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1.1 Alzheimer’s disease and its pathophysiology

Alzheimer’s disease (AD), is a progressive and devasting neurological disorder, affecting
approximately about 50 million people across the globe, which is supposed to affect around 75
million people by 2030, and 131.5 million by 2050 [1-3]. The American Alzheimer’s Association
states that about 5.8 million people are found to have Alzheimer’s, with almost one person per 65
seconds generating AD [4]. The disease has become the 5® leading cause of death in America
[5.6]. It origins to a progressive decline in cognitive activities and memory (declarative memory)
along with behavioral and personality changes [5—8]. The main reason for neurocognition is the
impaired activity of acetylcholine in the forebrain [2,9]. AP plaque and neurofibrillary tangles
formed due to hyperphosphorylation of t-protein are the hallmarks of AD [10,11].
Histopathological findings of the AD after autopsy were found to have neuronal losses, amyloid
aggregates, fibrillary tangles alongside amyloid angiopathy [12—15].

The AD is of two types namely Early-onset AD (EOAD) and Late-onset AD (LOAD). EOAD
arises mostly earlier than 65 years of age and LOAD or sporadic AD, which 1s age-related and
happens after 65 years of age [16,17]. Only 1 to 6% of the total AD is considered to be early onset.
EOAD 1s generally familial AD, occurring mainly due to the aggregation of AP plaques,
hyperphosphorylation of tau proteins and mutations in presenilin genes (autosomal dominant) [18—
20]. On the other hand, LOAD is primarily due to disturbances in the neurotransmission and ApoE
[10,21]. Several hypotheses have been proposed, most common of which are B-Amyloid
hypothesis and Tau (t) hypothesis. Others include the cholinergic hypothesis and the ApoE
pathway [15,22,23].

(a) AP hypothesis

It 1s also known as the amyloid cascade hypothesis; it is the most common hypotheses for
Alzheimer’s, but recently researches have shown that this hypothesis is not much accountable for
the disease. According to this hypothesis, abnormal metabolism of the beta-amyloid (Ap) causes
the development of harmful plaques in the brain [24,25]. AP is generated from the Amyloid
Precursor Protein (APP) which is decoded from the APP gene situated on chromosome 21. During
cellular metabolic processes, the APP might be cleaved by three different types of enzymes named
(1) a-secretase, (i1) P-secretase and (ii1) y-secretase. APP has glycosylated N-terminal that projects
out of the cell and C-terminal projecting inside the cell [24,26]. When cleaved by o secretase, the
N-terminal leaves by forming APPa and C-terminal is left behind with 99 amino acids [27,28].
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When cleaved by B-secretase, it gives APPP and 99 AA C-terminal, this C-terminal is further
cleaved by vy secretase to give a soluble form of AP peptide (AP4o oligomer), an insoluble form of
AP (AP42 oligomer) and a C-terminal (Fig. 1.1). In normal physiological conditions, the breakdown
of APP takes place by a-secretase enzyme which forms soluble APPa, can be easily cleared from
the brain during regular metabolic processes [23,29]. On the other hand, when abnormally cleaved
by B and y-secretase, there is an imbalance in the formation and clearance of AP proteins, which
gets aggravated into soluble oligomers. This later coalesces into insoluble fibrils and forms large,
toxic aggregate termed as senile plaques [26]. The AP4> oligomers aggregate and form plaque
which causes oxidative damage due to reactive oxygen species (ROS), imbalance in calcium
homeostasis, promotion of tau hyperphosphorylation and mitochondrial damage [30]. This also
causes microglial activation which causes simulate astrocyte-neuron to generate even additional
ApPa42. Such aggregates of AP4, are accountable for neuronal and vascular deterioration in AD

patient’s brain [26,31].
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Fig. 1.1: Represents the formation of Ap- cleavage by a-secretase on N-terminal side results in the formation of
secreted APPa (sAPPa), leaving the C-terminal with 88-amino acids (non-amyloidogenic pathway). Cleavage of the
APP by p-secretase on N-terminal results in the formation of SAPPP and going the C-terminal with 99 amino acids.

