilized in water due to the ionization of NH3" group
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present in polymer due to the amine group in the CS. The positive charge causes the ionic
interaction with the negatively charged lecithin [18]. As per the literature, CS solubility is
decreased at pH > 6, because of poor ionization of the amine group [19]. Furthermore, in case
of i.n. delivery, the pH of formulation is an important factor. Formulation pH different from
physiological pH (range) of nasal cavity results in nasal irritation. Additionally, pH of CS might
affect the solubility of RTG in aqueous phase and finally effect the %DL. Hence, pH of CS
solution for optimization %DL was varied between pH 5 — 6. The effect of pH of CS solution

on %DL of prepared RTG-LCNP is presented in Table 6.4.

Table 6.4 Effect of pH of CS Solution on particle size and %DL of RTG-LCNP

Formulation code® | Effect of pH Particle size (nm) %DL
LCNP 13 5.0 102.0 £ 0.02 6.33£3.35
LCNP 14 5.5 1075+ 1.60 10.72 + 4.03
LCNP 15 6.0 108.2 £ 1.09 14.43 + 2.77

2 LCNP 13 to LCNP 15 contains 20 mg of RTG, lecithin:CS ratio of 30 and Poloxamer 407 of
5mg

The result showed that with decrease in pH of CS solution the %DL was decreased when all
the other formulation and process parameters were kept constant. This result might be
attributed to the fact that the drug showed a pH dependent solubility. At lower pH of CS
solution, the drug solubility increases resulting in a lower %DL. RTG is reported to be soluble
between pH 1 — 5, and with increasing pH the solubility of drug decreases. The result showed
that change in pH of CS Solution has no significant effect on particle size of the prepared
LCNP. Hence, LCNP 15 which showed a better %DL (14.43 + 2.77) and a particle size of
108.2 + 1.09 nm (Figure 6.2A) was selected as the optimal formulation. The %EE for LCNP
15 was 85.22 + 1.83. The zeta potential of the optimized formulation was 14.9 £ 0.5 mV

(Figure 6.2B).
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Figure 6.2 (A) Hydrodynamic diameter of optimized RTG-LCNP based on the % intensity,
(B) Zeta potential of optimized RTG-LCNP

6.3.2 Characterization of RTG-LCNP

6.3.2.1  Differential scanning calorimetry

DSC thermograms of pure RTG, lecithin, CS, mannitol (cryoprotectant), and final lyophilized
RTG-LCNP are presented in Figure 6.3A. The pure RTG showed a sharp endothermic melting
peak at 97.87 °C [20], indicating that RTG is crystalline. Thermogram of CS shows no
endothermic peak whereas, lecithin exhibits its characteristic sharp endothermic peak at 43.84
°C. Finally, the DSC thermogram of lyophilized RTG-LCNP exhibited a sharp endothermic
peak at 166 °C which corresponds to the melting point of the cryoprotectant (mannitol) used
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for lyophilization of LCNP [21]. The disappearance of RTG melting peak might be attributed
to the entrapment of RTG in RTG-LCNP. The absence of peak might also be due to the

conversion of RTG to its amorphous state within the LCNP.

6.3.2.2  Field emission scanning electron microscopy

The surface morphology of RTG-LCNP was characterized by FESEM. Figure 6.3B revealed
almost spherical morphology of final RTG-LCNP. FESEM image revealed that the final RTG-
LCNP were predominantly uniform in shape with smooth surfaces. The FESEM image also
shows spherical particles of RTG-LCNP are of similar size as obtained by dynamic light
scattering analysis. Figure 6.3C shows the FESEM images of crystalline RTG. The Figure

6.3C revealed that the RTG crystal are orthorhombic in shape [22].

