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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disease and the leading cause of dementia
worldwide. To date, the therapies on the market for this disease are limited. This is due
to, among many reasons, the difficulties in understanding completely the causes of the
disease and the presence of the blood-brain barrier, a semipermeable border that prevents
the entrance of solutes into the central nervous system. Therefore, the need to study new
approaches for the targeted delivery of therapeutics to the brain.

In recent years, nanoparticles able to transport molecules across the blood-brain bar-
rier have gained attention and are a promising approach for the targeted delivery of
therapeutics to the brain. This project intended to develop nanoparticles to encapsu-
late compounds for AD therapy. The nanoparticles were characterized through their
size, polydispersity index, zeta potential and encapsulation efficiency. Different types of
nanoparticles produced by different methods were studied: poly(lactic-co-glycolic acid)
(PLGA) nanoparticles - with a focus on both oral and nose-to-brain delivery — and solid
lipid nanoparticles. PLGA nanoparticles produced by the double emulsion method showed
to have good and stable size and zeta potential over the time of the study; however, the
encapsulation efficacy of a hydrophilic compound in these particles was low. With the
protocol to produce PLGA nanoparticles through a single emulsion, it was possible to ob-
tain nanoparticles with a mean diameter of 239.4 nm, a polydispersity index of 0.108 and
a zeta-potential of -19.3 mV. A mean diameter close to 200 nm increases the chance for
the particles to cross the blood-brain barrier, so even if the size is close to the goal, further
optimization will be required. Other PLGA nanoparticles surface-modified with chitosan
intended for nose-to-brain delivery were produced, having a mean diameter of 199.1 nm,
a polydispersity index of 0.1075 and a zeta-potential of 6.3 mV, being suitable for the
application. Lastly, the protocol to produce solid lipid nanoparticles was optimized, and
it was possible to achieve particles with an average size of 236.6 nm, a polydispersity
index of 0.277 and a zeta potential of -21.1 mV.
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Chapter 1

INTRODUCTION

1.1 Motivation

Alzheimer’s is a type of dementia that affects memory, thinking and behavior. It is
characterized by memory loss and cognitive impairment, loss of language and behavioral
changes [1]. Although its cause is not entirely understood, the aggregation of amyloid
beta peptides into fibrils that later leads to the formation of senile plaques is considered
one of the key triggers of the disease. Thus, it is essential to find molecules able to prevent
or interrupt fibrils’ aggregation [2, [5].

Molecules, however, are not always able to cross the blood—brain barrier, a network
of blood vessels and tissue that avoids that harmful substances can reach the brain. To
overcome this problem, nanoparticles have gained a lot of attention in recent years [9] 33].
There are several nanoparticle types that differ in their physicochemical, biochemical and
mechanical properties, presenting their own advantages and disadvantages [50)].

The success of a neurodegenerative disease therapy depends not only on the pharma-
cokinetic and pharmacodynamic activity of the therapeutic agent. In fact, it depends to
a large extent on its bioavailability and toxicity. It is, therefore, important to develop a
nanocarrier with low toxicity that allows enhancing the therapeutic activity of promising
therapeutic compounds [53].

1.2 Main objectives

The aim of the present work is to develop suitable nanoparticles as drug delivery systems
for compounds to fight Alzheimer’s disease. For this purpose, PLGA nanoparticles and
solid lipid nanoparticles with controlled sizes and properties were prepared as nanocarriers.
Their synthesis was complemented by physicochemical characterization of their structure



and properties.

1.3 Thesis organization

This thesis is organized into five chapters. This chapter, "Introduction”, presents a brief
explanation of the motivation behind this research work as well as its main objectives.
Chapter 2, “State of the art”, presents theoretical knowledge and important concepts for
the development and understanding of the work. In particular, it features an overview
of Alzheimer’s disease, the function and importance of the blood—brain barrier and cur-
rently available drugs. Lastly, drug delivery systems are explored, with a focus on PLGA
nanoparticles and solid lipid nanoparticles. Chapter 3, "Nanocarriers for brain delivery",
describes the methodology involved in the preparation and characterization of the PLGA
nanoparticles and solid lipid nanoparticles. The materials employed during this work are
presented as well. Chapter 4, “Results and discussion”, summarizes the main findings of
this research work. In Chapter 5, "Future perspectives", some concluding remarks and
suggestions for possible future work to complement the present research are presented.



Chapter 2

STATE OF THE ART

2.1 Alzheimer’s Disease

Most people’s memory declines with age, so the line between normal age-related forget-
fulness and the earliest signs of Alzheimer’s disease (AD) can be very subtle. In fact, AD,
which is the major cause of dementia, typically shows itself as a gradual loss of episodic
memory (e.g. forgetting a conversation that took place the previous day) in an elderly
individual. Progressively, other complications commonly emerge, such as difficulties with
multitasking, recognizing people, and loss of confidence. As the condition advances, cog-
nitive difficulties become more profound and widespread, interfering with activities of
daily life [1].

At the microscopic level, AD is characterized by two neuropathological hallmarks: ex-
tracellular deposition of amyloid plaques and intracellular neurofibrillary tangles [2] [3], [4].
Several pathogenic mechanisms that underlie these changes have been studied, including
amyloid § (Af) aggregation and deposition with plaques development, tau hyperphospho-
rylation with tangle formation, and other mechanisms such as inflammatory processes,
oxidative stress, and mitochondrial dysfunction. The two most studied mechanisms are
ApS peptides aggregation and tau hyperphosphorylation. Although the cause of AD is
not entirely understood, the aggregation of AS peptides into fibrils that deposit in senile
plaques is considered one of the key triggers of the disease [5].

Before the early 2000s, the only sure way to know whether a person had AD was through
autopsy. With the recognition that pathological changes occur years prior to symptoms
and thanks to advances in research, imaging and laboratory tests are now available to
help see biological signs of the disease in a living person [2]. The most common tests to
diagnose AD are - besides an interview with symptoms review and a physical examination
- blood tests and brain imaging. Tests are also performed to rule out other conditions



which may cause, or more commonly contribute, to cognitive symptoms in the patients.

2.1.1 The Amyloid Cascade Hypothesis

The amyloid cascade hypothesis (ACH) for AD has been very influential in research since
it was posited in 1992 by Hardy and Higgins [5] [6]. According to the original ACH, the
accumulation of AS peptides in the brain parenchyma and the consequent aggregation
and deposition in the form of amyloid plaques is the central event in the pathogenesis of
Alzheimer’s pathology. As knowledge of pathological changes in AD increased, research
focused on more specific alterations in A processing, namely the cleavage of the amyloid
protein precursor (APP) into the A3 40 and AS;_4s peptides, and on the importance of
A oligomers (i.e., small aggregates of 2 to 12 peptides) [6), [7].

ApS peptide is a normal metabolic product that can be found in the cerebrospinal fluid
of healthy individuals. It is released from APP — a transmembrane protein that has
the general properties of a cell surface receptor - after the sequential cleavage by two
enzymes. APP can be processed through two main pathways: the non-amyloidogenic
and the amyloidogenic pathway. In the non-amyloidogenic pathway, APP is cleaved by
the enzymes a-secretase and ~-secretase. The cleavage of APP by a-secretase generates
two fragments: the amino-terminal fragment sSAPP«a and the carboxy-terminal fragment
CTF83. The following cleavage of CTF83 made by 7y-secretase will result in the generation
of p3 — a soluble peptide without a tendency to aggregate - and the amino-terminal APP
intracellular domain (AICD). Otherwise, if APP is subsequently cleaved by [(-secretase
and 7-secretase, the neurotoxic A peptide is biosynthesized. In this case - the amyloido-
genic pathway - the cleave by [-secretase generates the amino-terminal fragment sAPP(
and the carboxy-terminal fragment CTF99. The following y-Secretase cleavage of CTF99
will result in the generation of AS and the amino-terminal APP intracellular domain
(AICD). When the neurotoxic A5 peptide’s concentration increases by overproduction or
defective clearance, Af self-aggregates into assemblies ranging from oligomers to insolu-
ble fibrils and, lastly, to amyloid plaques. In particular, amyloid plaques are extracellular
accumulations mainly composed of abnormally folded A peptides with 40 (~90%) or 42
(~10%) amino acids, respectively AS;_40 and AB;_4o. The AfS;_4o peptide aggregates
more readily than Af;_4 and the ratio of these two isoforms is influenced by the pattern
of cleavage from APP by a-, - and - secretases [0, 22]. The amyloid deposition does
not always follow a characteristic pattern of progression but, broadly speaking, develops
in the isocortex and only latterly affects subcortical structures. The AS deposition and
diffused plaque formation lead to local microglial activation, cytokine release, reactive
astrocytosis and a multi-protein inflammatory response.

The amyloid cascade hypothesis also proposes that changes in tau, a microtubule-associated
protein, and the consequent neurofibrillary tangle formation are triggered by toxic con-
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Figure 2.1: Schematic representation of the non-amyloidogenic pathway and the amy-
loidogenic pathway

centrations of AS. Tau is a soluble protein, but insoluble aggregates are produced during
the formation of neurofibrillary tangles, which disrupt the structure and function of the
neuron. Tau monomers first bind together to form oligomers, which then aggregate into
a [ sheet before forming neurofibrillary tangles [0, [§].

2.2 Treatment Strategies for Alzheimer’s Disease

Therapeutic approaches to AD can be divided into three categories: symptomatic, disease-
modifying and regenerative [10].

Most of the existing treatments are symptomatic and aimed at ameliorating cognitive
function. However, they only contribute to modest benefits in symptom management. In
addition, they do not prevent neuronal loss, brain atrophy and, consequently, the progres-
sive deterioration of cognition [4, 10, 11]. Most ongoing efforts are to find new therapies
focusing on modifying the progression of AD [I1]. The idea behind these disease-modifying
drugs is to delay the onset or change the course of the disease, so people will live longer
and without developing AD. To date, approaches have largely focused around interven-
tion in the AfS cascade and tau biology [12], 13, [14]. The third category, regeneration,
remains a very hypothetical approach. Indeed, regenerating a diseased brain or replacing
lost neurons is arguably a step too far for AD at present [10] 1.

In the decade from 2002 to 2012, drug development for AD has proven to be extremely
difficult, with a 99.6% failure rate; currently, the success rate continues at the same level
[15]. Each trial is a test of a narrow hypothesis that incorporates decisions that offer in-
sights into the AD drug development, such as the dosage to be used, the target population



and the exposure duration [I6]. In addition, it is important to learn lessons from other
trials in order to improve the likelihood of success. For example, since the beginning of
the studies, the maximum tolerated dosage of the drug should be determined, as well as
if it can cross the blood-brain barrier. Moreover, since AD biology is complex and not
completely known, the use of a single key biomarker should be avoided, while multiple
biomarker outcomes should be collected [15] [16].