Subsequent cleavage of the C-99 terminal by y- secretase results in the accumulation of AP4o42 (APao soluble form
and AB-42 insoluble form), leaving an internal C-terminal domain (amyloid pathway) (Adapted with permission
from [20])
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(b) Tau (t) hypothesis

T protein 1s a microtubule-associated protein (MAP) responsible for maintaining the structure of
neurons by providing stability to microtubules [32]. The structure of a neuron is disturbed because
of detachment of T protein from microtubule as a result of an imbalance of phosphatase and kinase
enzyme in AD [33]. In AD, hyperphosphorylation of the t-protein takes place that leads to the
growth of paired helical filaments (PHF) which aggregates to form neurofibrillary tangles (NFT)

(Fig. 1.2) [34].
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Fig. 1.2: Formation of neurofibrillary tangles of —protein (Adapted with permission from [20])

It causes activation of astrocytes and microglial cells which causes neuroinflammation and
immune response [35]. Besides, hyperphosphorylated tau proteins get aggregated into the NFT as
they cannot be transported across the axons [36,37]. Therefore, they worsen the pathological
condition by promoting oxidative stress, which further exacerbates the disease by leading to
necrosis, mitochondrial dysfunction, and apoptosis [38]. The pre-fibrillar tau can also form
aggregates (soluble oligomers or insoluble granules) that contribute to neurodegeneration by
producing disconnections in the synapse and neuronal death [39]. Tau mutation alone is found to
lead to dementia rather than AD, unlike the mutated APP [37]. Two models are used in proposing
this hypothesis (Fig. 1.3) and the series model states that rise in the AP levels leads to the
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enhancement in tau phosphorylation which further increases the severities of AD. The dual
pathway says that both AP and hyperphosphorylated tau lead to a neuronal loss in the AD [40,41].

Fig. 1.3: Represents the neuronal loss pathway because of AP and tau pathway in the AD. The serial model states
that the rise in AP levels increases the tau phosphorylation that leads to the AD. The dual path says that both Ap and
hyperphosphorylated tau lead to a neuronal loss in the AD (Adapted with permission from [23])

(¢) Cholinergic hypothesis

During LOAD, there is nearly 75% loss of cholinergic neurons, which hence leads to memory loss
and cognitive impairment [18]. It is because of the degeneration of basal forebrain cells that help
in the formation of the hippocampus [9,42]. Also, because of the reduction in acetyl CoA due to
the diminishing activity of pyruvate dehydrogenase, Ach synthesis is said to drop down [38].
Therefore, treatment for an AD with Ach agonist and AChEI would of a significant impact in
reversing memory impairment in such patients by increasing regional glucose uptake of the brain
and insulin which will thereby increase the synthesis and release of ACh in the brain [43]. But the
long-term cure is not effective with AChEI’s like rivastigmine, donepezil, and galantamine
[19,44].

(d) ApoE pathway

ApoE is a key cholesterol transporter in the brain that is formed by astrocytes, present along with
ApoJ and ApoAl [18.45]. ApoE acts as a lipid carrier and repairs injuries in the brain apart from
their support during synaptogenesis. They mediate lipoprotein transport in the brain via
transporters like low-density lipoprotein receptor-related protein (LDLR)-1, that are actively
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engaged in AP clearance from the brain [46—48]. Thus, plaque buildup can also be because of
decreased LRP-1 in the AD condition [49]. ApoE has 3-alleles-E», Es, and E4. In which, E4 carriers
have increased the risk of developing AD with higher levels of plasma inflammatory markers
which increases the risk of neuroinflammation either by increasing the formation of AP,
aggregation of formed AP or decreased AP clearance [49,50]. E2 and E3 are protective and
optimistically related to cognition on aging, along with enhancing the glucose uptake and
glycolysis in the brain [50-53]. Currently, the use of ApoE is attractive for the target specific
delivery of drugs to the brain [50,54,55].

1.2 Overview of BBB molecular architecture and transport strategies to the brain

Brain is a highly sensitive organ of our body compared to the other organs. Although several
advancements in the pharmaceutical field, the brain target drug delivery is still a challenging task
[56]. This 1s mostly due to the existence of barriers such as the blood-brain barrier (BBB) and the
blood-cerebrospinal fluid barrier (BCSFB). The presence of BBB is the major obstacle for any
substance that wants to travel from blood to brain [57,58]. BBB is important in defending the brain
cells from the toxic substances by impeding the passage of these materials from the blood to the
brain tissue [57,59]. But at the same time, it obstructs various drugs to enter into CNS thereby
limiting their therapeutic benefits [60]. Maintaining the environment and homeostasis 1s another
important function of BBB [58,61,62].

1.2.1 BBB molecular structure

BBB is mainly designed by endothelial cells of the brain capillaries with tight junctions, these are
also known as BMECs (Brain microvessel endothelial cells). The luminal membrane of the
endothelial cells is towards the blood while the abluminal membrane is towards the extracellular
matter of the brain [63]. Other components of BBB include immune cells, astrocytes, pericytes
and basement membrane [64]. Neurovascular unit (NVU) is the collection of the cells that regulate
the flow of cerebral blood flow (CBF) and the functions of BBB. NVU comprises of endothelial
cells, neurons, vascular smooth muscle cells (VSMCs), microglia, pericytes, astrocytes, mast cells
and oligodendrocytes [65—67].