6.3.2.3  Transmission electron microscopy

TEM image of pure RTG revealed that the drug shows high particle size with sharp edge
(Figure 6.4A). In contrast, LCNP appeared to be nearly spherical in shape (Figure 6.4B). The
image also revealed that core of the LCNP was surrounded by a compact outer layer which

indicates formation of a core-shell structure [5,6].
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Figure 6.3 (A) DSC thermograms of RTG, Chitosan, Lecithin, and lyophilized RTG-LCNP,
(B) Surface morphology of the optimized RTG-LCNP by FESEM, (C) Surface morphology
of pure crystalline RTG by FESEM

Figure 6.4 TEM images (A) Pure RTG, (B) Optimized RTG-LCNP by TEM

6.3.3 Invitro release

The in vitro drug release study of pure RTG suspension and optimized RTG-LCNP were
performed, and the results are presented in Figure 6.5. From the pure drug suspension, almost
100% drug released was observed within 24 h. While from optimised LCNP, RTG released in

a controlled pattern up to 24 h. Form RTG-LCNP, cumulative drug released (%CDR) was
198



Chapter 6

found up to 32.44 + 2.71 % after 24 h. The drug release from RTG-LCNP showed best fit with
Korsmeyer—Peppas model with a R? value of 0.9296(Table 6.5). The R? with first-order was
0.3526, and R? with Higuchi model was 0.8289. The drug release mechanism from LCNP was
best explained as non-Fickian diffusion type (n = 0.331) [23]. Another few lipophilic drugs i.e.,
5-fluorouracil, kaempferol, and raloxifene also exhibited a similar Korsmeyer—Peppas model
dependent release profile from lecithin-CS delivery systems [10,24,25]. Both the release
profiles of RTG-LCNP and RTG suspension were evaluated for similarity factor (f2), which

showed that the two release profiles are not similar to each other, with a f, value of 20.

Table 6.5 Kinetic model application to in vitro release data of RTG-LCNP

Model R? value
First-order 0.3562
Korsmeyer-Peppas 0.9296
Higuchi Model 0.8389
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Figure 6.5 In vitro release profiles of RTG suspension and optimized RTG-LCNP in PBS (pH
7.4)
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6.3.4 Exvivo nasal permeation

An ex vivo nasal permeation study was performed to compare pure RTG suspension and RTG-
LCNP. The mean cumulative ex vivo RTG permeated/unit area vs time through the goat nasal
mucosa is presented in Figure 6.6. The permeation behaviour showed that RTG amount
permeated (464.89 + 58.22 pg/cm?) from LCNP was significantly higher than that of pure RTG
dispersion (p < 0.05). Optimized RTG-LCNP showed a 9.66-fold increase in amount
permeated as compared to pure drug suspension. The result indicated that the LCNP
formulation provides better permeability than pure drug. Better permeation of RTG from LCNP
could be attributed to the presence of CS in the formulation. CS in the formulation might
improve the ex vivo nasal permeation via paracellular transport by opening the tight junctions

of biological membrane [6,26,27].
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Figure 6.6 Ex vivo amount of drug permeated/unit area from optimized RTG-LCNP and drug

suspension via goat nasal mucosa (n = 3, Mean + SD)
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6.3.5 Stability study of RTG-LCNP

Results obtained from stability study of RTG-LCNP in refrigerated conditions are shown in
Table 6.6. No significant variation was observed in any of the parameters like particle size
(nm), PDI, zeta potential and %DL between freshly prepared LCNP and LCNP stored at the

refrigerated conditions over 60 days (P > 0.05).

Table 6.6 Stability data of lyophilized RTG-LCNP

Parameters 0 Day 7% Day 30" Day 60" Day
Particle size (nm) 108.2 +4.40 105.1 +4.38 103.3+1.56 119.8 +11.10
PDI 0.312+0.001 |0.310+£0.002 | 0.297 £0.022 | 0.371£0.325

Zeta potential (mV) 149+05 141+£0.3 13.8+0.3 16.2+0.3
%DL 1443 £ 2.77 14.75+£0.12 15.01 £ 2.39 12.85 +£4.03