2.2.1 Symptomatic Drugs: Current Commercial Drugs

At present, most of commercial drugs are symptomatic drugs. This means that existing
commercial treatments can improve symptoms or delay the decline of the disease but
cannot impact the disease’s underlying neurodegenerative process [10, [17]. Four thera-
pies are currently approved by the Food and Drug Administration (FDA) for AD and
have two different modes of action: agonism of the cholinergic system and antagonism
of the N-methyl-D-aspartate receptor (NMDA). Donepezil, galantamine and rivastigmine
are inhibitors of the acetylcholinesterase enzyme (AChE); memantine opposes glutamate
activity by blocking NMDA receptors. Another AChE inhibitor, tacrine, had been ap-
proved by the FDA but was withdrawn from the market in 2013 due to its association
with significant liver toxicity [14].

It has been postulated that the loss of cholinergic neurons and the consequent impairment
in dopaminergic transmission could be the main factors underlying AD-related psychiatric
symptoms [I8] 19]. Acetylcholine is a neurotransmitter that is released into the synap-
tic space by the presynaptic neuron and binds to receptors in the postsynaptic neuron.
This molecule is subject to enzymatic degradation by one of the several cholinesterases,
the AChE citetreatment. Although there are some differences in putative mechanisms,
doneperzil, galantamine, and rivastigmine bind to AChE, reducing the normal enzymatic
degradation of acetylcholine and thus increasing the bioavailability of acetylcholine at the
synapse. In this way, neurotransmission is enhanced by preventing acetylcholine’s hydrol-
ysis and, subsequently, increasing its synaptic levels [111 [17].

rivastigmine donepezil galantamine

Figure 2.2: FDA-approved acetylcholinesterase enzyme (AChE) inhibitors



While AChE inhibitors were used in clinical practice for mild to moderate AD, there were
no available treatments for patients with moderate to severe AD until 2003, when FDA
approved memantine.

Figure 2.3: FDA-approved NMDA antagonist

Memantine is the sole NMDA antagonist medication available for AD approved by the
FDA [10]. It targets glutamatergic dysfunction and exhibits its mode-of-action by bind-
ing to the open state of the NMDA receptor channel. Its precise mechanism of action
is uncertain, but it is thought to reduce the excitatory neurotoxicity effect of glutamate
[11], 10, T2]. One hypothesis as to how memantine works is by normalizing the increased
activity of NMDA receptors that has been reported in several neurodegenerative diseases,
including AD. The normal function of the NMDA receptor allows Ca?* influx for neuro-
transmission; however, in disease situations, an increased activity of the NMDA-receptor
may cause prolonged channel opening, leading to excessive Ca?* influx, which then trig-
gers downstream events that ultimately lead to neurodegeneration [12].

2.2.2 Disease-Modifying Strategies: Targeting Amyloid § and
Tau

Symptomatic drugs do not stop or delay the progression of the disease by affecting the
underlying pathogenic mechanisms, but only provide short-term benefits [20]. The de-
velopment of disease-modifying treatments, able to counteract the progression of AD, is
thus a big challenge. Many disease-modifying treatments candidates for AD have been
proposed, but to date, only two have been approved by the FDA. All the others have not
been approved due to failure during clinical trials |20} 21].

Drugs can fail due to different reasons. Since the pathophysiological process of AD begins
years before its diagnosis, the optimal time for disease-modifying treatment may be in
the pre-symptomatic stage of AD, where the disease is still hidden. Therefore, initiation
of the treatment when AD is already developing might not be appropriate [22]. Other
reasons for drugs to fail are the inappropriate drug dosage or their inability to cross the
blood-brain barrier and, therefore, reach the brain.
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Disease-modifying treatments can be divided in different categories with respect to their
targets.

Active and passive immunization

Immunotherapies are under investigation for AD. While both active and passive im-
munotherapies strive to slow or prevent the cognitive decline linked with AD, each has
its own advantages and disadvantages.

The concept of immunotherapy for neurodegenerative diseases was introduced by Schenk
in the 90s when he tried to use an AS vaccine to tackle AD [20] 23]. Following the fail-
ure of the first vaccine in the early 2000s, Bard and colleagues demonstrated that the
transfer of anti-A S antibodies eliminated A3 in the brains of APP-transgenic mice. Some
clinical trials are being carried out and, in patients with early AD, the administration
of anti-amyloid antibodies has shown to reduce plaque volume, suggesting that passive
immunotherapies may be promising [24], 25].

Aducanumab was the first monoclonal antibody that targets A5 aggregates approved by
the FDA in 2021 for the treatment of mild AD. This antibody removes amyloid plaques
and, when used at higher doses, has shown to have a modest impact on the cognitive
decline of patients at the early stage of AD [20, 27]. However, there is a lack of correla-
tion between the reduction of Af plaques and clinical improvements in trials to date. In
addition, there are also considerable concerns about the safety of this new drug. Indeed,
patients treated with aducanumab had a higher incidence of brain swelling and intrac-
erebral hemorrhages. For these reasons and the divergent outcomes of clinical trials, the

European Medicines Agency (EMA) rejected the marketing authorization for aducanumab
[27, 28].

Lecanemab was approved in January 2023 by the FDA, becoming the second disease-
modifying treatment approved for AD in the USA. According to the prescribing infor-
mation, the treatment should be initiated in patients with mild cognitive impairment or
mild dementia with a confirmed presence of AS [29]. Lecanemab is a monoclonal antibody
directed against aggregated soluble and insoluble forms of A5 peptide. In clinical trials,
lecanemab has been shown to clear amyloid from the brain successfully. However, clear-
ance had no discernible effect on cognition in some trials, a very small and non-significant
effect in other trials, and a very small significant effect in the latest trial. In addition,
lecanemab comes with safety concerns. Indeed, during the trials, some participants devel-
oped brain oedema, experienced brain haemorrhage and/or other adverse events severe
enough to discontinue the trial |29 30]. Lecanemab is now undergoing regulatory review
in the European Union, Japan and China.



[-secretase and ~-secretase inhibitors

Inhibitors of APP-cleaving enzymes have been anticipated as potential drugs for AD.

~v-secretase is a protease complex that cleaves proteins. The most known substrate of
~v-secretase is APP, whose cleavage Af. Its inhibition aims to decrease the production
of AB, including the toxic AfB, and Ay |20, 21, 23]. Among all the y-secretase in-
hibitors, three reached phase 3 studies before being abandoned. This is because they
were associated with a worsening of daily function, increased rates of skin cancer and
infection and/or low brain penetration. In addition, the development of ~y-secretase in-
hibitors presents problems related to their potential nonspecific effects since y-secretase
is involved in the cleavage of several proteins [22 23].

The development of S-site APP-cleaving enzyme 1 (BACEL) inhibitors took much longer
than v-secretase inhibitors took. BACE1 accounts for most of the §-secretase activity in
the central nervous system, thus, its inhibition is expected to reduce the total production
of Ap [20, 21]. Many BACEL inhibitors failed due to a lack of efficacy. These drugs were
demonstrated to lower A4 and A4, but failed to prove clinical benefit, and in some
cases, adverse effects were observed. Moreover, because BACE1 also has other substrates,
the development of inhibitors might face problems of toxicity related to non-specific effects
[22, 20, 23].

Anti Tau strategies

The other pathological hallmark of AD, neurofibrillary tangles, consists of intracellular
aggregates whose main constituent is a hyperphosphorylated form of the protein Tau
[20, 21]. Tau has received less focus as a therapeutic target, and the strategies that have
been used to target it concern the development of inhibitors of Tau-phosphorylation and
compounds that prevent Tau aggregation and/or promote disassembly [21], 23].

2.3 The Blood-Brain Barrier

The central nervous system of adults lacks a significant capacity for regeneration. The
cerebral microenvironment is therefore maintained by the tight regulation of molecular
traffic and is the result of specific anatomical and biochemical properties of the various
interfaces [31].

2.3.1 The blood-brain barrier structure

Unlike peripheral capillaries that allow relatively free exchange of substance across cells,
the blood-brain barrier (BBB) rigorously limits transport into the brain. The BBB func-

9



tions as a physical barrier and also as a biochemical barrier that expresses certain enzymes
to protect any actions towards the brain environment. Thus, the BBB is often the rate-
limiting factor in determining the permeation of therapeutic drugs into the brain.

In our body, numerous biological barriers separate the circulating blood from the in-
terstitial fluid that surrounds tissues [32]. The BBB is the interface between the vascular
system and the brain and is perhaps the most selective of these barriers, reflecting the
brain’s crucial role. The brain does not have an outstanding ability to store metabolic
nutrients, so oxygen and glucose are provided by the vascular system [33]. Therefore, the
barrier function of the BBB is essential for regulating transport to the brain of nutrients,
but also represents a significant roadblock for the invasion of toxins and pathogens and

for the delivery of drugs to the brain.

o - Q.’Eﬂood

Figure 2.4: Cross section of a cerebral capillary of the blood-brain barrier

The function of the BBB is the result of a combination of brain cells, known as neu-
rovascular unit, which include brain endothelial cells, neurons, mural cells, microglia and
astrocytes. To sustain this robust barrier, the endothelial cells of central nervous system
(CNS) have distinct properties from the endothelial cells in other tissues [32]. Among the
specialized properties of the brain endothelial cells there are the lack of fenestrae to avoid
the passage of molecules in peripheral endothelial cells, the presence of solute carriers that
regulate ion and small molecule transport and high electrical resistance tight junctions
between adjacent cells to reduce the permeation of ions and polar solutes. The com-
plex network of tight junctions seals the paracellular space within the endothelial cells,
creating an uninterrupted barrier that preserves the cognitive function [33] [34]. Brain
endothelial tight junction proteins include occludin, claudins (claudin-1, -3, -5, -12), and
the membrane-associated guanylate kinase (MAGUK) protein family of zonula occludens
(ZO1, Z0O2, and ZO3). The astrocytes, pericytes and basement membrane surrounding
the endothelial cells help to create this protective shield [35]. The unique structure of the
brain endothelial cells results in fewer transcellular transport, low paracellular flow and
high transendothelial electrical resistance.
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Figure 2.5: Components of the blood-brain barrier

For these reasons, the BBB is the most important factor limiting the development of ther-
apies for the CNS, including neurodegenerative diseases, such as AD. Indeed, the BBB
limits the brain penetration of most CNS drug candidates. Therefore, methods to study
the transport of drugs and other molecules across the BBB are key to understanding how
the BBB regulates the transport of molecules and will be invaluable for drug discovery
and treatment of CNS diseases.