Endothelium shares the basal membrane with astrocytes and pericytes. Pericytes are the mural
cells that cover the endothelial cells in capillaries (in arterioles and arteries the mural cells present
are VSMCs) [68,69]. These cells interact with other cells to maintain the CNS homeostasis. Its

various functions include maintaining BBB integrity, macrophage activity and most importantly
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maintaining the barrier property of BBB. Its deficiency has been associated with the
downregulation of proteins that form the tight junctions thus affecting the integrity of BBB [69—
2]
Astrocytes are star-shaped glial cells that have processes called ‘perivascular endfeet’ that is in
contact with the microvessel wall [73]. Astrocytes perform mainly the function of maintaining the
microenvironment within the BBB. This is done by balancing parenchymal water and metabolites,
regulation of innate immunity and monitoring of electrochemical activity [74,75].
Basement Membrane is an extracellular matrix that surrounds the vessels and pericytes and is in
contact with astrocyte end. It 1s comprised of two layers: vascular and parenchymal. The vascular
layer is secreted by endothelial cells and pericytes whereas the parenchyma layer is secreted by
astrocytes. The role of the basement membrane is to provide a physical barrier and network for
chemical signaling [76,77].
1.2.2 Strategies for delivery to the brain
Despite of the fact that the BBB causes hindrance in achieving therapeutic concentration in the
brain, several alternative strategies have been reported to enhance the transport of therapeutic
agents to the brain [78—82].
The following are the approaches:

a) Modification of the molecule

b) Direct delivery to the brain

¢) BBB disruption/modification

d) Utilizing the endogenous transport system

e) Intranasal administration
(a) Modification of the molecule
The transport mechanism of the molecules through BBB by passive diffusion is reliant on
lipophilicity and molecular weight of the molecule. Molecules with more lipophilicity and log P
values ranging in between 1.5 - 2.5 can able to cross the BBB [83]. Modifications in the structure
of the molecules can enhance their membrane permeation and passive diffusion [84]. Thus, to
boost the BBB permeability of molecules, it can be designed as prodrug analogs or lipophilic
scaffolds.
The drug molecules can be converted into a lipophilic form by attaching lipophilic groups for

lipidization. Morphine and heroin are classic examples of improved BBB penetration by addition



Introduction

of lipophilic groups. Chemical conversion of morphine to heroin results in more than 100-fold
increase in lipophilicity that leads in 100-fold more uptake in the brain [85].

Prodrugs are inactive analogs of the molecules which undergoes enzymatic or chemical alterations
in the biological conditions to form pharmacologically active drug moiety. Based on the design of
prodrug, the conversion may happen prior or after absorption into a selective organ [86,87].

(b) Direct delivery to the brain

The complications related to BBB permeation can be resolved by direct administration of designed
formulations to the brain. The higher amount of the molecules in the brain can be achieved by
direct administration into the brain via implants, injections, and infusions [88,89]. However, this
delivery method has several limitations such as limited drug permeation due to high elimination
rate and slow diffusion of the molecule and also a highly invasive process which increases the risk
of infections, inflammation, edema and damage to the brain parenchyma [90].

This includes various routes such as intracerebroventricular (ICV), imtracerebral, convection-
enhanced delivery (CED), intrathecal and intratympanic.

(1) Intracerebroventricular (ICV): Drug 1s directly injected into the cerebrospinal fluid (CSF) filled
lateral ventricle of the drug. Drug is either introduced by the implantable reservoir or by a pump
(more desirable because of continuous and stable delivery) [91]. The disadvantage of this
technique is that it is invasive requiring skull penetration and 90-98% of the drug is lost because
the drug can penetrate the parenchyma only by diffusion (very slow) and CSF is continuously
replaced at a higher rate, leading to loss of drug before reaching the brain tissue [92,93]. Thus,
drug concentration cannot be maintained in the brain [90,94].

(1) Intracerebral: It is also called as intraparenchymal because the drug is directly delivered to
parenchyma using implant or injection [82,91,95]. Less penetration through brain parenchyma is
limiting the use of this route.

(111) Convection enhanced delivery (CED): In this technique drug solution is infused via small
diameter catheters that are seated in the parenchymal interstitial space using minor surgical
procedures [96,97]. Here positive pressure is applied by using pumps, therefore fluid conviction
1s also present along with diffusion which increases the bioavailability when compared to the
above mentioned routes [98]. Size of particles plays a key role in the drug distribution profile.

Smaller particles have a better distribution profile than larger particles [99]. Precautions must be
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taken in applying pressure and in the placement of the catheter as it may cause tissue mnjury or
formation of air bubbles [91,96,100].

(1iv) Intrathecal: It is the least invasive in the category. Drug is injected via lumbar puncture in the
subarachnoid space of the spinal cord. The drug reaches the brain parenchyma by the flow of CSF
[101,102]. Leptomeningeal transport is responsible for the delivery of the drug to the parenchyma.
This type of transport depends upon the location and volume of injection [70,102]. This is the most
viable option for the delivery of nanoparticles as well as macromolecules in substantial quantity,
therefore targeting is possible using this route [102,103].