6.3.6 Invivo studies

6.3.6.1  Mucociliary transport time

Mucociliary transport time for pure RTG suspension and RTG-LCNP were 7.5 + 3.53 min and
47.5 £ 3.53 min, respectively. RTG-LCNP demonstrated higher (P < 0.05) mucociliary
transport time than that of RTG suspension (Figure 6.7). Increased mucociliary transport time
value of RTG-LCNP compared to pure drug suspension indicates higher residence time in nasal
cavity. The result might be attributed to the presence of mucoadhesive CS in formulation. The
high mucociliary transport time of RTG-LCNP indicated that the nanocarrier could resist the

mucocilliary clearance process and increased retention time of drug in the nasal cavity.
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Figure 6.7 Mucociliary transport time of aqueous RTG suspension and RTG-LCNP.
Independent student t-test with one-tail was applied. “****’ shows p-value < 0.05.

6.3.6.2 Brain and plasma PK analysis

Brain and plasma concentration vs time profiles of RTG-LCNP and drug suspension following
i.n. administration were constructed and presented in Figure 6.8. The brain and plasma PK
parameters of RTG-LCNP and pure drug suspension were given in Table 6.7. PK data for RTG
suspension was taken from Chapter 3, Section 3.5.6. The brain Cmax of RTG-LCNP showed
3.84-fold increment compared to pure RTG suspension after i.n. administration. RTG-LCNP
resulted increase in brain AUCo—.uast by 8.76-fold than pure drug suspension. An unpair t-test
comparison for brain AUCo_.uast Values for both formulations showed a statistically significant
(p < 0.0001) difference between the two formulations. The brain concentrations of RTG were
compared at all the time points, both RTG-LCNP and pure RTG suspension using t-tests. The
drug concentrations from RTG-LCNP in the brain were significantly higher than RTG

suspension at all respective time points at a 5% confidence interval (Figure 6.8A). To further

202



Chapter 6

evaluate the in vivo performance of LCNP formulation, DTP (%) and DTE (%) were calculated
as per Equation 4.1 and Equation 4.2, described in previous Chapter 4, Section 4.2.11.3. Here
as a systemic route, the i.v. administration was used. DTE (%) value for RTG-LCNP was found
3673.7 which is significantly higher than 100. This result implies that the brain exposure of
LCNP after i.n. administration is superior to that attained via the systemic route. This finally
indicates the direct N2B uptake efficacy of the prepared LCNP. The DTP (%) was found to be
97.3 for RTG-LCNP showing effective direct N2B uptake of RTG to the brain. The high and
positive DTE (%) and DTP (%) of RTG-LCNP may be ascribed to the better retention of
formulation at the site of administration than drug suspension. CS in LCNP formulation
improved mucoadhesion in the nasal cavity [28]. The presence of CS might further help in
reversibly opening tight junctions, facilitating drug uptake to the brain via the olfactory nerve

pathway.

Plasma AUCo_.uast from RTG-LCNP was also significantly higher than drug suspension (Table
6.7). This result might be attributed to the fact that from LCNP via an indirect pathway RTG
also reached the brain in higher amounts. CS present in the formulation might facilitate LCNP
reach to the brain from systemic circulation by passing through BBB [29,30]. The presence of
CS in LCNP might also result in opening a tight junction of the nasal epithelium, which finally
leads to better systemic exposure of drug from LCNP from the respiratory region compared to
pure suspension. The high plasma drug concentration from LCNP might be another reason for

high DTE (%).
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Table 6.7 Brain and plasma PK parameters for RTG-LCNP and RTG suspension after i.n.
administration

Brain Plasma

PK
RTG RTG

parameters RTG-LCNP . RTG-LCNP .
suspension suspension

AUCO—»tlast
(ng*h/g)b, 5507.57 £ 23.91 | 628.11 + 12.21 | 1060.44 £ 29.95 | 779.01 £ 14.11

(ng*h/mL)P

Cmax (ng/g)°,
1013.47 +11.28 | 264.71 +21.12 | 230.87 +8.19 270.12 + 18.50
(ng/mL)P

