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ABSTRACT

Dementia is one of the most common events associated with brain aging, estimated to reach 139
million people in 2050, with Alzheimer's disease (AD) being its most prevalent form. The blood brain
barrier (BBB) acts as a wall for blood circulating substances and blocking 98% of brain-targeted drugs.
Solid lipid nanoparticles (SLNPs) have shown promising potential as therapy vehicles for neurological
disorders. They are commonly composed of a solid lipidic core surrounded by a surfactant layer, provid-
ing an efficient biocompatible carrier to transport therapeutic agents through BBB. The aim of this work
consists of characterizing a novel SLNP formulation, assessing their potential as delivery systems for
AD therapy.

SLNPs, supplied by external collaborators, were incubated for different periods at room temper-
ature and 37 °C, in ultrapure water and endothelial basal medium, mimicking in vitro conditions, and
physico-chemically characterized. These presented high size stability (103.69 + 3.18 nm and 56.39 +
0.78, for batch#1 and #2 respectively) throughout the incubation periods in both solvents. A slight size
increase was reported as consequence of cluster formation due to the increase in temperature, allowing
for the lipidic particles to get closer together, with transmission electron microscopy confirming these
results.

Cytotoxicity of SLNPs on human brain microvascular endothelial cells was assessed and cell
uptake capacity by flow cytometry and confocal microscopy. These show signs of harmful behavior
towards cells, indicating a possible problem with the formulation. A lack of internalization of lower,
non-toxic, concentrations of SLNPs was also reported. The individual components were assessed, iden-
tifying Brij S20 as the root of the toxicity issue.

This work proposes the complete removal of this surfactant from the formulation, its decrease in
concentration to 0.05% (w/v) of the final formulation or the development of a purification process of
the system, drawing out the true potential of the SLNPs.

Keywords: Alzheimer's Disease, Blood Brain Barrier, Cytotoxicity, Precirol® ATOS5, Solid Lipid Na-
noparticles, Surfactants.

The research work described in this dissertation was carried out in accordance with the norms estab-
lished in the ethics code of Universidade Nova de Lisboa. The work described and the material presented
in this dissertation, with the exceptions clearly stated, constitute original work carried out by the author.






RESUMO

Deméncia € um dos eventos mais comuns associados com o envelhecimento, sendo estimado
atingir cerca de 139 milhdes de pessoas em 2050, sendo a doenga de Alzheimer (AD) a sua manifestagdo
mais comum. A barreira hematoencefalica (BBB) funciona como uma barreira para substancias presen-
tes no sangue, bloqueando 98% de farmacos para doencas neurolégicas. Nanoparticulas lipidicas soélidas
(SLNPs) exibem potencial como terapias para estas doengas. S&o compostas por um ndcleo lipidico
solido revestido por surfactantes, proporcionando um transportador eficiente e biocompativel para atra-
vessar a BBB. O objetivo deste trabalho consiste na caracterizacdo de uma nova formulagéo de SLNPs,
averiguando o seu potencial como agentes de transporte para tratamento de AD.

SLNPs foram fornecidas por colaboradores externos e incubadas por diferentes periodos, a tem-
peratura ambiente e 37 °C, em &gua ultrapura e meio endotelial basal, mimetizando condigdes in vitro,
sendo posteriormente fisico-quimicamente caracterizadas. Estas apresentam tamanho estavel (103.69 +
3.18 nm e 56.39 + 0.78, para os lotes #1 e #2 respetivamente) ao longo do tempo, e em ambos os sol-
ventes. Um pequeno aumento no tamanho foi reportado, uma consequéncia do aumento de temperatura,
induzindo a proximidade entre particulas, tendo microscopia eletrénica de transmissdo confirmando es-
tes resultados.

A citotoxicidade das SLNPs foi verificada em células endoteliais da microvasculatura cerebral
humana e a internalizacéo foi estudada por citometria de fluxo e microscopia confocal. Estas apresentam
comportamento nocivo para com as células, indicando possiveis problemas na formulacéo. A auséncia
de internalizagdo destas particulas em concentragdes mais baixas, ndo toxicas, foi também reportada.
Os componentes das SLNPs foram individualmente estudados, identificando Brij S20 como a causa de
toxicidade.

Este trabalho recomenda a remocao completa deste surfactante da formulagéo, a diminuigdo da
sua concentragdo para 0.05% (w/v) da formulacdo final ou o desenvolvimento de um processo de puri-
ficacdo do sistema, promovendo o verdadeiro potencial destas SLNPs

Palavras-Chave: Barreira hematoencefélica, Citotoxicidade, Doenga de Alzheimer, Nanoparticulas
lipidicas solidas, Precirol® ATO5, Surfactantes.