(v) Intratympanic: This involves an injection of drug in the middle ear cavity that reaches to
perilymph (extracellular fluid present in the cochlea of the inner ear) through the round window
membrane (RWM). Perilymph has an ionic composition similar to that of CSF and communicates
to CSF via the perilymphatic duct, causing the drug to reach the brain by bypassing the blood-
labyrinthin barrier. Researchers have suggested that macromolecules up to size 1 pm can easily
cross RWM [104]. Studies concluded that nanoparticles administered via intratympanic route are
more helpful in treating neurodegenerative disorders [105-107].

(c) BBB disruption/modification

The existence of tight junctions hinders the paracellular movement of the active substances in the
BBB. Modulators from biological or chemical substances leading to physical stimuli like
electromagnetic field and focused ultrasound causes temporary alterations of these tight junctions
promotes the improvement in the brain concentrations of drugs [108]. However, it is associated
with several changes in the normal biological environment of the CNS like epilepsy, ischemic
stroke, brain tumors and several neurodegenerative disorders as well [109,110].

Hyperosmotic disruption of the BBB follows the process of drawing out of the water from the
endothelial cells into the blood vessel lumen, leading to the shrinkage of the endothelial cells. The
resulting loss of water from the brain leads to vasodilatation and stretching of the endothelial cells.
The most commonly used osmotic agents are mannitol, urea and arabinose. Intracarotid infusion
of mannitol maintains the permeable state of the BBB for 15 min. to 4h depending on the size of
the molecule [111].

Intraarterial vasoactive agents are the chemical BBB disruptors that cause temporary inflammation
in the endothelial cells. Destabilization of the endothelial cell membrane by alkylglycerols causes

BBB disruption of about 3-15 min. Its disruption leads to the entry of plasma albumin and other
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protein components of blood into the brain, that are highly toxic to brain endothelial cells [112].
Cytokine, interleukin, histamine, leukotriene c4, bradykinin, cereport (RMP-7), nitric oxide, 5-
hydroxytryptamine (5-HT) and surfactants like polysorbate 80 or sodium dodecyl sulfate have also
been explored for enhancing BBB permeation [113].

Focused ultrasound (FUS) mediated delivery is a non-invasive and targeted process for the BBB
opening to deliver the therapeutic agents into the brain with negligible side effects. FUS 1is
dependent on acoustic energy and is stored at a target region of the brain [114]. When the electrical
energy 1s supplied, the transducer converts it into mechanical motion, thereby creating an
ultrasound that proliferates through the skull. This causes acoustic fluid streaming, pressure
variation, local hyperthermia and cavitation in the brain resulting in enhancement of BBB
permeability. The magnetic resonance imaging (MRI) assisted with FUS helps in better BBB
opening thereby leading to improvement in therapeutic and diagnostic capabilities [114-118].

(d) Utilizing the endogenous transport system

The BBB is composed of various influx and efflux transporters which can control the permeability
of drug molecules into the brain. Efflux transporters like P-glycoproteins (P-gp) and multidrug
resistance-associated protein (MRP) family members are actively involved in driving substrates
back into the blood stream before they cross the brain parenchyma. The uptake of molecules can
be attained by P-gp modulators at various stages by usage of P-gp transport inhibitors. Tariquidar
a promising third generation P-gp inhibitor, which inhibits by binding to P-gp [119]. These
transport mechanisms can be broadly divided into five groups which are (1) carrier-mediated
transport (CMT) (11) ion transport (1i1) receptor-mediated transport (RMT) (iv) adsorption-
mediated transport (v) cell-mediated transport and (vi) active efflux transport.

CMT 1is accountable for the transport of molecules such as amino acid, glucose, hexoses,
neuropeptides, and vitamins into the brain [120]. For transportation of these molecules into the
brain, various carriers are present at the BBB such as amino acid transporters, glucose transporters,
monocarboxylic acid transporters, choline transporters, nucleobase transporters etc.[121,122]. The
fabrication of certain vector molecules leads to an increase in the proficiency of CNS drug delivery
through BBB. This occurs via specific ligands for these receptors that are involved in RMT. These
include insulin receptors, LDLR and transferrin receptor (TfR). Despite of these, the antibody
molecules that directly bind to the insulin receptor or transferrin receptor (TfR) developed as a

vector showed effective transport through BBB. Another type of receptor i.e. LDLR and other



Introduction

groups of natural apolipoprotein ligands such as ApoB and ApoE have been considered for the
efficient transfer of nanoparticles loaded with therapeutic protein to the brain. Apart from these,
there are various types of new RMT targets such as single domain llama antibodies (FC5 and
FC44) and rabies virus glycoprotein [123].