Tmax () 2 1 1 2
MRT (h) 3.81 182 158 315
Clearance 78.57 : : 312.65

(g/h)®, (mL/h)P
b unit for brain PK parameters, P unit for plasma PK parameters. RTG dose for both i.n.
formulations: 2 mg/Kg; for plasma PK n =4 animals were used, and n = 4 animals’ brains were
used for brain PK at every time point; The brain and plasma data are represented as mean *

SD.
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Figure 6.8 PK profiles of RTG attained after i.n. administration of RTG-LCNP and RTG
suspension in (A) Brain and (B) Plasma. ‘*’ in both the profiles denote that the concentration
of RTG was not detected at those time points in brain matrices and plasma.
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6.3.7 Histopathology of brain

At 0 h (control) and 8 h after receiving RTG-LCNP (treated), the morphology of the
hippocampus region on brain slides was investigated for any toxicity (Figure 6.9) [31]. The
morphology of the hippocampal area of LCNP treated rat (Figure 6.9C and D) was found to
be similar to the control (Figure 6.9A and B). Figure 6.8D demonstrated that in the
hippocampal region, there were no indications of neuronal damage, such as cell body necrosis
or shrinking. This suggested that RTG-LCNP did not cause any damage to the brain and were

safe for clinical use.

After 8 h following i.n.
Control (0 h) er 5 h following 1.n

RTG-LCNP
(A) L e
200 pm 200 pm
(B) (D)
20 pm 20 pm

Figure 6.9 Histopathological evaluations of brain (hippocampal region) in different conditions
(A) Control animal at 100X magnification, (B) Control animal at 400X magnification, (C)
LCNP treated animal at 100X magnification, (D) LCNP treated animal at 400X magnification
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6.4 Conclusion

RTG loaded LCNP were developed and optimized for better N2B delivery of RTG. In order to
facilitate longer residence times at the olfactory region of RTG, RTG-LCNP was prepared in
with CS in combination with lipid. Critical formulation variables of the RTG-LCNP were
optimized for anticipated particle size, PDI, %EE, and %DL. The optimized RTG-LCNP was
stable in refrigerated condition for atleast 2 months. In vivo PK studies in male Wistar rats
showed that the developed RTG-LCNP demonstrated significant direct N2B delivery with
3.84-fold and 8.76-fold increased brain Cmax and AUCo—uast @S compared to pure RTG
suspension. The results demonstrate the superiority of the optimized RTG-LCNP for the better
management of PD when compared to the pure drug given in i.n. route. Furthermore, the brain
histopathological study proves that the prepared LCNP was safe and non-toxic for i.n.
administration. Overall, it can be concluded that RTG-LCNP would be advantageous for
improving brain distribution of RTG following i.n. administration and has the potential for

clinical application.
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Chapter 7. Comparison of the Various Optimized
Nanocarriers of Rotigotine for N2B Delivery

7.1 Introduction

In this research work, we have designed and optimized three intranasal (i.n.) nanocarriers to
enhance distribution of Rotigotine (RTG) to the brain via direct nose-to-brain (N2B) pathways.
We have further evaluated the pharmacokinetic (PK) profiles of all three RTG-loaded
nanocarriers in both brain and plasma following i.n. administration along with pure drug

suspension.

We have evaluated the following formulations for N2B delivery of RTG:

1. Suspension of pure RTG (RTG suspension)
2. Nanosuspension for RTG (RTG-Nanosuspension)
3. Proposomes for RTG (RTG-Proposomes)

4. Lecithin-chitosan nanoparticles for RTG (RTG-LCNP).

Brain and plasma PK studies of intravenously administered pure RTG solution were also
performed to demonstrate brain targeting efficiency of the developed RTG-loaded i.n.

nanocarriers.