2.3.2 Strategies to cross the blood-brain barrier

At the BBB, various means of transport are employed for physiological cargoes that could
also be utilized for drug delivery. Due to the presence of tight junctions, few molecules can
diffuse across two adjacent BBB endothelial cells. Therefore, molecules with a molecular
weight lower than 500 Da might passively diffuse through the membranes of the endothelial
cells of the BBB following their concentration gradients [36], [37]. This is the case of gasses
such as, for example, oxygen and carbon dioxide. In addition, lipid-soluble molecules can
enter the brain by diffusion depending on their lipid solubility and molecular weight [36].
However, these properties are not an absolute indication of CNS penetration. For the
largest molecules, the transcellular route across the BBB endothelial cells requires their
interaction with specific receptors. This process is highly specific and, to date, remains
poorly understood.
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Delivery of therapeutic molecules modifying their physicochemical properties

The transport across the BBB of small molecular drugs mainly occurs by passive diffusion.
The “Rule of 57 is an empirical approach to predict if a molecule will diffuse through the
BBB, that was proposed by Lipinski in 2001. This precept states that molecules with a
molecular mass lower than 500 Da, no more than 5 hydrogen bond donors, no more than
10 hydrogen bond acceptors and a LogP value not higher than 5 have a higher chance
to passively diffuse across the BBB. Thus, these four parameters must be optimized to
improve the BBB permeability of therapeutic molecules by passive diffusion [31, 36].

Modulation of the blood-brain barrier permeability

Considering that the BBB is the major obstacle to an efficient CNS delivery of therapeu-
tics, another strategy involves the opening of this barrier. In contemplating this option, it
needs to be ensured that the BBB is only opened transiently and selectively. In addition,
the opening of the barrier must take place in a controlled and reproducible manner, with
no short- or long-term adverse effects [31].

Originally, the use of hyperosmotic agents to achieve reversible BBB opening was com-
monly used. However, the BBB opening caused by these agents is non-selective and
also differs for various brain regions. This could cause an uncontrolled influx of low and
high molecular weight compounds in the brain, leading to neurological toxicity. Another
strategy that has been pursued is the modulation of tight junctions. For this purpose,
protein-binding agents and chemicals have been applied. However, for the clinical trans-
lation of this modality, more mechanistic studies are required [31].

Nanoparticles to cross the blood-brain barrier

Since the early 1990s, nanoparticles have been used to improve drug delivery to the brain
and have immediately shown promising results. Nanoparticles are not only able to protect
their cargo from rapid degradation and clearance, but they can also be functionalized or
modified to cross the BBB more easily. Indeed, nanoparticles’ delivery will depend on
several factors, including their size, coating, surface charge and functionalization [36].

However, it is not yet possible to identify ideal parameters for these factors. For ex-
ample, conflicting results have been obtained for the nanoparticle’s charge. For instance,
examples of nanoparticles with positive, neutral and negative zeta potentials have been
reported to efficiently cross the BBB [30].
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2.3.3 Delivery of Actives through the Blood-Brain Barrier

The route of drug administration is defined as the path by which a drug is taken into
the body and plays a marked role in the bioavailability of the actives in the body. For a
drug to produce its desired therapeutic effect, it must come in contact with the targeted
regions of the body, and for this to happen, the drug must be administered in the ap-
propriate manner [38]. The routes of administrations are classified into local and systemic.

The local route is the simplest mode of administration of a drug. In this case, the
drugs are directly applied to the skin or the mucous membrane to achieve a local action.
On the other hand, the systemic administration of drugs involves the passing of the sub-
stances into the circulatory system, so that the entire body is affected. When the systemic
absorption of a drug is required, medications can be administered by two main routes:
the enteral and the parenteral route. Enteral administration involves the absorption of
the drug through the gastrointestinal tract. Methods of administration include the oral,
sublingual and rectal administration. On the other side, a parenteral route is any route
that is not enteral and, thus, does not involve drug absorption via the gastrointestinal
tract. Parenteral administrations include injections (e.g., intravenous, intramuscular and
subcutaneous), inhalations and transdermal routes [39] 40].

The reason for choosing a route of drug administration rather than another is governed
by many factors, which include:

e Physico-chemical properties of the drug and the effect of gastric pH, digestive en-
zymes and first-pass metabolism on the drug. Indeed, some drugs may be effective
only if administered by one specific route

e Whether the agent is being administered for a local or a systemic effect

e Convenience. Enteral routes are generally the most convenient for the patient, as
no punctures or sterile procedures are necessary. For this reason, they are often
preferred in the treatment of chronic disease

e Condition of the patient.

Below, the oral, intravenous and intranasal administration routes are analyzed.

Oral Administration

The oral delivery is the most widely used since it offers many advantages. It is non-invasive
and usually meets patients’ compliance. Moreover, oral formulations are less expensive
to produce compared to others and are amendable to self-administration [41].
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When a drug is ingested, it undergoes four stages within the body: absorption, dis-
tribution, metabolism and excretion. Absorption refers to the movement of a drug from
its site of administration to the bloodstream. In the case of oral administration, most
of the absorption of the substance takes place in the small intestine. The drug will then
move to the liver and then into the bloodstream to be transported to its destination.
The liver and intestinal walls metabolize many drugs with the process called “first pass
metabolism”, lessening how much gets to the bloodstream. Once the drug is absorbed,
it is carried through the body. It moves from the bloodstream to the tissues and intra-
cellular fluids and binds to receptors. Distribution is reversible: molecules released from
the receptors can travel back to the bloodstream. After the drug has been distrusted,
metabolism happens. During this phase the drug is broken down, mostly in the liver,
by enzymes. The process of enzymatic breakdown can make it easier for the drug to be
excreted and exit the body, primarily via urine or feces. Drugs may also be excreted in
sweat, saliva, breast milk or exhaled air.

Drugs orally
ingested

Affected
tissues

Intestinal
absorption

Return to the

intestines and

reabsorb

Figure 2.6: Oral ingested drugs metabolism

However, oral administration it is not always feasible for the delivery of drugs due to
their instability in the gastro-intestinal tract [41], 42]. That is why oral delivery can ben-
efit from the use of nanoparticles. Nanoparticles can help overcome many of the barriers
encountered following oral administration, enzymatic degradation and poor membrane
permeability. Three different scenarios can occur for nanocarriers at the gut level [40, 42]:
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1. They may be absorbed intact along with the cargo into the systemic circulation

2. They can fuse or interact with the intestinal membrane, aiding the absorption of
the cargo but without absorbed

3. They might prematurely release the cargo in the gut lumen prior to interacting with
the intestinal membrane, leading to a possible degradation of the compound

Due to these challenges, other administration routes are often considered.

Intravenous Administration

Due to the delivery challenges highlighted above, most experimental neurodrugs have
been administered by the intravenous route. In fact, the intravenous route of delivery is
a very efficient mean of delivering substances because it bypasses the absorption in the
gastrointestinal tract. In modern medical practice, up to 80% of hospitalized patients
receive intravenous therapy at some point during their admission [43]. Medication, flu-
ids, nutrition and blood products can all be given via the intravenous route. With this
method, substances are administered as a bolus or infusion directly into blood vessels on
either an acute or chronic basis [39).

Intravenous medication is often used because it helps control the medication dosing. For
instance, in some situations, people must receive medication very quickly. In these in-
stances, taking pills or liquids by mouth may not be fast enough to get these drugs into
the bloodstream. Intravenous administration, on the other hand, quickly sends the medi-
cation directly into the bloodstream. Other times, intravenous administration can be used
to give medications in a slow, controlled and constant way. In addition, certain drugs may
be given by intravenous administration because if they were taken orally, enzymes would
degrade them. Therefore, these drugs would be much more effective if sent directly into
the bloodstream by intravenous administration.

The Intranasal Route: Nose-to-Brain Delivery

The nasal route has been suggested as an alternative to the parenteral and oral routes.
Drug administration through the nasal route is possible since the tightness of the intercel-
lular junctional complex of the nasal mucosa is low, making it relatively permeable, and
the mucosa is extensively vascularized, enabling a rapid and optimal absorption of drugs
to the bloodstream [44], 45].

More recently, the nasal route has been studied for the direct brain delivery of drugs.

This way of administration represents a promising alternative to other delivery systems
since it allows active pharmaceutical ingredients to be directly delivered into the brain
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and has several benefits over traditional drug administration systems. It allows to by-
pass of the BBB, prevents drug degradation in the gastrointestinal tract, and avoids the
first-pass metabolism that occurs in the liver. In addition, it increases the bioavailability
of low molecular weight agents, and it is a convenient non-invasive administration route
[44, 46]. However, some anatomical and physiological features — such as the high enzy-
matic activity in the mucus layer and the mucociliary clearance process of the nose cavity,
that restrict intranasal absorption - might present a limitation for this type of delivery.
To overcome these drawbacks, the use of nanoparticles for intranasal drug delivery has
been implemented. Numerous mucoadhesive polymers are used to prolong the period of
adherence in the nasal cavity, such as chitosan, alginate and cellulose. Furthermore, the
use of positively charged nanoparticles proved interesting results since they interact with
the anionic mucin of the nasal cavity [47].

The delivery can happen through indirect or direct transport. The indirect drug transport
occurs in the respiratory region and includes a countercurrent exchange of drugs in the
bloodstream that may deliver high concentrations to the BBB. Drugs absorbed in this
manner need to cross the BBB to reach the CNS, which is challenging. On the other hand,
the direct transport allows the direct passage of drugs to the brain. In fact, the nasal cav-
ity and the CNS are anatomically connected by the olfactory nerve of the olfactory region
and the trigeminal nerve of the respiratory region [46]. The direct transport is allowed
by two different pathways: the olfactory nerve pathway and the trigeminal nerve pathway.