The delivery through the transport system has the following characteristics:

1. Surface modifications of nanoparticles with some specific ligands for transporting
therapeutic agents to the BBB and a hydrophilic nature to extend the biological circulation
time of the molecule

i1.  The drug molecule is altered by conjugation with a polymer or ligand that acts as a homing
device and alters the intrinsic properties
1.  The delivery systems must be non-toxic, non-immunogenic and able to interact with
receptors at the BBB
1v.  The carriers should be target-selective and increase the efficiency
v.  All these delivery systems must be in a controlled and uniform manner to govern the in
vivo fate of the molecule
All the listed criteria need to full filled for an effective target delivery system [124—126].
(e) Intranasal administration
The human nose comprises of the olfactory region having sub-mucous space which directly
continues with the CSF flow tract situated on the olfactory lobe. Intranasal administration leads to
direct delivery of a drug into the CSF, whereas the drug is transferred through the nasal epithelium
and 1t travels through the arachnoid membrane which differentiates the sub-mucous space of the
nose and reaches the region of olfactory CSF compartment [127]. Lipophilic molecules delivered
into the nose possess some distribution efficiency into the olfactory CSF [128]. However, large
and hydrophilic molecules do not enter into the olfactory CSF from the nose. The intranasal route
for delivery of active agents to the brain is an emerging alternative route to oral and parenteral
delivery since it overcomes the limitation of these systems [129]. It is a non-invasive and effective
approach for bypassing the major hurdle to brain drug delivery 1.e., BBB. This route has various
advantages over others including rapid onset of action, reduced systemic exposure, avoidance of
pre-systemic degradation, increased bioavailability [130]. For efficient transport of therapeutic
actives into the brain through the intranasal route, a detailed knowledge in the physiology and
anatomy of the nasal system, pathophysiology, drug transport strategies, formulation, and practical

10
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consideration is an essential requirement. Two major approaches in the intranasal delivery include
the olfactory nerve in the olfactory region and trigeminal nerve in the respiratory epithelium which
1s in contact with both CNS and environment. These serve as a gateway for direct entry of drugs
into brain parenchyma via this route [3,7].
1.3 Nanocarriers for drug delivery
The application of nanocarriers has demonstrated promising outcomes in the delivery of drug
molecules to the brain. It has been well reported that most of the potent CNS molecules that are
unable to cross BBB, could be improved by novel drug delivery systems to attain better therapeutic
efficacy. Nanoparticles are colloidal drug delivery systems ranging in the particle size diameter
from 1 — 1000 nm containing the active drug molecule encapsulated in macromolecular materials
[131-133]. Nanocarrier drug delivery systems not only enhance the drug's solubility but also have
several other advantages such as dosage reduction, controlled release of drugs, reduced side
effects, target specific drug distribution, improved half-life of the drug, enhanced bioavailability,
and thereby can resolve various drawbacks associated with CNS active drugs. Most interestingly,
nano-formulations often act at the molecular level to facilitate cellular drug uptake or block efflux
pathways like P-gp or by targeting specific receptors, thus further improving the pharmacokinetic
and pharmacodynamic drug profile. Depending on the method of preparation technique
nanoparticles, polymeric micelles, polymersomes, nanospheres or nanocapsules can be fabricated
which shows different properties of release kinetics and in vivo behavior also [132—-135].
1.3.1 Nanoparticles for brain delivery
The various possibilities for the mechanism of delivery of nanoparticles to the brain were
explained below:

a) Inhibition of efflux transporters particularly P-gp

b) Opening of tight junctions at the BBB

¢) Nanoparticles will be endocytosed by endothelial cells of the brain capillaries that result in

the release of drug with in the brain cells
d) Transcytosis through the endothelial cell layer
e) Surface modifications with surfactants like polysorbate 80, poloxamers like Pluronic F68,
low-density lipoprotein receptors like apolipoprotein B or E, insulin receptors, transferrin

receptor etc.
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Moreover, enhanced brain uptake of the drug molecules via nanocarriers delivery system can be
attained with several other approaches like vasoactive agents, cationization, olfactory delivery,
hyperosmotic approach, focused ultrasound mediated delivery [135,136]. A wide range of
polymers are available both synthetic and natural for the development of nanoformulations
[137,138]. Biocompatibility and biodegradability are key parameters which need to be considered
while selection of the polymers. They have significant impact on the characterization of
formulation, entrapment efficiency, drug loading and also in release kinetics [139,140].

1.3.2 Polymeric nanoparticles for targeted drug delivery

Polymeric nanoparticulate drug delivery systems have been well explored for the delivery of active
molecules to the brain [141-143]. They possess significant advantages such as enhanced
bioavailability, circulation time, controlled/sustained release and selective or target distribution to
the tissues. Moreover, these delivery systems have been extensively used to enhance the brain
uptake of therapeutic agents [141,142,144].