O trabalho de investigacao descrito nesta dissertacéo foi realizado de acordo com as normas estabeleci-
das no cédigo de ética da Universidade Nova de Lishoa. O trabalho descrito e o material apresentado
nesta dissertagdo, com as excegles claramente indicadas, constituem trabalho original realizado pelo
autor.
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INTRODUCTION

1.1 Alzheimer's Disease

The central nervous system is a complex and important homeostasis and behavioral/functional
regulatory system. It is responsible for the different sensations the human body can experience, a regu-
lator of tissues and cells normal function, as well as the core structure for the processing and storage of
information, producing the appropriate responses in the form of different stimuli [1]. Due to its role in
maintaining and regulating the function of the different human body components, the nervous system
(NS) spreads itself along the whole organism, being divided into two different parts, the peripheral
nervous system (PNS) and the central nervous system (CNS). The PNS comprises neurons that extend
from the spinal cord towards the different parts of the body, being responsible for receiving the different
stimuli, transporting it into the brain and convey and exert the appropriate response in the organism[1].
On the other hand, the CNS consists of the spinal cord and the brain and is responsible for the storage
and processing of information, interpreting it and generating the appropriate response. Within this sys-
tem, the brain is considered the core element of the CNS, being responsible for the homeostasis and
correct function of the different tissues in the human body [1,2].

The CNS can be divided into different components, each with their specific role in maintaining
homeostasis and allowing for the survival and development of the organism [2]. Of these components,
the brain can be divided into two hemispheres, the left, which focuses the most on the rational and
logical behaviors and the right which is dominant in artistic behaviors. This process is known as brain
lateralization and, together with the rest of the other components provide for the correct function of this
system [1]. The outer layer of the brain is known as the cerebral cortex and is responsible for conducting
high-level complex functions due to the high number of neurons present in this grey matter area. The
cortex can further be divided into four zones, called lobes: frontal, parietal, occipital and temporal [1,3].
Each of these will be responsible for the execution of different functions and characteristics of the human
behavior. For example, the temporal lobe takes part in processing different sensory inputs, allowing for
the retention of information such as emotions and playing a very important role in memory [3].

Damages to the different parts of the NS can induce different types of responses and behavioral
modifications, altering both the homeostasis as well as the correct function and survival of the individ-
uals. When these damages or disease affect the cognitive function of the brain, a status referred to as
dementia is acquired [4].

Dementia is the most common anomaly affecting old people, reaching around 55 million humans
worldwide in 2019 and estimated to reach 139 million by 2050 [5-8]. Since dementia is a consequence
of different factors that might influence the cognitive function of the brain and its homeostatic state,
older people become more susceptible to develop these symptoms and present any sort of dementia-
related diseases. The world health organization estimated in 2020 that around 1 billion people had over
60 years old, with this number doubling until 2050 and therefore increasing the risk of developing de-
mentia throughout the years [6,9].

Different diseases might trigger this cognitive dysfunction, however, Alzheimer’s disease (AD)
is the most frequent form of dementia worldwide [5,7,9,10]. The most common symptom in AD is the



loss of memory. In this disease, changes in the normal brain function and in neuron’s integrity will
hinder the ability to create and retain memories. Thus, AD’s dementia can be divided in three categories
according to the severity of the symptoms: Mild, Moderate and Severe [6,7,9]. Mild Alzheimer’s de-
mentia is correlated with the earlier stages of this disease. Here, people will still be able to perform
normal tasks independently, however, they might take more time doing so, even requiring some assis-
tance in some activities. The moderate state is normally the longest and where the symptoms start to
show the most. It’s at this point that the patients will start having trouble in performing common tasks
like bathing, experiencing more problems with memory and behavioral changes. When these symptoms
aggravate even further, resulting in the constant need of care due to low cognitive abilities, the severe
stage is reached. Here, most individuals become bed-bound due to the brain damage suffered, resulting
in higher susceptibility for contracting other diseases, e.g. skin infections, and trigger generalized un-
controlled inflammatory responses leading to organ failure and eventually resulting in their death [6,7,9].

The most common symptom of AD is the uncontrolled loss of memory and the inability to create
and store new memories. However, from a clinical perspective, this disorder is more complex, and the
normal succession of events is still not fully understood. AD is characterized by a loss of cholinergic
neurons, responsible for the storage of memories, excessive inflammation, abnormal accumulation of
amyloid beta (AP) plaques and hyperphosphorylation of tau proteins inside the neurons creating neuro-
fibrillary tangles (NFTs) (Figurel.1) [7,9,11,12]. Despite the full sequence of events not being defined,
different theories have risen in order to better understand the progression and development of this dis-
ease and to better find a therapeutic target to treat this disease [5,7].