In the olfactory nerve pathway, after reaching the olfactory mucosa, drugs interact with
the ciliated olfactory receptors at the end of the olfactory neurons. They pass across the
cribriform plate through the axon of the olfactory neurons and reach the olfactory bulb
and the cerebrospinal fluid. The transfer of the drugs to the cerebrospinal fluid and the
mixing with the interstitial fluid allow the drugs to be distributed into the brain.
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Figure 2.7: Nose-to-brain delivery: the olfactory nerve pathway
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The trigeminal nerve connects the nasal cavity with the brain, allowing drugs to be directly
delivered to the brainstem through the branches which innervate the respiratory mucosa.
Drugs are transported along the trigeminal nerve branches, which cross the brainstem at
the pons and are directed to the hindbrain and forebrain.
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Figure 2.8: Nose-to-brain delivery: the trigeminal nerve pathway

2.4 Nanotechnology for Brain Delivery

The production and formulation of drugs play a crucial role in their effects. Indeed, the
therapeutic activity of a drug can be compromised by factors such as pH and temperature
and, in the case of peptides, is highly dependent on their flexible conformational structure
[48]. Therefore, drug delivery is one of the main challenges regarding the stability of the
drug itself. “Drug delivery” describes the technologies that carry drugs into or throughout
the body. These technologies include the method of delivery, such as injection or inges-
tion, but also describe the way that drugs are ‘packaged’ - like liposomes or nanoparticles
— to protect them from degradation. Indeed, to enhance their therapeutic effects and
reduce the related side effects, active drug molecules should selectively accumulate in the
disease area and not deteriorate before arriving in their targeted zone.

From the last few decades nanoparticles have attracted considerable interest in targeting
drug molecules to the brain, since nano-delivery systems have great potential to facilitate
the movement of drugs across barriers (e.g., the BBB). A nanoparticle (NP) is defined
as a nano-object with all its three dimensions ranging from approximately 1 nm to 1000
nm [49, 50]. A common misconception is that small molecules readily cross the BBB.
In fact, more than 98% of all small molecules do not cross the BBB either [51]. For a
small-molecule to cross the BBB, two molecular characteristics are required: high lipid
solubility and low molecular mass (i.e., the molecular mass has to be lower than 400-500
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Da). However, only a few diseases of the brain, such as depression, chronic pain and
epilepsy, consistently respond to this category of small molecules. Unfortunately, many
other disorders including AD, do not have a neurotherapy that can stop the neurodegen-
eration [52].

Several nanoparticles have been developed to transport and protect the desired molecules
in the brain. One of the key characteristics of nanoparticles is their size. It is known
that spherical particles bigger than 200 nm are efficiently filtered by liver, spleen and
bone marrow, while particles smaller than 10 nm can be quickly cleared by the kidney
or through extravasation. Thus, the ideal size range for the circulating carriers is 10 to
200 nm [48]. Nanoparticles have a relatively large (functional) surface which is able to
bind, adsorb and carry other compounds such as drugs, probes and proteins. The aims for
nanoparticle entrapment of drugs are either an enhanced delivery to target cells and/or a
reduction in the toxicity of the free drug to non-target organs. Both situations will result
in an increase in the therapeutic index [53].

2.4.1 PLGA nanoparticles

Poly(lactic-co-glycolic acid) (PLGA) is a biodegradable polymer synthesized via ring-
opening copolymerization of two monomers: the cyclic dimers of glycolic acid and lactic
acid. During polymerization, consecutive monomeric units (glycolic or lactic acid) are
linked together in PLGA by ester linkages.
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Figure 2.9: PLGA and its monomers

Depending on the ratio of lactide and glycolide, different forms of PLGA can be obtained.
They are usually identified with regard to the monomers ratio used so, for example,
PLGA 75:25 identifies a copolymer composed of 75% of lactic acid and 25% of glycolic
acid [54], 55]. PLGA is one of the most widely used biodegradable polymers for the devel-
opment of nanomedicines because the cleavage of polymer chains by hydrolysis results in
the production of the biodegradable metabolite monomers, lactic acid and glycolic acid
[56]. These two metabolites are endogenous and easily eliminated from the body via the
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Krebs cycle in the form of H,O and COs, so the toxicity associated with the use of PLGA
for drug delivery is minimal. The most influencing factors in the degradation of PLGA
are the ratio between lactic and glycolic acids in the copolymer chain and the molecular
weight of the polymer. By manipulating these two factors, the degradation time of PLGA
and, subsequently, the release profile varies. A higher content of lactate results in higher
hydrophobicity, leading to lower degradation and slower drug release kinetics, while an
increase in the glycolate content contributes to an increase in the hydrophilicity of PLGA
being and leads to a much faster degradation and drug release |55, 56].

Amongst all the biomaterials, PLGA has shown immense potential as a drug delivery
carrier. Also, PLGA has been regarded as a promising material for drug delivery as it
can be surface-tailored with functionalized molecules for site-specific targeting, and is
approved by FDA to be used in drug delivery systems [54], 53] [57, [58].

Nanoparticles modification using chitosan

Chitosan is a polysaccharide obtained from the deacetylation of chitin, a polysaccharide
found in crustacean shells [59]. Tt exhibits good biocompatibility and is suitable for the
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Figure 2.10: Chemical structure showing the preparation of chitosan by deacetylation of
chitin

design of targeted drug delivery systems for the treatment of neurodegenerative disorders.
It exhibits a positive charge on its surface. Actually, the properties of chitosan make it
especially suitable for nasal drug delivery [59, 60]. In fact, chitosan absorbs water from
the mucus layer in the nasal cavity, swells and forms a gel-like layer that prolongs the
drug’s residence time in the nasal cavity, improving its bioavailability [61].

Chitosan coating of PLGA NPs can be achieved by chemical linking to the PLGA or
by adsorption due to the electrostatic forces between the positively charged groups of
chitosan with the negatively charged group of PLGA. Chitosan also presents good bio-
compatibility, non-toxicity and biodegradability.
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2.4.2 Solid lipid nanoparticles

In early 1990s, solid lipid nanoparticles (SLNs) were developed as an alternative to other
traditional carriers such as liposomes, emulsions and polymeric nanoparticles, in which
the liquid lipid was substituted by a solid lipid [62]. Indeed, SLNs are composed of lipids
dispersed in water or in an aqueous surfactant solution, as shown in Figure 2.11} The
term lipid is used in a broad sense and includes triglycerides, partial glycerides, fatty
acids and waxes. Using a solid lipid instead of liquid lipid is beneficial as it increases the
control over the release kinetics of encapsulated compounds and improves the stability of
the incorporated ingredients [63, [64].
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Figure 2.11: Illustration of a solid lipid nanoparticle

A clear advantage of SLN is the fact that, unlike some polymeric nanoparticles, the
employment of potentially toxic organic solvents is not needed during the production of
SLNs. Furthermore, SLNs offer properties such as small size, large surface area and high
drug loading [63, 65]. Their dimensions and the controlled release behavior enable drug
protection and their administration through both parenteral and non-parenteral routes,
emphasizing the versatility of this carrier [66].
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Chapter 3

NANOCARRIERS FOR BRAIN
DELIVERY

Different types of nanocarriers can be used for drug delivery, depending on the applica-
tion and, thus, their desired properties. In this Chapter, the use of PLGA nanoparticles
prepared using the solvent evaporation technique and SLNs manufactured using shear
homogenization and ultrasonication will be investigated as potential carriers for a hy-
drophilic compound (HC).

3.1 Double Emulsion PLGA Nanoparticles

The encapsulation of hydrophilic compounds in nanoparticles is difficult due to their
escape to the external aqueous phase. However, it is possible to entrap hydrophilic com-
pounds using the double emulsion (DE) technique [67]. A DE, also called emulsion of
emulsion, is a system in which the dispersed droplets contain even smaller droplets [68].
There are two common types of DE: water-in-oil-in-water (w/o/w) and oil-in-water-in-oil
(o/w/0). When an emulsion is w/o/w , water droplets are dispersed within larger oil
droplets that are themselves dispersed in an external continuous aqueous phase. In an
o/w/o emulsion, the roles of water and oil are switched [68] [69].

One of the possible methods to manufacture NPs is the solvent evaporation technique,
which is a top-down method. This means that it is based on the reduction of the dimen-
sions of the starting material by breaking it until the required structures are obtained
[70]. Two steps are needed to prepare a w/o/w emulsion:

1. An aqueous solution containing the active ingredient (e.g., the drug) is dispersed in
a polymer-containing organic solution to form the water-in-oil (w/0) emulsion

2. The w/o emulsion previously obtained is dispersed in another aqueous phase, such
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as a polyvinyl alcohol, to form the w/o/w emulsion

For a o/w/o emulsion, the aqueous and the organic phase are used in the opposite way.
The organic solution is dispersed in a water solution obtaining an oil-in-water (o/w)
emulsion that will be dispersed in another organic solution.

Oil-in-water-in-oil emulsion Water-in-oil-in-water emulsion

Continuous phase (oil) Continuous phase (water)

Dispersed phase (water Dispersed phase (oil)

Internal phase (oil) Internal phase (water)

Figure 3.1: Oil-in-water-in-oil and water-in-oil-in-water emulsions

For both emulsions, the homogenization of the two immiscible phases is achieved by high-
speed homogenization and ultrasonication. Once the second emulsion is made, the organic
solvent is left to evaporate either by continuous magnetic stirring or in a slow process of
reduced pressure. After the solvent has evaporated, the NPs can be collected [69, [71] [72].

3.1.1 Materials

Polyvinyl alcohol 4-88 (Mowiol® 4-88, MW 31000) (PVA), PLGA Resomer® RG 503 H
(50:50; MW 24000 — 38000) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Ethyl acetate (99.6%, ACS reagent, MW 88.11) was bought from BioVision (Waltham,
MA, USA).

3.1.2 Nanoparticles Preparation

The organic phase was prepared by dissolving 30 mg of PLGA in 1.5 mL of ethyl acetate.
After a short time in the vortex (Heidolph Reax Top Vortex Mixer, Heidolph instruments
GmbH & Co., Schwabach, Germany), a w/o emulsion was prepared adding to the organic
phase 100 uLL of ultrapure water. For the HC-loaded PLGA NPs 3 mg of HC were solubi-
lized in the ultrapure water. The suitable masses of polymer (PLGA) and drug (HC) were
weighed in a NewClassic MS Analytical Balance from Mettler Toledo (Switzerland). The
mixture was shortly vortexed again and sonicated using a UP400S ultrasonic processor
from Hielscher (Berlin, Germany). 3 on-off sonication cycles of 10 seconds with an ampli-
tude of 70% were performed. To avoid heating, the falcon was put in a beaker with ice.
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Then, 2 mL of polyvinyl alcohol (PVA) 1% were added to the previously obtained emul-
sion. This solution was submitted to vortex and sonication as above. After emulsification,
the mixture was poured into a beaker and kept in continuous stirring (Colosquid, ika®,
Magnetic Stirrer) using a magnetic stirrer at 800 rotations per minute (rpm). The stirring
was carried on at room temperature until the organic solvent was completely evaporated.
A schematic visual description of the method is presented in Figure [3.2]
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Figure 3.2: Schematic representation of the steps to prepare PLGA nanoparticles

After the organic solvent’s evaporation, the volume of the solution was measured. In order
to have HC at the concentration of 1 mg/mL, the precise amount of ultrapure water to
reach the total of 3 mL was added the formulation. The same process was performed for
the unloaded NPs. The so obtained mixtures were divided in 10 Eppendorfs with 300
nL each. The samples were incubated at 37°C under gentile agitation to model the in
vivo movements and collected at different time points to evaluate over time the NPs’ size,
polydispersity index (PDI) and zeta potential (ZP) as well as the encapsulation efficacy

To collect the NPs, the incubated samples were centrifuged (MiniSpin®plus, Eppendorf,
Germany) for 15 minutes at 14.500 rpm. To be sure that all the NPs precipitated, the
supernatant was collected and centrifuged again for 15 minutes at 14.500 rpm. The pellet
was resuspended in 1 mL of ultrapure water.
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3.1.3 Characterization of the Nanoparticles

The physicochemical characterization of the NPs was based on the measurements of their
size (nm), PDI and ZP (mV). For this purpose, the DLS technique was used. To per-
form the measurements, the ZetaSizer Nano ZS equipment (Malven Instruments, UK)
was used, and the obtained data were analysed by ZetaSizer software (version 8, Malven).