Polymers like polybutyl cyanoacrylates (PBCA), polycaprolactone (PCL), poly (D, L-lactide)
(PLA), poly (D, L-lactide-co-glycolide) (PLGA), di-block polymers like mPEG-PLA or mPEG-
PCL are extensively utilized for the delivery of molecules to the brain. Many investigations have
been determined to deliver drug molecules to the brain by utilizing polymeric nanoparticulate drug
delivery systems. Previously several reports have been published from our group for improving
brain uptake by using polymeric nanoparticles. PLGA and PCL loaded etoposide nanoparticles
were developed and investigated for pharmacokinetic and biodistribution studies with radiolabeled
etoposide. The results exhibited an increased residence of nanoparticles as related to free drug and
also improved the bioavailability by selective distribution with improved brain uptake and reduced
etoposide associated toxicity. Imatinib mesylate loaded PLGA nanoparticles were prepared and
assessed its pharmacokinetic and biodistribution pattern in another study. The results exhibited
that these nanoparticles enhanced the extent of drug permeation with increased mean residence
time in the brain than free drug alone [145]. In another study, olanzapine loaded PCL nanoparticles
were fabricated and further surface modified with polysorbate 80 for the optimized formulation to
boost the brain targeting efficacy. Further, these nanoparticles improved the brain efficacy as
compared with the free drug alone [146]. Moreover, surface modifications of polymeric
nanoparticles with surfactants or brain lipids are a useful approach to increase the brain uptake of

therapeutics. Various studies have been reported in this direction and it has been proved that
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surface modifications resulted in improved brain concentration level of the drug molecules as
compared with free drug alone [147-149].

1.3.3 Methods of preparation

Different preparation techniques have been reported for the fabrication of polymeric nanoparticles.
Based on the preparation techniques the following methods have been discussed [150-154].

(a) Emulsification / solvent evaporation

In this method, polymer and drug are solubilized in an organic solvent. The solution is added
dropwise into an aqueous phase and the resulting emulsion is evaporated. During emulsification,
homogenization methods are used to disperse organic solvent having polymer-drug complex into
the aqueous phase. Further, the organic solvents are evaporated under vacuum using a rota-
evaporator. Polymers such as PLA, PCL, PLGA, mPEG-PLA, mPEG-PCL, poly hydroxybutyrate
etc. are utilized for the fabrication of nanoparticles [155,156].

(b) Film hydration technique

In this method, polymer and drug are solubilized in an organic solvent, the solution is transferred
into a round bottom flask and is evaporated at 40-50 °C until a thin dry film is formed on the inner
surface of the round bottom flask using a rota-evaporator. The flask is then dried over a vacuum
line for about 12 h. The dried film is then rehydrated with the aqueous phase and then vortexed till
the thin dry film is no longer visible. Different polymers like PLGA, mPEG-PLA, mPEG-PCL, D-
a-Tocopherol polyethylene glycol 1000 succinate etc. are widely used for the preparation of
nanoparticles [157,158].

(¢) Nanoprecipitation technique

In this method, selected polymer and drug are dissolved in an organic solvent and are precipitated
by diffusing into aqueous solution in the presence or absence of stabilizers. The polymer is
deposited in between organic and aqueous phase and is precipitated into nanoform immediately
due to fast diffusion from the organic solvent. For this, aqueous miscible organic solvents like
acetone, acetonitrile, methanol etc. are utilized for the fabrication of polymeric nanoparticles.
Several polymers such as PLA, PCL, PLGA, mPEG-PLA, mPEG-PCL, poly hydroxybutyrate etc.
are extensively utilized for the fabrication of nanoparticles [153,159,160].

(d) Salting out with synthetic polymers

In this, to separate aqueous miscible organic phase from the aqueous solution, salting out method

1s utilized. It 1s also known as a modified process of emulsification or solvent diffusion method.
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Polymer and drug are solubilized in miscible organic solvents like dimethyl sulfoxide, acetone,
acetonitrile etc. Further, it is added to the aqueous solution containing electrolytes or non-
electrolytes are used as salting out agents. [161,162].

(e) Desolvation of macromolecules

It 1s the other technique for the preparation of nanoparticles, whereas desolvation is performed by
charge or pH changes or by the addition of desolvating agents. This technique is mostly preferred
for thermolabile drugs due to no heat process is utilized during the preparation process. Moreover,
macromolecular materials such as gelatin, casein, serum albumin etc. are utilized in this method
[163,164].