Throughout the years researchers have addressed the different symptoms of AD, aiming at under-
standing the underlying mechanism of this disease and its order of events. Following the most common
symptom of AD, synaptic disfunction is considered to be one of the key factors regarding the appearance
and development of this disorder [7,10,12,13]. At the neurons end feet, synaptic communication be-
tween these cells is dynamic and plastic, responding to the different modifications occurring at the den-
drites, and is highly linked to learning and memory, with different studies addressing the cognitive de-
cline and impairment of AD resulting as an effect of synapse loss/dysfunction, which leads to a decrease
of neural signal transmission and to destruction of the neuronal network [7]. At the synaptic level dif-
ferent molecules are transferred from a neuron to the other, carrying with them the necessary stimulus
to generate the adequate response to a specific sequence of events. These molecules are called neuro-
transmitters, and, out of these, Acetylcholine (ACh) has been reported to be intrinsically associated with
AD. In 1986 Doucette et al. has reported a decrease in this neurotransmitter’s level in AD patients [14].
ACh is synthesized in the presynaptic neurons and transported to the synaptic cleft where it is secreted
and binds to receptors in the postsynaptic neuron, and is rapidly degraded. From this process, choline
can be re-uptaken by the presynaptic neurons for ACh synthesis and to allow for this loop to go on. In
AD there is a significant loss of both cholinergic neurons, responsible for ACh synthesis as well as this
neurotransmitter, hence being considered another key factor in AD pathology [7,10]. In a healthy indi-
vidual, Tau proteins are present inside the neurons and are responsible for assembling tubulin into mi-
crotubules, a very important cytoskeletal component, stabilizing them and allowing them to perform
their correct function in maintaining the neuron’s shape and function [7]. However, in specific cases and
disorders such as AD, this Tau is hyperphosphorylated, leading to their aggregation and dissociation
from the microtubules, inducing their destabilization [7,9-12,15]. With this, Tau NFTs will induce mor-
phological changes in neurons, compromising their synaptic function, normal cellular functions, leading
to neuroinflammation, oxidative stress and subsequent cell death [7]. However, from all these hypothe-
ses, the amyloid cascade still seems to be the most supported theory as for the AD origin and progression
[7,10,15]. In homeostatic conditions, amyloid precursor protein (APP) is catalyzed by an enzyme named
a-secretase, generating soluble APPa fragments. However, in different diseases, such as Down Syn-
drome and AD, APP is catalyzed by B-secretase and then by y-secretase [7,11,12]. This leads to the
production of insoluble Amyloid-f (Ap) fragments that rearrange themselves to form plaques in the
patients brain. Different studies assessing mutations in the genes responsible for this change have ad-
dressed this issue as a responsible cause of not only the different subsequent events described by the



other hypotheses, potentiating NFT formation, synaptic dysfunction, etc. but as a plausible cause for
AD itself [7,15].

A

A Plaque

AB Peptide
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Figure 1.1. Schematic representation of the different events during AD.

The different events associated with AD pathology involve the production of AP peptide due to issues in APP
metabolic pathways, resulting in these insoluble fragments that rearrange in plaques and accumulate in the brain
(A); the hyperphosphorylation of Tau proteins creating NFTs that influence the morphology of neurons, their
correct function and leading to their death (B); the loss of cholinergic neurons, resulting in synaptic dysfunction
(C); decrease of the levels of different neurotransmitters, specially Ach (D). Image created with BioRender.

Due to this complexity of AD, finding a treatment or cure is a very important and difficult task to
achieve, having to combine different sorts of approaches involved in this disorder [7]. However, differ-
ent attempts at such feat have been made throughout the years, with a few drugs already in the market
and other different therapeutic approaches still in clinical trials and under development to respond to
some unmet needs. Nowadays there are seven drugs that have been approved by the U.S. food and drug
administration (FDA) for managing AD (Table 1.1) [9]. Despite none of these approaches being cures
for the disease, they aim to improving its symptoms and promote treatment. The approved therapeutic
approaches, as well as those under trial, can be categorized based on their objectives: (1) improving the
symptoms of the disease or (2) treating the disease by targeting its underlying causes, aiming at the full
recovery of the patient.