In this chapter, all three nanocarriers viz., RTG-Nanosuspension, RTG-Proposomes, and RTG-
LCNP were compared in terms of particle size, polydispersity index (PDI), zeta potential,
entrapment efficiency (%EE) etc. The ex vivo nasal permeation and mucociliary transport time
of RTG suspension, RTG-Nanosuspension, RTG-Proposomes, and RTG-LCNP were
compared. Finally, the in vivo performance of all three nanocarrier systems was compared with

RTG suspension after i.n. administration for N2B uptake of the drug.
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7.2  Comparison of formulation processes of nanocarriers for RTG

RTG-Nanosuspension was prepared using antisolvent precipitation-ultrasonication method. In
this process, the type of solvent and stabilizers preliminarily played a critical role in optimizing
desired particle size. Furthermore, concentration of stabilizer, concentration of drug, and
solvent:antisolvent ratio were identified as the most important critical variables for

nanosuspension's particle size and PDI.

For the preparation of proposomes, effect of magnetic stirring, addition of droplets were
initially optimized to obtain a desired particle size. Finally, ultrasonication time, propylene
glycol (PG) concentration, and soya phosphatidylcholine (SPC) were found as the critically
affecting method variables for the optimization of particle size, PDI, and %EE of the

proposomes.

RTG-LCNP was prepared by solvent injection technique. Positively charged chitosan (CS)
interacted with negatively charged lecithin to produce the LCNP. Lecithin:CS ratio, pH of CS

solution, etc. act as critical factors for the preparation of optimized LCNP.

7.3 Comparison of particle size, zeta potential, %EE, drug content and in
vitro drug release of RTG nanocarriers
The particle size, PDI, zeta potential, drug content, %EE for all three nanocarriers are presented

in Table 7.1. RTG-Nanosuspension showed the lowest particle size amongst all three

nanocarriers. RTG-LCNP showed a slightly higher %EE than the RTG-Proposomes.

In vitro drug dissolution study was performed for RTG-Nanosuspension whereas, in vitro
release study was performed for RTG-Proposomes and RTG-LCNP. In vitro dissolution

revealed that the drug dissolved was significantly faster from nanosuspension formulation.
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Table 7.1 Comparison of physical characteristics of the nanocarriers for RTG

Physmgl . RTG-Nanosuspension | RTG-Proposomes RTG-LCNP
characteristics
Particle Size (nm) 73.55+4.04 115.63 £5.22 108.2 +1.09
PDI 0.286 + 0.028 0.267 +0.028 0.312 + 0.006
Zeta potential (mV) —24.7+0.7 -148+1.2 149+ 0.5
%EE NA 82.97 £0.18 85.22 +1.83
Drug content (Yow/w) 101.61 £ 3.69 NA NA

In vitro release study demonstrated that release was extended from the RTG-LCNP as
compared to RTG-Proposomes formulation. The dissolution profile from RTG-
Nanosuspension was not similar to the profile of pure drug (f2 = 3.8). The release profile of
RTG-Proposomes was similar to RTG-LCNP (f> = 62). But RTG-Proposomes and RTG-LCNP

release profiles were not similar to pure RTG suspension (f> = 20) and (f = 18), respectively.

7.4  Comparison of ex vivo permeation behaviour of RTG formulations

Ex vivo nasal permeation of pure RTG suspension, RTG-Nanosuspension, RTG-Proposomes,
and RTG-LCNP were evaluated using goat nasal mucosa. Amount of RTG permeated/unit area
after 360 min of all the formulations were presented in Table 7.2. Amongst all the
formulations, nanosuspension showed the highest amount permeated/unit area at the end of

360 min.