(f) Supercritical fluid technology

This 1s one of the recent methods used for the fabrication of nanoparticles. In this, polymer and
drug are solubilized in compressed or supercritical fluid and then passed through a nozzle where
the solution is expanded. The solute particles get precipitated into nanosize after the evaporation
of supercritical fluid. Further this technique i1s having an advantage in free of solvent residuals due
to the complete removal of supercritical fluid during the process. Several formulations have been
reported by using this method including protein delivery systems also resulted in promising
therapeutic effects. The high investment 1s necessary for the initial set up and solubility of polar
substances in the supercritical fluid is limited, hence this technique is less suitable for hydrophilic
drugs [165-167].

1.3.4 Characterization of polymeric nanoparticles

Characterization of polymeric nanoparticles is important and is required for the assessment of
stability, quality, release kinetics and the in-vivo fate of the delivery system. The important in-vitro
evaluation methods include assessment of particle size and its distribution, surface charge,
morphology and thermal behavior [153,168,169].

(a) Particle size, distribution and zeta potential

Particle size and distribution pattern plays a critical role in the overall performance of
nanoparticulate drug delivery system. It can impact on the stability, release kinetics and biological
behavior of designed polymeric nanoparticles. The normal particle size of polymeric nanoparticles
ranges between 10-1000 nm. Although, for target specific delivery to CNS the particle size in
between 50-300 nm 1s preferred. This range provides enhanced cellular uptake, easier permeability

and site specificity. Several factors influence the size and distribution pattern of nanoparticles like
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composition of formulation, preparation technique and process variables. Non-destructive
techniques such as dynamic light scattering (DLS), quasi elastic light scattering (QELS), quasi
light scattering (QLS), photon correlation spectroscopy (PCS) and multi-angles light scattering
(MALS) are utilized for the assessment of hydrodynamic particle size and distribution in the liquid
dispersion. Ideally, polydispersity index below 0.2 describes a narrow size distribution range
where, more than 0.5 represents broad size distribution [170-172].

Zeta potential is another important parameter that gives information about the stability of
polymeric nanoparticles. Nano-dispersion stabilized electrostatistically requires minimum =+ 30 mv
for good stability of nanoparticles. Higher charge over the surface of nanoparticles results in the
repulsion of nanoparticles, thereby reducing the tendency to agglomerate. Zeta potential
measurement is integrated with the DLS instrument, to estimate the particle size, polydispersity
index and zeta potential [172,173].

(b) Particle morphology

In particle morphology studies, the shape and surface structure of the nanoparticles are estimated.
As compared to spherical particles, anisotropic particles have more surface area and rapid diffusion
pathways [172,174]. The surfactant amount required is more in the case of non-spherical particles
for maintaining their stability. Particle morphology plays an important role in entrapment
efficiency, drug loading, drug release pattern, pharmacokinetics, biodistribution and site-specific
delivery of polymeric nanoparticles. Moreover, it also significantly influences on cellular uptake,
interaction with cells and receptor binding [175-177]. Microscopy techniques like transmission
electron microscopy (TEM), scanning electron microscopy (SEM) and atomic force microscopy
(AFM) are utilized for estimating the particle size, shape, aggregation state, surface morphology
and also the core structure of polymeric nanoparticles [172,178].

(c) Entrapment efficiency and Drug loading

Entrapment efficiency is one of the key factors need to be optimized during formulation
development to reduce the cost of the designed formulation. It represents the percent quantity of
drug which gets encapsulated in the polymeric nanoparticle. The developed formulations are
optimized to achieve a maximum percent entrapment efficiency to reduce the cost and enhance the
therapeutic efficacy [168,172,177].

Drug loading is the ratio of the amount of drug present in nanoformulation and the weight of the

polymer utilized for preparation. The drug loading and entrapment efficiency are estimated directly
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by digesting the polymeric nanoparticles in suitable organic solvents or indirectly by determining
free drug content present in the supernatant collected after separating the nanoparticles from the
aqueous dispersion by ultra-centrifugation [168].

(d) In-vitro drug release

The release pattern of polymeric nanoparticles is significantly dependent on the nature and
properties of the polymer utilized for the fabrication of nanoparticles. The controlled release of
drugs from the polymeric nanoparticles is directly proportional to the hydrophobic moiety of the
selected polymer which results in prolonged circulation time and shielded from enzymatic
degradation in biological conditions. Drug release pattern from the polymeric nanoparticles might
be either by erosion of the matrix or diffusion of drug. Moreover, the drug release pattern is bi-
phasic in nature with an initial burst release might be due to the existence of drug over the surface
of the nanoparticles thereby sustained or controlled release from the core of the formulation.
Besides, the release pattern of polymeric nanoparticles is dependent on the lipophilicity of the
polymers utilized for preparation. Stabilizers also have a critical role in the drug release profile, as
they regulate the binding of enzymes like lipase or co-lipase to the polymeric nanoparticles
[172,174]. The drug release pattern is estimated by using different methods such as dialysis
membrane, continuous flow etc. Although, the dialysis membrane is an extensively used method
for the assessment of release pattern in polymeric nanoparticles [179].