Most therapies that aim to improve the symptoms of the disease, both accepted and in trial are
referred to as neurotransmitter system (NTS) associated, as they aim at managing the number of neuro-
transmitters available to compensate synaptic functions and improve the cognitive function [9,10,13].
This can be done by increasing its amount as 4 of the FDA approved drugs do, or by lowering the excess
of neurotransmitters as memantine does, which lowers the levels of glutamate that overstimulates neu-
ronal cells damaging them. These are the most common therapeutic approaches in AD, as they do not
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aim at decreasing the biological associated hallmarks of the disease, allowing for other more desirable
tailoring of the system [9,10]. Serving only as a “supplement” delivering small molecules that are able
to cross the walls of the gut tract, thus allowing for the favorable oral administration over other routes,
these therapeutics mostly aim for the delivery of agents that will trigger the increase of ACh levels at
the target site, either by delivering acetylcholinesterase inhibitors, slowing the degradation of ACh de-
livering nicotinic agonists of ACh that act in the same way and induce the same biologic response, etc
[10].

On the other hand, treatment-associated therapies affect the biology of this disease, targeting the
possible origin of AD, slowing and, hopefully, stopping and reverting the progression of the disease [8—
10,13]. Of these approaches, 2 therapeutic formulations have already been approved by the FDA [8,9].
Both of them are considered anti-aggregation therapies in the sense that they aim at removing AP
plaques from the brain parenchyma. Other therapeutic agents of this type are now on clinical trials and
have gain more reputation, being more common than NTS therapies. These not only seek to remove Ap
plaques but also NFTs, adding to their objectives the full inhibition of production, accumulation and
toxic effect of these AD related components. To achieve this, researchers either promote the clearance
of already present plaques by marking them with antibodies or by stopping their production by the ad-
ministration of B-secretase inhibitors [10,13]. Other AD related biological changes include oxidative
stress, inflammatory responses, excitotoxicity and cell apoptosis, however, fewer studies are in clinical
trials that target these biological responses as these are not extensively documented as the other ones,
highlighting their potential usefulness as further research is conducted on them [10].

Table 1.1. FDA-Approved drugs for AD management and their action principles.
This table highlights the target mechanism of the drugs and their mode of action.

Name Targeted mechanism Type of agent Action
Donenezil Neurotransmitter svstem Acetylcholinesterase in-  Preserve ACh levels in
P y hibitor the synaptic cleft
Rivastigmine Neurotransmitter system Acetylcho_llnesterase in-  Preserve Acr_l levels in
hibitor the synaptic cleft
. . Acetylcholinesterase in-  Preserve ACh levels in
Galantamine Neurotransmitter system . .
hibitor the synaptic cleft
Prevents excess gluta-
Memantine Anti-excitotoxicity NMDA ret;ﬁg)tt or antago- mate from over stimu-
lating neurons
. . Acetylcholinesterase in- Preserve ACh levels
Memantine + Neurotransmitter system i and prevents glutamate
. . . > hibitor and NMDA recep- . -
Donepezil and anti-excitotoxicity . overstimulation of
tor antagonist
neurons
. Promotes AP plaques
Aducanumab Anti-aggregation Monoclon_al antibody clearance from the
anti-Ap .
brain
. . Monoclonal antibody Promotes Ap plaques
Lecanemab Anti-aggregation . clearance from the
anti-Ap brain

However, despite the vast portfolio of in trial and pipeline AD-related therapies, there is also a
major set of issues that compromises their success. In general, CNS targeted therapies have a very low
success rate. In 2021, out of the 49 drugs approved by the FDA, only 7 were directed CNS-related
disorders [13]. Not only this, but most of the drugs, independently of their administration route, have to
consider the pathway that the therapy will have in the body, the different metabolic processes they might
be involved, immunologic responses as well as the barriers to be crossed, e.g. the blood brain barrier
(BBB), separating the brain from the blood and protecting it from the various toxins and harmful agents
present in the blood [10]. One way of avoiding these hindrances, is through the combination of the
therapeutic agent with a delivery vehicle, protecting it from the agents that might destroy it and further
promoting the barrier crossing of the treatment. However, most AD-related therapies do not make use
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of these delivery systems, which could benefit their formulations and better improve their therapeutic
approach, kicking up the approval rate of these medicines [10].

1.2 Blood Brain Barrier

The correct function and homeostasis of the human body is dependent on the absorption and
distribution of the correct nutrients and components throughout all the organs and tissues. The way to
ensure that these organs are supplied with the correct set of components and that they reach their de-
signed destination is through blood circulation. The way blood vessels are organized allows for the
existence of capillaries which control this traffic/exchange of nutrients and gases through the tissue and
the blood [16].

The capillary walls are constituted by a layer of endothelial cells followed by a basal membrane,
creating a barrier that blocks the passage of undesired molecules towards the tissue in guestion. One
example of these types of barriers is the BBB, whose main goal is to control the bi-directional transport
of substances between the bloodstream and the brain parenchyma, allowing for the normal functions of
the CNS [16-19].