Statistical comparison (Figure 7.1) revealed that the ex vivo permeation for pure drug
suspension was substantially lower than the other three nanocarriers. The amount
permeated/unit area from RTG-Nanosuspension was significantly higher than RTG-
Proposomes and RTG-LCNP. The study results revealed that the smaller particle size and high
dissolution rate of RTG-Nanosuspension might substantially improve the ex vivo performance

of nanosuspension compared to the other two nanocarriers.
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Table 7.2 Comparison of ex vivo amount permeated/unit area of RTG formulations

Formulations Amount permeated/unit area (ug/cm?)
RTG suspension 48.70 £ 15.43
RTG-Nanosuspension 992.45 + 25.80
RTG-Proposomes 386.26 + 18.62
RTG-LCNP 464.89 + 58.22

12007

8001

400 -

Amount permeated (p_g/cmz)

Figure 7.1 Comparison of ex vivo amount permeated/unit area of RTG formulations

7.5 Comparison of mucociliary transport time of RTG formulations

Mucociliary transport time following i.n. administration of RTG suspension, RTG-
Nanosuspension, RTG-Proposomes, and RTG-LCNP was measured. The mucociliary

transport time for all the formulations is presented in Table 7.3.
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Table 7.3 Comparison of mucociliary transport time of RTG formulations

Formulations Mucociliary transport time (min)
RTG suspension 7.5+3.53
RTG-Nanosuspension 20.0 £5.00
RTG-Proposomes 325 +3.53
RTG-LCNP 47.5 + 3.53

Statistical comparison (Figure 7.2) revealed that the mucociliary transport time for pure drug
suspension was significantly lower than the other three nanocarriers. A significant (P < 0.009)
difference was noted between the mucociliary transport time of RTG-Proposomes and RTG-
LCNP. But, both the nanocarriers were statistically superior to that of RTG-Nanosuspension at
P value of 0.0347 and < 0.0002, respectively. The results reveal that polymer or lipidic
excipients (CS or SPC) were more helpful in retaining the formulation in nasal cavity than
Poloxamer 407. The significantly high mucociliary transport time for RTG-LCNP compared

to all other formulations indicate that CS helped delay mucociliary clearance.
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%k kK
]

Time (min)

Figure 7.2 Mucociliary transport time for RTG following i.n. administration of various
formulations. One-way ANOVA with Tukey’s test applied. ‘****’ shows p-value < 0.0001,
“*¥*% shows p-value 0.0005, “**’ shows p-value 0.009 and “*’ shows p-value 0.02.

7.6 Comparison of brain and plasma pharmacokinetic (PK) studies of

RTG formulations

Data obtained from the brain and plasma PK studies of RTG nanocarriers are presented in
Table 7.4. The RTG-LCNP showed the best results amongst all the formulations in terms of
brain Cmax, AUCo—ast, DTE (%), and DTP(%). The result could be attributed to the fact that
presence of CS and lecithin might have caused significant permeation enhancement leading to
better brain availability. Furthermore, CS also had mucoadhesive property, resulting in longer

residence time in the administration site (nose). All these advantages of RTG-LCNP
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formulation finally exhibited in a better direct N2B delivery of RTG to brain via i.n.
administration. Comparison of brain concentration vs time profiles for all the formulations
following i.n. administration was constructed and presented in (Figure 7.3). RTG
concentration in the brain was significantly higher from all three nanocarriers (p-value 0.0001)
than RTG suspension at the first 4 time points (Figure 7.3). In contrast, from drug suspension,
RTG was detected in brain at 4" h, which indicated that pure suspension was not sufficient
enough to facilitate the availability of drug in the organ. Whereas all three nanocarriers

enhanced and sustained the brain availability of RTG till 8" h (Figure 7.3).