1.3.5 Stability of polymeric nanoparticles

Stability assessment of any delivery system is a significant and essential parameter that needs to
be considered. During long-term storage conditions, aggregation of nanoparticles may arise due to
collision resulting in perikinetic flocculation. It has been observed that, a pearl like effect can be
noticed in a highly concentrated polymeric nanoparticular dispersions leading to network
formation which hampers perikinetic and collision flocculation. Further, diluting with suitable
quantity leads to network disturbance and releasing discrete nanoparticles.

Agglomeration of polymeric nanoparticles during storage in dispersion form leads to the physical
instability of the formulation. Thus, to maintain their nanoparticular properties like particle size,
polydispersity index, entrapment efficiency and to prevent any bacterial contamination in the
aqueous phase, a suitable approach needs to be used to ensure the stability of polymeric
nanoparticles. The addition of a preservative to the nanoparticle dispersion and removal of water

by lyophilization are widely applied methods to maintain their physical stability.
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The destabilizing effect of preservatives is influenced by various parameters like lipophilicity of
nanoparticles, ability to decrease the zeta potential, surface attachment of preservative, the
interaction of preservative with the nanoparticles etc. Further, preservatives should have some
properties such as non-ionic, hydrophilicity, minimal interaction with nanoparticle surface and
non-significant effect on zeta-potential to have a stable and preserved polymeric nanoparticles
[172].

Freeze-dried formulations must be resuspended in aqueous phase with a quick reconstitution time
and have an adequate appearance and lower redispersibility index value. Additionally, it should
not alter significant variations in particle size, polydispersity index and entrapment efficacy of the
polymeric nanoparticles. Several carbohydrates and polymers such as sucrose, mannitol, dextrose,
lactose, sorbitol, trehalose, Avicel RC-591 etc. are well explored as cryoprotectants [180—182].
1.3.6 In-vivo fate of polymeric nanoparticles

The in-vivo fate of the polymeric nanoparticles is dependent on several parameters like properties
of the polymer used, route of administration, the particle size of nanoparticles, surface
modifications, interaction with biological proteins or enzymes and so on. Thus, it is essential to
explore the pharmacokinetics, bio-distribution pattern and therapeutic efficacy of the designed
polymeric nanoparticles [160].

1.4 Objectives of the current research work

Donepezil 1s an anti-Alzheimer’s drug approved for the symptomatic treatment of cognitive
disorders. It 1s a piperidine derivative and an acetylcholinesterase inhibitor with neuroprotective
activity [183]. However, it causes increased gastric acid secretion which promotes the risk for
developing ulcers, gastric irritation, gastrointestinal bleeding, nausea, diarrhea etc. Earlier studies
have been reported that, it follows a linear pharmacokinetic profile on oral administration with
complete absorption and relative bioavailability of about 100%. However, only 15-20% of the
administered dose reaches the brain [184,185].

Moreover, repeated administration of donepezil at a dose of 5 mg every day leads to several side
effects and patient incompliance particularly in Alzheimer patients. Further, donepezil is highly
distributed to all tissues and is metabolized rapidly [186]. Thus, it is necessary to design a
formulation with a targeted approach to selective distribution. In the previous studies, PLGA
loaded donepezil microparticles were prepared and characterized to achieve a sustained release

formulation [187,188]. Similarly, in another study donepezil loaded PLGA-PEG nanoparticles
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were fabricated and evaluated for its controlled release behavior and their ability to enhance the
destabilizing effect of amyloid-beta fibrils [189].
Designing a novel polymeric nanoparticulate delivery system will provide an effective system for
improving the delivery of donepezil to the brain, enhanced biological circulation time and changes
in the distribution pattern leading to achieve higher concentrations of donepezil in the brain. In
addition, surface modifications with specific ligands to enhance the brain uptake efficiency,
thereby dose reduction and reduced side effects. Polymeric nanoparticles are biocompatible,
biodegradable and less toxic in nature with higher drug loading capacity, site-specific delivery and
provide controlled or sustained release of the drug.
By considering the above facts, the present research purpose is to design, develop and optimize a
delivery system that will enhance the brain uptake with reduced side effects.
Therefore, present research work 1s aimed to:
e To design and develop the novel polymeric nanoparticulate drug delivery system with
enhanced brain uptake
e Characterization of the developed polymeric nanoparticles and optimization of various
process parameters
e Evaluation of optimized polymeric nanoparticles in cell culture studies
e To conduct pharmacokinetics, biodistribution and efficacy evaluation studies in

intracerebroventricular-amyloid beta; 4, induced rat model
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