Aside from the endothelial monolayer and the basal membrane, the BBB is also constituted by
vast cell types and other components such as astrocytes end-feet which are embedded in the basal mem-
brane, neurons, pericytes, microglia and, together with the extracellular matrix and the previously de-
scribed components, constitute the neurovascular unit responsible for the maintenance of the CNS ho-
meostasis [19-21]. Despite this complex constitution, most research projects tend to focus on the study
of the endothelial monolayer since this is the place where the main features that control the brain-blood
traffic are located [21]. Being comprised of brain endothelial cells (BECs), this monolayer is character-
ized by the presence of Tight junctions (TJ), the arrest of pinocytic vesicles activity, the expression of
efflux transporters and enzymes that metabolize bioactive substances. Each of these features play an
important role in the maintenance of the integrity and function of the BBB and are what primarily de-
fines their barrier capability [17,18,21].

BECs are anchored in the basal membrane and to each other through cellular junctions, more
specifically, tight, adherens and gap junctions (TJ, AJ and GJ respectively). TJ and Al are the ones that
are mostly known about, with the GJ presenting unclear functional significance [17,21]. These structures
are constituted by two domains, a transmembrane protein domain which is responsible for the gate-like
appearance of the TJ, and a cytoplasmic plaque protein domain, which cluster in the same case, creating
an interactive space between scaffolding and different signaling molecules, anchoring the transmem-
brane domain to the cellular cytoskeleton (Figure 1.2) [17,22—26].

TJs are specialized structures that regulate ions and other hydrophilic molecules’ passage between
cells, being the key component in blocking smaller molecules from transversing the BBB without being
first recognized and transported across this barrier [21,25-27]. The transmembrane domain of the TJ is
composed of various proteins, transmembrane ones with both intra and extracellular domains, as well
as intracellular ones. Claudins are the core barrier forming proteins, whose extracellular loops deter-
mines the diffusion of molecules with a certain size due to the paracellular charge selectivity, thus re-
sulting in higher Transendothelial Electrical Resistance (TEER) values, a measurement of the resistance
towards the transport of molecules across the BBB [17,18,23]. Occludins, other proteins that are present
in TJs, play a key role in the their assembly, being responsible for their gate resembling structure
[17,24,25]. Together with claudins, these proteins are responsive to phosphorylation, changing their
conformation and affecting their interaction with the intracellular proteins that are responsible for the
cytoskeleton anchoring of the TJs [21,24,25]. Junctional adhesion molecules (JAM)-A, B and C are the
last group of transmembrane proteins that are present in the BBB. They belong to the immunoglobulin
superfamily and their interaction with each other forms dimmers which are present on the TJ structure.
It is also believed that these proteins play an important role in the placement of zonulla occludens protein
1 (Z0O-1) and occludin in the TJ structure [17,22,24,25,28]. Zonulla occludens proteins (ZO) on the other
hand constitute the main intracellular domain of the TJ, providing for the cytoskeleton anchoring of the
transmembrane proteins, as well as the distribution of the different protein components of the TJs. These
ZOs are also bound to each other via cingulin proteins which bind with actin, regulating the localization
of the different structural components of the cell [17,21,24,25].



AJ on the other hand are responsible for the interconnection between cells and their spatial place-
ment towards each other, mediating their adhesion to each other [25]. AJs, similarly to TJs, are consti-
tuted by a set of transmembrane and intracellular proteins that form these structures. Cadherins consti-
tute the main transmembrane proteins in AJs [17,21,24,25]. Their activity as signal mediators plays a
key role in managing the cytoskeleton organization by activating phosphoinositide 3-kinase, forming
complexes with vascular endothelial growth factor (VEGF) receptors 2 [17]. The C-terminus of cadher-
ins directly binds to the intracellular proteins catenin, mainly a-catenin through a B-catenin linker, which
binds to the actin network of the cytoskeleton of the cells. Therefore, cadherin plays an important role
in maintaining the integrity of the endothelial cell layer present in the BBB while managing the place-
ment and spatial configuration of new blood vessels [17,22,24].
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Figure 1.2. Schematic representation of the Brain microvascular environment, its constituents and
transport routes across it.

The complex brain microvascular environment is composed of different structures and cell types, including peri-
cytes and astrocytes, separated from the BECs by the extracellular matrix basement membrane. Between endothe-
lial cells there are present both tight and adherens junctions, which block the paracellular transport of the majority
of substances to the brain. This results in the high selectivity to what molecules cross this barrier, and through their
respective pathways. Image created with BioRender.