The amount of drug encapsulated in the NPs was quantified by an indirect method,
which consisted of the measurement of the amount of the non-encapsulated drug, that
is the drug present in the supernatant. The determination of the non-encapsulated drug
was performed using a Synergy 2 Microplate Reader (BioTek, UK) for UV-Vis absorbance
measurements and correlated to a calibration curve. The EE was determined using the
equation:

EE(%) total amount of drug — amount of free drug < 100 (3.1)

total amount of drug

The supernatant obtained from the centrifugation contained free PLGA, PVA and drug.
Therefore, the BCA (Bicinchoninic Acid) Protein Assay Kit (Thermo Scientific, Waltham,
Massachusetts, USA) was used to enhance the absorbance of the free drug. Using this
assay, the absorbance peak is always at a wavelength of A = 562 nm.

Dynamic Light Scattering

Dynamic light scattering (DLS), also known as photon correlation spectroscopy or quasi-
elastic light scattering, is a technique used to characterize particles, emulsions or molecules
which are either dispersed or dissolved in a liquid. This method can provide information
about the NPs’ size and size distribution [73], [74].

DLS measures the Brownian motion of molecules in solution that arises from their col-
lision with the molecules of the surrounding liquid medium. As a consequence of the
motion, if a laser light irradiates the solution, the light will scatter at different intensities
in a time-dependent manner due to the continuously changing distances between particles
[73, [75]. Indeed, small molecules move faster than larger ones and upon irradiation with
light a smaller fraction of light is scattered [76]. Analyzing the variation of intensity over
time, the speed of the Brownian motion and hence the particle size can be determined.
The size of particles is determined as hydrodynamic radius. The hydrodynamic radius is
defined as the radius of a sphere that diffuses at the same rate within the same viscous
environment of the investigated particles |75} [77].

In a DLS instrument, the light from a laser is focused on a sample, and when it encounters
macromolecules it scatters in all directions. The scattered light is continuously recorded
and quantified by a detector whose output is digitized by a photon-counting system. The
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Figure 3.3: Dynamic light scattering (DLS) processing

number of photons hitting the detector changes over time and is sent to a digital au-
tocorrelator, which correlates intensity fluctuations of scattered light with the time to
determine how rapidly the intensity of light is fluctuating. Using the autocorrelation,
it is possible to calculate the diffusion coefficient (D), which can be used to determine
the hydrodynamic radius (R) of the corresponding spherical particles according to the
Stokes-Einstein equation:

kgT

D= 3.2
6™ R (32)

In the equation, kg is Boltzmann’s constant, T is the temperature, which for most mea-
surements is kept constant, and 7 is the known viscosity of the suspending medium [74] [7§].
A DLS instrument also returns the PDI of the measured particles. Indeed, there might
be particles with a distribution of sizes rather than particles of a single size [7§|]. Thus,
the particles in the distribution have different translational self-diffusion coefficients. The
polydispersity index value is useful for identifying the presence of aggregates, too [73].

When a particle encounters a solution, it gets an electrical charge on its surface. In
particular, when a particle is dispersed, an electrical double layer — namely, the electric
double layer (EDL) - develops on its surface. The inner layer, called Stern layer, consists
of ions with an opposite charge to the one of the particle and that are strongly attached
to the particle’s surface; the other area, called Diffuse layer, ions are less firmly attached.
Within the Diffuse layer there is a boundary: the Slipping plane. Any ions inside the Slip-
ping plane move together with the particle when it moves in the solution, but any ions
outside it will not. The electrical potential in the Slipping plane is known as the electroki-
netic potential or, more commonly, ZP. Therefore, the ZP reflects the potential difference
between the EDL of particles and the layer of dispersant around them at the Slipping plan.
ZP cannot be measured directly and is thus deduced using the electrophoretic mobility
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technique. The technique consists in placing the sample in a two-electrode cuvette and
applying an electric potential. This allows to measure the movement of particles towards
the opposite charged electrode, called electrophoresis.

Electrophoresis
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Figure 3.4: Electric double layer of a negatively charged particle

The electrophoretic mobility (u.) of the particles is first calculated as p. = %, where
V' is the particle’s velocity (um/s) and E is the electric field strength (Volt/cm). The
particle’s velocity and the strength of the electric field are both known quantities. ZP is

then calculated using the Helmholtz-Smoluchowski equation

_ &rf0§
U

He (3.3)

with €, dielectric constant, €y permittivity of vacuum, ¢ ZP and 7 viscosity at experimental
temperature. This equation is a modification of Henry’s equation and is used when the
thickness of the EDL is much smaller compared to the particle radius, which is the case
of most pharmaceutical preparations. The ZP value gives an indication of the stability of
the system: if particles in suspension have a large negative or positive zeta potential, they
will tend to repel each other. On the other hand, if the particles have a low ZP there will
be no force to prevent the particles from moving closer and, eventually, aggregate [79].
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Spectrophotometry

Spectrophotometry is a technique that allows measuring the absorbed light of a solution.
This method is used to quantify the presence of an analyte in a sample. In most cases,
the analyte of interest absorbs light at a specific wavelength. The quantity of absorbed
light is proportional to the amount of analyte [80]. Absorbance scans are depicted with
wavelengths in nanometers (nm) on the X-axis and the amount of light absorbed on the
Y-axis. The absorption spectrum of a compound is useful for both qualitative (identifi-
cation) and quantitative (concentration) analysis |81, [82].

There are two main propositions that define the light absorption’s laws. Lambert’s law
asserts that the proportion of incident light absorbed by a transparent medium is indepen-
dent of the intensity of the light (Lambert, 1760). Therefore, consecutive layers with the
same thickness will transmit the incident energy in an equal proportion. This is defined

by the equation
1
T=—, 3.4
- (3.4)
where T is the transmittance, I the intensity of the transmitted light and I, the intensity
of the incident light. Beer’s law states that the light’s absorption is directly proportional
to the concentration of the absorbing medium and the thickness of that medium (Beer,

1852). The combination of the two laws, the Beer-Lambert law, asserts that

A =logT = logi, (3.5)
Iy
where A is the absorbance, I the intensity of the transmitted light and I, the intensity
of the incident light. The Beer-Lambert law also provides a measure of the uniform
concentration ¢ of a light-absorbing solute. When a sample of that solution is enclosed
within a cell with a path-length X, with parallel, planar and non-absorbing walls at the
wavelength of interest, its absorbance is given by the equation

A=cecX (3.6)

Each compound in a solution absorbs or transmits light over a certain wavelength. To
measure absorbance, the sample in the plate is illuminated by a light beam with a spe-
cific intensity which passes through the sample. On the opposite side of the microplate
compared to the light source, is located a light detector. The light detector measures how
much of the total light intensity is transmitted and at which wavelengths. In fact, the
amount of light that does reach the detector is absorbed by the sample [80].

To study the EE of the NPs, the BCA Protein Assay was used (Appendix A) and, for this
reason, the absorbance values corresponding to a wavelength of 562 nm were considered.
For this purpose, a Synergy 2 Microplate Reader (BioTek, UK) was used.
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Figure 3.5: Absorbance measurement

3.2 PLGA Nanoparticles produced by Single Emulsion

A single emulsion consists of droplets dispersed in a different fluid, often stabilized with
a surfactant. Single emulsions are produced using two immiscible liquids. In particular,
two types of single emulsion are possible. An oil-in-water (o/w) emulsion consists of an
oil phase dispersed into water, which is the continuous phase. In contrast, a water-in-oil
(w/0) emulsion consists of a water phase dispersed into a continuous oil phase. As for the
DE, the two phases are homogenized using high-speed homogenization or ultrasonication.
The process is outlined in Figure [3.6

\A— PLGA

Solubilization of the polymer : B -
o in the organic solvent Vortex Dispersion in the agueous phase Sonication Stiming

Figure 3.6: Schematic representation of the steps to prepare single emulsion PLGA
nanoparticles
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Single emulsion PLGA NPs were prepared using an organic solvent in which HC was
soluble. In addition, only solvents non-miscible with water and in which PLGA could be
dissolved were considered. Chloroform was chosen as the organic solvent.

3.2.1 Materials

Polyvinyl alcohol 4-88 (Mowiol® 4-88, MW 31000) and PLGA Resomer® RG 503 H
(50:50; MW 24000 — 38000) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Chloroform was purchased from Honeywell (Charlotte, NC, USA).
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3.2.2 Nanoparticles Preparation

30 mg of PLGA were dissolved in 1.5 mL of chloroform. After a short time in the vor-
tex (Heidolph Reax Top Vortex Mixer, Heidolph instruments GmbH & Co., Schwabach,
Germany), 2 mL of PVA 1% were added to the previously prepared organic phase. The
mixture was sonicated (UP400S Ultrasonic Processor, Hielscher, Berlin, Germany) for 3
on-off cycles of 10 seconds with an amplitude of 70%. To avoid heating, the falcon was
put in a beaker with ice. After emulsification, the mixture was poured into a beaker and
kept in continuous stirring (Colosquid, ika®, Magnetic Stirrer) using a magnetic stirrer at
800 rpm. The stirring was carried on at room temperature until complete organic solvent
evaporation.

Once the organic solvent was completely evaporated, the NPs’ size, PDI and ZP were
measured after a 1:10 dilution in ultrapure water.