RTG suspension =3 RTG-Nanosuspesnion
12001
B2 RTG-Proposomes ..., RTG-LCNP
L
1000 7] ——
z:z:z 1
800 — | : _I

600

I

400

A

=
Fg 2

200 %

RTG concntration in brain (ng/g)

T
RN

W

Time (h)
Figure 7.3 Concentration of RTG in brain at different time point after i.n. administration of
RTG formulations. “*’ in both the profiles denote that the concentration of RTG was not
detected at those time points in brain matrices. Two-way ANOVA with Tukey’s test applied.
“REk*% shows p-value < 0.0001
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Table 7.4 Comparison of brain and plasma PK parameters for different formulations of RTG

Matrix | "% RTS RTS- RTe RTG-LCNP
parameters suspension Nanosuspensmn Proposomes
AUCoo st | 628.11% 1609.49 + 3271.10 + 5507.57 +
(ng/g*h)P 12.21 34.92 13.12 23.91
Brain | Cr (NG/Q)" 264.71 + 490.79 + 708.61 + 1013.47 +
21.12 48.93 29.95 11.28
Tmax (h) 1 1 2 2
MRT (h) 1.82 2.95 3.34 3.81
AUCoo st | 779.01 % 1286.29 + 1491.89 + 1060.44 +
(ng/mL*h)P 14.11 14.07 16.34 29.95
Cinax 270.12 + 430.87 + 321.87 + 230.87 +
Plasma
(ng/mL)P 18.50 9.20 11.90 8.19
Trmax (h) 2 1 05 1
MRT (h) 3.15 2.23 2.74 1.58
DTE (%) 885.1 1556.4 3673.7
DTP (%) 88.7 93.6 97.3

b unit for brain PK parameters, P unit for plasma PK parameters. RTG dose for all i.n.

formulations = 2 mg/kg; n = 4 rats were used for plasma PK, and for brain PK n = 4 animals’
brains were used at every time point; The brain and plasma data are represented as mean + SD.

7.7 Conclusion

Ex vivo nasal permeation, brain, and plasma PK data of all three nanocarriers demonstrated that
the RTG-LCNP formulation was superior to the other two nanocarriers in terms of permeability
behavior and direct transport of RTG to the brain. However, in comparison i.n. RTG suspension
and intravenously administered RTG solution, all three optimized nanocarriers demonstrated

improved performance in terms of in vivo brain distribution of RTG following N2B delivery.
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Chapter 8: Future Scope of Work

In this research work, we have developed, optimized, and evaluated different nanocarriers to
enhance the brain availability of Rotigotine (RTG) via intranasal (i.n.) administration. The
developed nanocarriers demonstrated significant enhancement in the direct nose-to-brain
(N2B) uptake of RTG. The in vivo pharmacokinetics (PK) studies performed in male Wistar
rats revealed that a substantial amount of RTG has been taken up via the direct N2B pathways
when administered as nanocarriers. Although, transit time in the nasal cavity was increased due
to the nanocarriers but, we believe that loading of nanocarriers in any in situ gelling system
will further improve the brain PK performance of the developed nanocarriers. Nanocarriers
loaded in situ gel can also result in lower drug transport to the systemic circulation from the

nasal cavity.

In this present study, we only evaluated the PK parameters of the optimized nanocarriers. The
pharmacodynamic studies required to perform in disease model to further confirm the efficacy
of the optimized nanocarriers for actual management of Parkinson’s disease in pre-clinical

setup.

Furthermore, the actual mechanisms of nanocarriers uptake via i.n. route is still not clear. Thus,
it is necessary to perform mechanistic studies to determine different mechanisms involved in
the uptake of drugs and/or nanocarriers via N2B route. This can facilitate advanced

optimization of various nanocarriers for the effective uptake via i.n. route.

Recently, various devices are marketed to deliver liquid formulations as a spray dosage form
to the olfactory region in humans via i.n. route. Appropriate installation of drug and/or

formulations in the nasal cavity plays a critical role for direct N2B delivery of drug. A suitable
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delivery device can further improve the PK performance of the optimized nanocarriers and ease

the i.n. administration of nanocarriers.

Finally, several clinical trials are also ongoing investigating the direct N2B uptake of drugs in
humans. These suggest that N2B delivery is one of futuristic approaches in the domain of drug
delivery. Considering the results attained in the present research work at pre-clinical level, it is
important to perform advanced studies in human to check the future prospective of nanocarriers

based formulation intended for direct N2B delivery of RTG.
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