Another Interesting feature of the BBB is the expression and presence of different efflux trans-
porters such as Adenosine Triphosphate (ATP)-binding cassette transporters (ABC Transporters). These
pumps main goal is to release back into the bloodstream, through ATP hydrolysis, both endogenous and
exogenous substances present in the brain parenchyma, conferring to the CNS drug resistance properties
[21]. The most common transporter in these systems is the P-glycoprotein (P-gp) which, together with
multidrug resistance-associated proteins (MRPs) and breast cancer resistance proteins (BCRP), provides



for a wide range of substrates to which it presents affinity, therefore protecting the CNS against different
types of molecules, both endo and xenobiotics [17,21].

In the BBB environment there is also a high enzymatic activity, associated with the high expres-
sion of intra and extracellular drug metabolizing agents. These will allow for the production of an enzy-
matic barrier that, on one hand, can destroy deleterious agents that can cross the cell membrane to the
interior of the endothelial cells, associated with a high metabolic activity inside these cells, but also as
a result of the degradation of possible lipophilic xenobiotics that might present toxic behavior towards
the brain into polar metabolites, hindering their chance to further cross the BBB [27,29,30].

During the assembly and formation of the BBB in the stages of embryonic development, the as-
sociation of pericytes to the endothelial cells tends to interact with genes that are directly associated
with the formation of pinocytic vesicles [18,25,26]. This results in a limited ability of the endothelial
cells to transport different molecules through this route, however, depending on the characteristics and
type of molecule, this type of transport is still present.

Although the transport of molecules through the BBB is highly controlled, it is not fully inhibited
since the brain has a great need for different nutrients and energy. There are four different types of
transport routes that, in normal conditions, a molecule might take when crossing the BBB: passive dif-
fusion, adsorptive transcytosis, carrier-mediated and receptor-mediated transport [24,25,27].

Due to the different characteristics of the BBB just mentioned, very few molecules can passively
diffuse through these membranes. Due to the lipidic nature of these membranes, the ability of a molecule
to cross is highly dependent on the volume, weight and surface area and properties. Small lipid mole-
cules with a molecular weight lower than 400 Da are the prime example of this kind of molecules
[24,25,27]. Since the ability of a substance to cross a membrane decreases with the number of hydrogen
bonds it forms, the higher the lipid solubility, the higher the possibility of a molecule to cross the BBB.

When a molecule presents itself with a positive charge, as a result of interactions between itself
and proteins on the bloodstream, it will induce the invagination of the endothelial cells’ membrane,
creating an endosome vesicle, directly trafficking the molecule through the BBB, back to the blood-
stream or into lysosomes for the destruction of the molecule [27,31].

Despite these mechanisms of transport seeming viable, the ones that are commonly used to
transport the different nutrients to the brain consist of mediated transport systems, either by a specific
carrier or receptor. In these two types of transport, carrier and receptor-mediated, the different molecules
will be transported through the BBB differently [20,25,27].

In carrier-mediated transport, the passage of substances is performed with the assistance of a
specific carrier that will transport it firstly into the endothelial cells and secondly from the cell into the
basolateral side of the BBB. This transport works bi-directionally, being coordinated with the different
efflux pumps already described, and normally used for hydrophilic molecules that both the brain and
the endothelial cells might profit from uptaking [25,27]. One example of this transport system is the
case of glucose which is imported with the help of the glucose transporters type 1 (GLUTL1), which are
present with high abundance in the endothelial cells, however, since this type of transport is dependent
on the transporters, it is possible to reach a saturation period [17,20,25,27,32].

Receptor-mediated transport across the BBB, although similar to the carrier-mediated when con-
sidering the need of an intermediate molecule with which the substance will have to interact for the
crossing, isn’t directly transported into the endothelial cells and then to the basolateral side of the BBB.
In this case, the molecule will interact with peptide receptors on the surface of the endothelial cells, and
induce the invagination and endosomal vesicle formation, similar to adsorptive transcytosis, transport-
ing the molecules into the brain, back to the bloodstream or simply uptaken to be used by the endothelial
cells [20,24,25].

Despite its high selectivity towards the different molecules that are allowed to cross into the brain,
BBB paracellular transport becomes a possibility when this barrier starts to lose its integrity [23,33].

The process of compromise or, as referred in the literature “BBB breakdown” consists of a natural
phenomenon that occurs and evolves with the age of the individual. This is sometimes referred to as
“healthy aging”, in which natural cell aging damage accumulates and leads to different sorts of impacts
in the BBB integrity such as oxidative stress, cell signaling impairment and dysregulation of inflamma-
tory response, between others [25]. These physiological alterations usually induce cell degradation
and/or shrinkage and the paracellular transport across the BBB becomes therefore a possibility since
this results in the decreased expression and therefore presence of TJ proteins, as well as a compromise
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of the normal transport routes [22,24,25]. On the other hand, so-called healthy aging can evolve into
more severe stages and induce more deteriorating effects when a specific disorder or event takes place.
The different conditions have their own molecular and physiological implications, each further enhanc-
ing the BBB breakdown with their specific pathways [25].