3.2.3 Experimental Parameters for the Production of Single Emul-
sion PLGA Nanoparticles Using Chloroform

To obtain the desired properties (i.e., size, PDI and ZP) for the NPs, different experi-
mental parameters have been tested. The size of the NPs is especially important for this
application, so different tests were performed to achieve a NPs’ size as close as possible
to 200 nm. Table summarizes the different experimental parameters. In particular,
the parameters that were varied are the ratio between chloroform and PVA, the PVA
concentration and number and the duration of the sonication cycles.

Batch | Chloroform [mL| | PVA concentration [%] | PVA [mL]| | # of cycles | Cycles’ duration [sec]
cl, c2 1.5 1 2 3 10
c3, c4 0.5 1 2 3 10
cH, cb 1.5 1 3 3 10
c7, c8 3 1 4 3 10
sl 3 1 4 1 10
s2 3 1 4 3 20
s3, s4 3 1 4 6 10
sb 3 1 4 12 10
Dl 3 5 4 3 10

Table 3.1: Different experimental parameters for the preparation of single emulsion PLGA
NPs
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3.3 PLGA Nanoparticles produced by Single Emulsion
Modified with Chitosan

Unloaded PLGA NPs were prepared to implement nose-to-brain delivery. For this pur-
pose, chitosan was used. Control NPs, without chitosan, were prepared following the
same protocol.

3.3.1 Materials

Polyvinyl alcohol 4-88 (Mowiol® 4-88) MW 31000), PLGA Resomer® RG 503 H (50:50;
MW 24000 — 38000) and acetic acid (>98%, MW 60.05) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Ethyl acetate (99.6%, ACS reagent, MW 88.11) was
bought from BioVision (Waltham, MA, USA). Chitosan (MW 248 kDa, degree of deacety-
lation 93) was obtained from Altakitin (Aveiro, PT).

3.3.2 Preparation of Single Emulsion PLGA Nanoparticles Mod-
ified with Chitosan

To prepare both the control NPs and the NPs modified with chitosan, the organic phase
was prepared dissolving 10 mg of PLGA in 0.5 mL of ethyl acetate. Only for the chitosan-
modified NPs, a solution of 1 mg of chitosan in 66 nuL of acetic acid 1% was prepared.
To the solution of chitosan in acetic acid was added 934 pL of PVA 1%. This solution
was added drop-by-drop to the organic phase. For the control NPs, 1 mL of PVA 1%
was added to the prepared organic phase drop-by-drop. After 30 seconds in the vortex
(Heidolph Reax Top Vortex Mixer, Heidolph instruments GmbH & Co., Schwabach, Ger-
many), both preparations were emulsified using a probe sonicator (UP400S ultrasonic
processor, Hielscher, Berlin, Germany) for 3 on-off cycles of 10 seconds with an amplitude
of 70%. To avoid heating, the falcons were put in a beaker with ice. The emulsions were
then transferred in two beakers and placed on a magnetic stirrer plate (Colosquid, ika®,
Magnetic Stirrer) at 800 rpm. The stirring was carried on at room temperature until the
organic solvent was completely evaporated.

Once the organic solvent was completely evaporated, the NPs’ size, PDI and ZP were
measured after a 1:10 dilution in ultrapure water.

3.4 Solid Lipid Nanoparticles

Many different techniques and lipids can be used to manufacture SLNs. In this experi-
mental work, SLNs were produced combining the shear homogenization and the ultrason-
ication methods.
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According to these methods, both the lipid phase and the aqueous phase are heated
to a temperature above the lipid’s melting point. The aqueous phase is then added to the
lipid melt and the mixture is homogeneously dispersed using a high-shear mixer. An oil in
water (o/w) emulsion is formed due to the shear of intense turbulent eddies. High-speed
stirring is followed by ultrasonication, which breaks the droplets in order to generate
droplets of nanometric size. Finally, the nanoparticles are left to cool down, allowing the
lipid crystallization.
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Figure 3.7: Schematic representation of the steps to prepare solid lipid nanoparticles

If ultra-sonication is performed without implementing the high-shear mixing procedure,
the produced SLNs will have a broad distribution, supposedly because the sonication
energy is not transferred equally in the batch. For this reason, to achieve SLNs’ dis-
persions with narrow particle distributions, the conjunction of high-speed stirring and
ultra-sonication has been widely used [&3].

3.4.1 Materials

Compritol 888 ATO was purchased from Gattefossé SAS (Saint-Priest, Cedex, France).
Pluronic® F-127 (powder, BioReagent) was purchased from Sigma-Aldrich.

3.4.2 Preparation of Solid Lipid Nanoparticles

The lipid phase was prepared weighting different amounts of Compritol 888 ATO. The
aqueous phase was prepared by adding 2.175 mL of Pluronic F-127 10%. Compritol 888
ATO’s melting temperature is 78°C, so both phases were warmed in a water bath at 80°C
until the lipid was completely melted. Then, the aqueous phase was added to the lipid
phase, and the obtained preparation was homogenized using a high-shear mixing device
(ULTRA-TURRAX® DI 25 Basic, Yellow Line) for 1 minute at 13.500 rpm. After, the
emulsion was sonicated using a probe sonicator (UP400S Ultrasonic Processor, Hielscher,
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Berlin, Germany) for 5 minutes with an amplitude of 80%. To allow the lipid crystal-
lization, the emulsion was let to cool down in a beaker with ice in continuous stirring
(Colosquid, ika®, Magnetic Stirrer) at 100 rpm. The stirring was carried on at room
temperature for 1 hour.

In order to characterize the obtained SLNs in terms of size, PDI and ZP, a dilution
in ultrapure water was performed according to Table [3.2]

Several amounts of lipid were tested to check if it was possible to obtain SLNs with
the desired properties using a lower amount of lipid and, thus, the drug. The different
amounts of lipid used and their respective dilution are summarized in Table [3.2

Batch number | Lipid [mg| | Aqueous phase [mL| | Dilution factor
b1, b2 250 2175 1:100
b3, ba 25 2.175 1:10
b5, b6 50 2.175 1:10
b7, bs 100 2.175 1:10

Table 3.2: Different experimental parameters for the preparation of SLNs

It was not possible to decrease the amount of aqueous phase (i.e., Pluronic 10%) because
of the ULTRA-TURRAX®. Indeed, the high-shear mixing device requires at least 2.175
mL of liquid to work properly.

3.5 Results

3.5.1 PLGA Nanoparticles Produced by Double Emulsion
The average EE was 36.674+4.68 %.

The size, PDI and ZP only at time zero was calculated as the average of two batches (Fig-
ure . At time zero, the control NPs revealed to have an average size of 185.654+1.95
nm, a PDI of 0.052+0.026 and ZP of -22.6+1.6 mV; while the loaded NPs exhibited a
size of 187.754+2.85 nm, a PDI of 0.071£0.019 and ZP of -7.81+0.69 mV. The size of the
NPs did not change in the first 13 days of the study. However, at 20 and 27 days, it is
possible to notice a drop in their size. The control NPs’ size decreased from 175.2 nm at
13 days to 168.5 nm at 20 days and, finally, 166.6 nm at 27 days. For the loaded NPs the
reduction of the size is even clearer: it changed from 188.4 nm at 13 days to 179.3 nm
at 20 days and 156.1 nm at 27 days. The PDI was lower than 0.1 at every time point,
suggesting that the NPs are monodispersed [75].
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Figure 3.8: Double emulsion PLGA nanoparticles diameter, PDI and ZP at time 0
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The value of the ZP obtained for the control NPs at time 0 was -22.6+1.6 mV, ac-
cordingly to what was expected. In fact, as reported in other studies [84] R5], the ZP of
PLGA NPs is expected to be negative and with an absolute value around 20 mV. Those
results are encouraging, since the stability of NPs is directly proportional to the absolute
value of ZP. Thus, the values obtained for the ZP indicate that strong repulsive forces
were formed between the NPs, which were, therefore, stable over 13 days [85]. The ZP of
the loaded NPs has a lower negative charge. The difference between the ZP values of the
control NPs and the loaded NPs indicates that a certain amount of the drug, which has
a positive charge, is probably located on the surface of the NPs. Nevertheless, for both
loaded and unloaded NPs, unexpected results were obtained at 2 and 4 hours and 20 and
27 days. To better understand the ZP fluctuation, this experiment must be repeated. The
result could be due to the measurement cuvettes, that may not have been in the proper
condition at the moment of the measurements.

The size, PDI and ZP over time of the PLGA NPs produced by the double emulsion
method using PVA as stabilizer are shown, respectively, in Figure [3.9] [3.10] and [3.11]
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Figure 3.9: Double emulsion PLGA nanoparticles diameter
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Figure 3.10: Double emulsion PLGA nanoparticles PDI
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Figure 3.11: Double emulsion PLGA nanoparticles ZP

3.5.2 Single Emulsion PLGA Nanoparticles Using Chloroform

The firstly prepared single emulsion PLGA NPs, that were made using 1.5 mL of chloro-
form and 2 mL of PVA 1%, turned out to have a mean size of 348.80+20.93 nm (Table[3.3).

PLGA NPs were later manufactured using chloroform and PVA 1% in different propor-
tion, so that the best combination of the two could be found. The number of sonication
cycles and their duration were maintained the same as previously (i.e., three cycles on/off
of 10 seconds). The results of these tests are summarized in
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Batches composition Diameter =+ SD [nm| | PDI+ SD | Zeta potential £ SD [mV]
30 mg PLGA, 1.5 mL chloroform, 2 mL PVA 1% 348.80 £ 20.93 0.186 £ 0.002 -9.14 £ 0.70
30 mg PLGA, 0.5 mL chloroform, 2 mL PVA 1% 400.77 £ 29.26 0.443 £ 0.149 -22.83 £ 4.03
30 mg PLGA, 1.5 mL chloroform, 3 mL PVA 1% 311.05 £ 5.02 0.121 £ 0.051 -22.00 £ 0.12
30 mg PLGA, 3 mL chloroform, 4 mL PVA 1% 293.13 £ 22.07 0.287 £ 0.101 -23.1 £ 0.52

Table 3.3: Results obtained varying the amount and proportion of chloroform and PVA
1%

The use of chloroform and PVA in different amounts and proportions allowed to reduce
the size of the NPs (Figure [3.12). The best results were obtained using 3 mL of chloro-
form and 4 mL of PVA 1%. Even though the mean diameter of these NPs was the lowest
among all the types of NPs produced, it was still not adequate for the application.
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Figure 3.12: Single emulsion PLGA nanoparticles’ diameter obtained varying the amount
and proportion of chloroform and PVA 1%