When BBB breakdown occurs, there are a few factors that remain common despite it being asso-
ciated with healthy aging or induced by neurodegenerative disorders. One of those events is inflamma-
tion.

During inflammation cells from the microglia are activated leading to the recruitment of leuko-
cytes that will cross the BBB, altering the paracellular and transcellular transport patterns as well as the
TJ proteins expression, leading to the BBB breakdown. Another feature of the inflammation response
is its interference with active efflux transporters, compromising the clearance of toxic substances inside
the brain parenchyma, leading to further damage of the host CNS and BBB [22,24,25]. Other cell-cell
interactions are also affected by an inflammatory response. Although not fully characterized yet, it is
believed that the interactions between endothelial cells and astrocytes and pericytes change when there
is an inflammatory response [34,35].

Oxidative stress is another factor that normally occurs and is responsible for BBB breakdown.
This results from the compromised balance between oxidant-antioxidant species, resulting in the abun-
dance of reactive oxygen species (ROS). From a pool of different species and radicals, containing su-
peroxide, hydrogen peroxide, etc., reports suggest nitric oxide to be the principal species, being the root
of the BBB endothelial damage [36]. With the more ROS consumption, the more susceptible the brain
and endothelial cells become towards these species, interfering with different cellular pathways and
gene expression, inducing the upregulation of inflammatory mediators, as well as altering the correct
function of other cellular components such as TJ proteins, cytoskeleton reorganization, etc. [22,25].

If a person suffers from some sort of event or disorder that affects the brain, these incidents ag-
gravate, being accompanied by a few others that also contribute to the BBB breakdown. For example,
if a patient has an ischemic stroke, different soluble factors such as cytokines, VEGF and nitric oxide
are released, resulting in the intensification of the inflammatory response and oxidative stress just de-
scribed [22,24,25]. On the other hand, when considering brain tumors, the BBB permeability is mainly
associated with the poor development of capillary endothelial cells [24]. According to different reports,
claudin-1 protein expression is lost in microvessels of glioblastoma, accompanied by a significant down-
regulation of claudin-5 and occludins, proteins associated with the formation of TJs [37]. Accompanied
by the same events as the ischemic stroke, VEGF and cytokines secreted by some tumors also play a
role in the downregulation of these TJs proteins, increasing therefore the vascular permeability [38].

The pathological characteristics of AD also influence inflammatory responses, oxidative stress
and even promote other BBB breakdown routes. In these cases, AP plaques seem to be the root of the
issue, interfering with the expression, structure and function of the different cellular components. The
astrocyte degeneration in AD is associated with the decreased expression of some bidirectional water
transport systems such as aquaporin-4 (AQP-4). These channels play a key role in AP clearance through
the glymphatic system, a system responsible for the clearance and elimination of metabolites from the
CNS, which, if not done correctly, might induce overly intense inflammatory responses and, as some
studies shown, intracerebral hemorrhage in mice [22]. Not only this, but the actual interaction between
AP and both astrocytes and microglia might activate the nucleotide-binding oligomerization domain-
like receptor pyrin domain-containing 3 (NLRP3), leading to the release of different inflammatory me-
diators and inflammation [22,39]. Other BBB breakdown events linked to the presence of AP plaques
involve the TJ expression and correct function, therefore leading to increased permeability of the brain
capillaries. It has been reported that the interaction between these plaques and receptors for advanced
glycation end products (RAGESs) tends to disrupt the TJs by a calcium-calcineurin signalling pathway,
accompanied also by structural changes of ZO1 and other TJ proteins such as claudin-5 and occludin,
having even their expression reduced by A [22,40]. It is also important to consider the fact that these
proteins are positively bound with the presence of synaptic markers, which are decreased in AD. Finally,
the low expression of different AP clearance mechanisms also play an important role in the BBB break-
down and disease progression [22,28]. The increased expression of RAGE, accompanied by the low
expression of P-gp and Low-density lipoprotein receptor-related protein 1 (LRP1), transporters involved
in clearance mechanisms, as well as the compromised function and reduced expression of GLUT1 trans-
porters also promote the uptake of Af into the brain and decrease the efflux of said plaques to the blood
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[22,28,39]. The LRP1 participates in other important BBB maintenance processes such as the stimula-
tion of peroxisome proliferator-activated receptor gamma (PPARY), increasing TJ expression. This ef-
fect has been studied in mouse models, with knockouts of LRP1, showing compromised expression of
TJ proteins and P-gp transporters, leading to BBB breakdown [22]. Tau proteins also play a role in the
BBB breakdown. In their normal conformation, they act in the stabilization and assembly of microtu-
bules. However, the different conformational changes and modifications in an AD scenario trigger glial
cell, inducing an inflammatory response and the consequent BBB breakdown [39].