Different tests were then conducted starting from the best NPs obtained until that time
(i.e., NPs prepared using 3 mL of chloroform and 4 mL of PVA 1%) and modifying other
parameters of the NPs’ production. Thus, experiments were performed varying the num-
ber of sonication cycles and their length, in order to understand the influence they had on
the NPs’ characteristics. In addition, tests were conducted increasing the PVA concen-
tration from 1% to 6%. In fact, it has been reported that increasing the concentration of
PVA, the mean particle size decreases [86]. This is attributed to the fact that at concen-
trations higher than 2.5% PVA exists in an aggregated form, which enhance its surfactant
activity [86].
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Table |3.4] sums up the size, PDI and ZP of the NPs whose experimental parameters
can be found in Table 3.1]

PVA concentration | Sonication cycles | Diameter [nm| | PDI | Zeta potential [mV]
1% 1 cycle of 10 sec 362.60 0.397 -22.00
1% 3 cycles of 20 sec 245.10 0.258 -16.90
1% 6 cycles of 10 sec 238.10 0.052 -21.20
6% 3 cycles of 10 sec 360.10 0.175 -6.87

Table 3.4: Results obtained using 3 mL of chloroform and 4 mL of PVA, varying the
concentration of PVA and the number and duration of sonication cycles

From the results in Table [3.4] it is possible to state that the PVA concentration did not
make a difference in the particles’ characteristics compared to the previous studies. In
contrast, the number and the duration of the sonication cycles did. The best results for
what it concerns the size of the NPs were those obtained using six cycles of sonication
ten seconds and three cycles of sonication twenty seconds long.
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Figure 3.13: Diameter distribution and ZP of single emulsion PLGA NPs prepared using
3 cycles of 20 seconds (A, B) and 6 cycles of 10 seconds (C, D)

Comparing the size and the ZP distribution, the NPs made using the sonicator for six
on-off cycles 10 seconds long have a better profile to the ones obtained using twelve on-off
cycles of 10 seconds. These particles are less polydispersed and the ZP is more similar
over the three measurements than in the other case, as shown in Figure [3.13

The number of sonication cycles was then increased to twelve to check if it was possi-
ble to obtain even smaller NPs, but this did not happen. Indeed, the size of the NPs was
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Figure 3.14: Diameter distribution of single emulsion PLGA NPs prepared using 6 cycles
of 10 seconds (A) and 12 cycles of 10 seconds (B)

a very similar to the one of the NPs prepared using six cycles of 10 seconds, that is 242
nm compared to 238 nm, as shown in Figure [3.14]

The best results were thus obtained using 3 mL of chloroform, 4 mL of PVA 1% and
six sonication cycles of 10 seconds (Figure [3.15)).
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Figure 3.15: Single emulsion PLGA nanoparticles’ diameter and PDI obtained varying
the number of sonication cycles
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However, from some measurements emerged the presence of aggregates, as shown in Figure

5. 10l

Intensity (Percent)

Diameter distribution

Size (d.nm)

Aggregates

Figure 3.16: Presence of aggregates in the NPs prepared using 6 on-off cycles of sonication

10 seconds long

3.5.3 PLGA Nanoparticles Modified with Chitosan

To improve the brain delivery, PLGA NPs were modified with chitosan to provide mu-
coadhesive properties to the NPs themself. The comparison between the chitosan-modified
PLGA NPs and the control NPs is shown in Table B.5l

Average diameter = STD |nm]|

Average PDI + STD

Average zeta-potential £ STD [mV]

Control NPs

178.70 &+ 26.60

0.126 £ 0.069

-8.825 £ 0.595

Chitosan-modified NPs

199.05 £ 24.75

0.156 £ 0.044

6.295 £ 0.355

Table 3.5: Diameter, PDI and ZP of chitosan-modified and control NPs

The size, PDI and ZP of the NPs were expected [87]. The slightly bigger size of the
chitosan-modified NPs was foreseen (Figure [3.17)) as well [88]. For what it concerns the
7P, a higher ZP in the modified NPs was predictable due to the positive charge of chitosan

(Figure [3.18)).
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Figure 3.18: Average ZP of control and chitosan-modified NPs

3.5.4 Solid Lipid Nanoparticles

Table [3.6] summarizes the size, PDI and ZP of the SLNs produced using different amounts
of lipid.

Average diameter = STD [nm] | Average PDI + STD | Average zeta-potential & STD [mV]
25 mg Compritol 368.40 £+ 17.90 0.260 £ 0.068 -23.00 £ 3.30
50 mg Compritol 236.55 £ 1.95 0.277 £ 0.011 -21.10 £ 0.30
100 mg Compritol 233.07 £ 42.73 0.275 £ 0.121 -20.07 £ 5.93

Table 3.6: Diameter, PDI and ZP of SLNs
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The firstly prepared SLNs were produced using 25 mg of lipid. Their average size and PDI
turned out to be, respectively, 368.40+17.90 nm and 0.260+0.069. These results were not
in line with the requirements of the application.

Increasing the amount of lipid to 50 mg, the size of the particles decreased to an average
of 236.55+1.95 (Figure . The PDI did not suffer a great change, being 0.277+0.011.
Also, one of the three measurements has a way wider distribution than the two others.
Using 100 mg of lipid, the results were not reproducible. The average size was of 233.07
nm with a STD of 42.73 nm. Between the three batches, the lowest size was 174.7 nm
and the highest was 275.8 nm. The PDI ranged from 0.114 to 0.407. The same happened
for the ZP, which changed from -15.1 mV to -28,4 mV.
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Figure 3.19: Diameter distribution of SLNs produced using 50 mg of Compritol 888 ATO

Considering the different amounts of lipid tested, the best results were obtained using
50 mg of Compritol 888 ATO (Figure and [3.21]). This amount of lipid allowed us to
obtain reproducible results, with a particle size close to 200 nm and an acceptable PDI.
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Chapter 4

DISCUSSION

4.1 Double Emulsion PLGA Nanoparticles

The prepared double emulsion PLGA nanoparticles showed a low entrapment efficacy
compared to other studies. E. Cohen-Sela et al. were able to encapsulate hydrophilic
molecules in double emulsion PLGA NPs obtaining an EE of 55.1+£7.4% [89]. Anyway,
J. M. Barichello et al. obtained a poor encapsulation in PLGA NPs for two different hy-
drophilic drugs (EE of 12.1£1.3% and 9.44+1.3%). In fact, hydrophilic drugs might suffer
of low affinity with the polymer used to produce the NPs (i.e., PLGA), resulting in a
poor interaction between the two. Due to the poor interaction, the drug will diffuse from
the organic phase to the aqueous phase during the emulsification process [91]. However,
the NPs have satisfactory sizes, lower than 200 nm, which prevent their filtration by the
liver and increase their chance to efficiently cross the BBB. Using the double emulsion
solvent evaporation technique, K. P. Cruz et al. and E. Cohen-Sela et al. obtained a
higher particles’ diameter, respectively of 305.5 nm and 223 nm [89, 90]. In addition, the
NPs have a low PDI, making them monodispersed. This is a favorable result, because
it means that all the NPs have a size very close to the average one. In particular, in all
the measurements the PDI was lower than 0.1, which did not happen in other studies.
R. Scherliefs and J. Janke and K. P. Cruz et al. reported, respectively, a PDI of 0.13 and
0.129 for NPs prepared using the double emulsion solvent evaporation technique [90, 92].
For what it concerns the ZP, the results were expected due to the negative charge of
PLGA and the positive charge of HC. Nevertheless, more tests are required to investigate
why the ZP after 2 and 4 hours and 20 and 27 days changed drastically. In fact, the
ZP affects the stability of the NPs: a significant positive or negative ZP value (+30 mV)
indicates excellent physical stability due to the presence of electrostatic repulsion forces
between individual particles. Conversely, a lower ZP value induces instability, such as par-
ticle aggregation [93]. Additionally, the ZP of the HC-loaded NPs show some differences
when compared to the ZP of the unloaded NPs, suggesting that the encapsulation of this
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compound can provoke changes in the particles’ surface charge. This can be explained by
the distribution of HC within the NPs: if the compound, which has a positive charge, is
close to the NPs surface, the ZP increases.

4.2 Single Emulsion PLGA Nanoparticles Using Chlo-
roform

Using 3 mL of chloroform, 4 mL of PVA 1% and six on-off sonication cycles of 10 seconds
it was possible to obtain reproducible NPs with a mean diameter of 239.44+2.3 nm, a PDI
of 0.1075%0.0295 and a ZP of -19.3040.15 mV. The size is slightly above 200 nm, but
is lower than the one obtained at the beginning (i.e., 362.6 nm, obtained with 3 mL of
chloroform, 4 mL of PVA 1% and one sonication cycle of 10 seconds). A decrease in the
particles’ size due to an increase of the sonication time has been reported in other studies
[04, O5]. However, it has also been shown that a benefit can be obtained only up to a
certain sonication time, depending on the study. The initial decrease of the size can be
attributed to the energy of the emulsification process, that creates the condition to prevent
coalescence of the emulsion droplets and results in the formation in smaller droplets, which
led to smaller NPs. The subsequent increase of the size may be due to a de-emulsification
process or the generation of surface charge that leads to the agglomeration of the particles.
These results improved also respect to the PLGA NPs prepared by the single emulsion
solvent evaporation technique by M. Alkholief et al. [96], whose average size was of
328.1+24.4 nm. The PDI decreased as well and is very similar to the one obtained by M.
Alkholief et al., that is, respectively, 0.1075+0.0295 and 0.0964+0.079 [96]. This implies
that all the NPs have a size very similar to the average one. The ZP was the one expected
for PLGA NPs. In fact, PLGA has a negative charge. Despite these promising results, the
protocol used to produce PLGA NPs using chloroform needs some adjustments because
of the presence of aggregates. For example, a different surfactant might be used. A.
Musyanovych et al. used sodium dodecyl sulfate and cetyltrimethylammonium chloride
as a stabilizer for the preparation of PLGA NPs using chloroform as organic solvent. In
that study, the NPs obtained using sodium dodecyl sulfate and cetyltrimethylammonium
chloride had, respectively, a mean diameter of 121 and 80 nm and a PDI of 0.10 and 0.12.
The presence of aggregates was not reported [97]. Another possible option is to replace
chloroform with another organic solvent. This possibility, however, is strictly depending
on the solubility of the compound under investigation in the solvent itself.
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4.3 Single Emulsion PLGA Nanoparticles Modified with
Chitosan

NPs modified with chitosan, designed for nose-to-brain delivery, showed auspicious results.
Their average size is lower than 200 nm and their PDI is close to 0.15, making them
suitable for this application. The higher average mean size of the chitosan-modified NPs
was expected due to the presence of chitosan itself, as shown by Y. Wang et al. and B. Lu
et al. [98, @9]. The size of the obtained NPs is lower than the one obtained by Y. Wang
et al. However, using nanoprecipitation, B. Lu et al. obtained pure PLGA NPs with a
size of 132.8£1.5 nm and chitosan-modified NPs with an average diameter ranging from
a minimum of 140.54+2.4 nm to a maximum of 172.743.2 nm, depending on the amount
of chitosan used. In particular, the higher the amount of chitosan, the higher the average
diameter. The PDI of the control NPs is lower than the one obtained by B. Lu et al.,
that is 0.126+0.069 compared to 0.155+0.03 obtained. However, B. Lu et al. obtained a
lower PDI for the chitosan-modified NPs: 0.14440.06 compared to 156+0.044. The ZP
of the unmodified PLGA NPs was negative (-8.8254+0.595 mV) for the presence of the
carboxyl groups of PLGA molecules. This result is in accordance to the other studies
[98, [99]. The positive ZP of the chitosan-modified PLGA NPs was expected as well, due
to the fact that chitosan is a positively charged polysaccharide. Even this result is in
agreement with the results of the other studies [08] [09]. In particular, it indicates that
chitosan had been successfully coated PLGA NPs. In addition, the chitosan-modified
NPs are expected to interact in vivo with the nasal mucosa, due to their opposite charge.
Electrostatic interactions will create because of the positive charge of chitosan and the
negative charge of the nasal mucosa molecules, resulting in the adhesion of the NPs to
the mucosa and in their prolonged residence time in it. Moreover, the positive charge of
chitosan is responsible for its ability to enhance the permeability of the nasal epithelium.
Again, bonds will form due to electrostatic interaction between chitosan and the mucus,
leading to the reversible opening of the junction in the olfactory epithelium and the
subsequent increased permeation of the NPs [100, [101].

4.4 Solid Lipid Nanoparticles

The best SLNs that were possible to obtain by reducing the amount of lipid to use are
those prepared with 50 mg of lipid. However, it is not possible to reproduce the size
that can be obtained using 250 mg of lipids. C. Righeschi et al. showed the effect of the
sonication time on the size of SLNs [102]. In their case, the SLNs prepared using 5 minutes
sonication had an average size of 33341 nm, while using 15 minutes of sonication the size
of the SLNs decreased to 241+9 nm. The size of the SLNs produced using 50 mg of lipid
was lower than the one obtained by C. Righeschi et al. (236.55+1.95 nm) but increasing
the sonication time could be an approach to try to obtain smaller particles. Moreover,
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many different types of lipids as well as various emulsifiers and their combination can be
used to produce SLNs. For this reason, the production of SLNs using lipids other than
Compritol 888 ATO might be studied. For example, N. M. Morsi et al. produced SLNs
with an average diameter of 123 nm using glyceryl monostearate as lipid and a mixture
of Tween 80 and Pluronic F68 in a ratio 1:1 as surfactant [104] and G. D. Kalaycioglu
and N. Aydogan were able to obtain SLNs with a size of 148.0+1.3 nm using stearic acid
as lipid and Pluronic F127 as stabilizer [105]. The ZP obtained in this project was of
-21.104+0.30 mV. The negative surface charge was expected since a negatively charged
lipid and a neutral surfactant were employed. The result is in accordance to C. Freitas
and R. H. Muller that produced SLNs using Compritol 888 ATO with a ZP of -24.7 mV
[102, 103]. It is also confirmed by N. M. Morsi et al., who prepared SLNs with different
formulations, and whose ZP ranged from —10.054+0.56 mV to -22.924+4.51 mV [104].
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Chapter 5

FUTURE PERSPECTIVES

The success of a neurodegenerative disease therapy depends not only on the pharmacoki-
netic and pharmacodynamic activity of the therapeutic agent but also on its bioavailability
and toxicity. It is therefore important to develop nanocarriers with a low toxicity that
allow to enhance the therapeutic activity of the compound.

A growing effort has been applied to find novel approaches for the treatment of neu-
rodegenerative diseases and, in recent years, a growing number of studies was published,
focusing on the research and development of NPs as drug delivery systems to target the
brain. Nanoparticles are promising candidates for drug delivery as they present numerous
advantages such as protecting the drugs from the macrophage uptake, thus enhancing the
blood circulation time, and providing an increased and controlled release into the specific
final target.

PLGA NPs are very versatile and can be modified to achieve different types of drug
administration. For this reason, in this work, they were proposed as a drug delivery sys-
tem for drugs that can fight AD along with solid lipid nanoparticles. So, in the future,
the studies initiated in this work should continue to be investigated to a deeper level. For
example, the stability over time of the single emulsion PLGA NPs and the SLNs should
be investigated. This is necessary to confirm that the properties of the particles, such
as their size and surface chemistry, do not change with time. It is also useful to confirm
that aggregates did not appear. If the presence of aggregates occurs, different surfactants
and/or organic solvents can be employed. Surfactants and organic solvents can be used
in different proportion in order to obtain NPs with various characteristics. In the case of
SLNs, an increase of the sonication time in the protocol used in this project could help to
produce smaller SLNs. Moreover, different lipids and surfactant should be investigated
to obtain particles with the desired properties.

Further optimization of the NPs must be performed in order to increase the therapeutic
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potential of the drugs. For instance, different production techniques and materials can
be employed. For what it concerns the double emulsion PLGA NPs, new protocols can
be tested. For example, a first emulsion can be prepared adding Pluronic F-68 to the
organic phase consisting of PLGA in ethyl acetate and, to obtain the second emulsion,
use double distilled water containing calcium chloride, as described by E. Cohen-Sela et
al. [89]. This could help in order to try to obtain a higher EE for HC and, eventually, for
other drugs to encapsulate in the future. Besides, the encapsulation of drugs to reduce
systemic side effects and increase their bioavailability must be studied for the other types
of NPs produced in this project. In addition, surface modifications with specific proteins
or antibodies able to target the brain may improve targeting and accumulation of the
NPs in the brain tissue as well as increase the drugs’ bioavailability.
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Appendix A
BCA Protein Assay

The BCA Protein Assay Kit from Thermo Scientific (Waltham, Massachusetts, USA) is a
simple and reliable protein quantification method that can be used to determine protein
concentration in the range of 20-2000 pg/mL. The principle of this method is that proteins
can reduce copper from Cu®T to Cu™ in an alkaline solution (i.e., the biuret reaction).
This results in a purple color formation by bicinchoninic acid that strongly absorbs light
at a wavelength of 562 nm. The amount of protein present in a solution is quantified by
measuring the absorption spectra and comparing it with protein solutions with known
concentrations.

The kit consists of two reagents to be used in a proportion 50:1 (Reagent A to Reagent

B). Every well of the plate used for the measurement of the absorbance is prepared using
240 pL of a mix of the two reagents and 30 pL of the solution of interest.
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Appendix B

Calibration Curve

To produce a linear calibration curve of HC dissolved in water, solutions of HC in water
were prepared at a concentration of 0.00, 0.10, 0.20, 0.40, 0.60, 0.80 and 1.00 mg/mL.
Every well of the plate was prepared by mixing 240 pL of the BCA kit solution and 30
pnL of HC in water at different concentrations.

The calibration curve in Figure was obtained from the data in Table[B.I} The proce-
dure to get this calibration curve, which was obtained as the average of a triplicate, is the
following. Firstly, the samples are prepared, and their absorbance is measured at a wave-
length of 562 nm using a Synergy 2 Microplate Reader (BioTek, UK). The absorbance
measurement is taken after 30 minutes of incubation at 37°C. Therefore, after the data
were collected, the average absorbance corresponding to every concentration was calcu-
lated. Lastly, the average blank (i.e., the absorbance obtained for a concentration of 0.0
mg/ml) was subtracted from the average absorbance obtained for every concentration.

Concentration [mg/mL]

0.00

0.10

0.20

0.40

0.60

0.80

1.00

Absorbance 1

0.107

0.21

0.271

0.381

0.469

0.568

0.655

Absorbance 2

0.120

0.221

0.278

0.381

0.457

0.523

0.622

Absorbance 3

0.108

0.215

0.294

0.415

0.551

0.659

0.779

Average absorbance

[ 0.112£0.006 | 0.215£0.004 | 0.281£0.009 | 0.392£0.016 | 0.4492£0.042 | 0.5583£0.057 | 0.685+0.068 ]

[ 0.574£0.083 |

Absorbance without blank | 0.000£0.007 | 0.104£0.006 | 0.169£0.012 | 0.281%£0.019 | 0.381£0.051 | 0.472%£0.069

Table B.1: Absorbance data used to compute the example calibration curve
Figure [B.1] shows the calibration curve, where the y-axis corresponds to the absorbance
value and the z-axis to the concentration of the compound in mg/mL. Every point is

expressed as mean £+ SD.

The Kit happened to return a slightly different result every time it is used, so it was
necessary to prepare a calibration curve every time the Kit had to be used.
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Figure B.1: Example of calibration curve of HC in water
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Appendix C

Entrapment Efficiency

In this Appendix, an example of the calculation of the EE is given. The EE is measured
using an indirect method, which consists in the measurement of the drug outside of the
nanoparticles. To quantify the EE, the supernatant and the NPs are separated for every
time point. The absorbance of the supernatant is then measured using the BCA Protein
Assay Kit, which returns the maximum absorbance at a wavelength of 562 nm. The
calculation of the EE was performed using the following data:

Total amount of drug = 3.34 mg
Total amount drug — 3.34

Drug concentration = = 1.11 mg/mL
Volume 3 C1
Calibration curve equation : y = 0.5485x + 0.0402 (C.1)
Absorbanceroapep = 0.547
Absorbancegranx = 0.150

Firstly, the difference between the absorbance of the sample containing the drug and the
one not containing (control) it is calculated. This allows to obtain the absorbance due
to the compound only. Indeed, the absorbance caused by the free PLGA and PVA is
supposed to be the same in both the loaded and the non-loaded NPs. In the case of the
example, this lead to:

Absorbanceprya = Absorbanceroapep — Absorbancepranx =

(C.2)
= 0.547 — 0.150 = 0.397

The concentration of the drug corresponding to the absorbance is then calculated using
the CC:

0.3970 — 0.0402
0.5485

Drug concentration [mg/mL] = = 0.6505 mg/mL (C.3)
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Finally, the EE is computed:

EE(%) = total amount of drug — amount of free drug % 100 =
o) = total amount of drug B (C.4)

1.11 — 0.65
= ———— x100=141.44
BE x 100 %
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