To fully understand the different characteristics of the BBB, comprehend its function and develop
different therapies that target the brain, there is a need to create the closest in vitro model that mimics
the best barrier [41,42]. There are various issues regarding the use of in vivo models to study this struc-
ture varying from ethical concerns associated with the use of animal models, to actual physiological
differences between these models and the human itself [16,41,42]. To date, different studies have pro-
vided evidence of differences in both anatomy as well as physiology between the human brain and BBB
and the ones from the different animal models, specifically, mice. These differences have been noticed
when comparing, for example, protein expression in the different organisms. For example, the expres-
sion of different protein-based receptors and transporters can vary between species. P-gp expression in
the human BBB (6.06 + 1.69 fmol/mg total protein) has been shown to be significantly lower than in
mice (14.1 £ 2.1 fmol/mg total protein), accompanied by a lower transporter function as well [42]. The
TJ protein expression also varies from humans to mice. Claudin-1, a TJ protein present in the human
BBB is not expressed in mice parenchymal and meningeal blood vessel endothelial cells [42,43].

To tackle these inter-spices issues, human BBB in vitro models have been developed throughout
the years. These can be divided into 2 categories: monocultures and multi-model cultures, each com-
prising different types of endothelial cells, either being immortalized cell lines, primary or stem cell
cultures [16,18,41,42]. The use of primary cultures to create the models is associated with several draw-
backs, ranging from regulatory frameworks and guidelines to the actual process of obtaining and cultur-
ing the cells, rendering them inefficient to use in cell models. With this in mind, in vitro BBB models
could use stem cells, which allow for very promising barrier characteristics whilst meeting the require-
ments for large scale production, however, they are accompanied by a very complex differentiation
process, rendering them inadequate [41,42]. Immortalized cell lines tend to be the most used when per-
forming these models. These consist of primary cultures that suffered a mutation, either spontaneously
or by chemical or viral factors, allowing for them to proliferate and be cultured for longer periods of
time than primary cultures, whilst expressing the desired in vivo characteristics to some extent [41].



The difference between mono and multi-model in vitro cultures remains with the number of dif-
ferent cell types used in the culture (Figure 1.3). If the model is comprised of a single cell line, for
example, immortalized human cerebral microvascular endothelial cells (h\CMEC/D3) which is the first
and better characterized immortalized cell line in BBB models, then it is considered a monoculture
model [16,41]. A monolayer of these cells is grown on top of a semipermeable membrane that would
simulate the basal membrane, in a structure called transwell, allowing for the study of drug permeability
and transport across BBB models creating an “apical” side in which the endothelial cells are seeded,
resembling the vascular side, and a basal side to where the molecules would cross, bellow the membrane,
thus simulating the brain environment [18,25,33,41,42]. It is the most simplistic form of BBB models,
being easily prepared with mild low cost and easily maintained and for that reason the best and most
common choice for high throughput screening and preliminary permeability studies. On the other hand,
multi-model cultures seed different cell types into the model to better mimic the in vivo BBB. To do
that, researchers can co or tri-culture the different cell types involved in the neurovascular unit in dif-
ferent configurations, allowing for different assessment of properties, by assessing contact between dif-
ferent cell types in an oriented manner for example, by culturing astrocyte cells on the basal side of the
membrane of the transwell, whilst the endothelial layer is on the apical side [41,42]. Despite better
mimicking the BBB environment than the monoculture models, these imply a demanding maintenance
with a more costly tailoring and optimization protocol, being much harder to work with, thus making
the monoculture models the go-to BBB in vitro models.

A
B C D E
Endothelial cell
......... — t/...[_
‘\)‘\é‘j\é Astrocyte
—7 /\
F G H |
Pericyte
L) | Vascular Side | J

Basal Side

Figure 1.3. Schematic representation of the different in vitro BBB culture models.

(A) Monoculture containing only endothelial cells; (B) Co-culture of endothelial cells with astrocytes in contact;
(C) Endothelial cells with astrocytes in co-culture without contact; (D) Endothelial cells with pericytes in co-
culture with contact; (E) Co-culture of endothelial cells and pericytes without contact; (F) Tri-culture model in-
volving endothelial cells, astrocytes and pericytes with astrocytes cultured on opposite side of filter; (G) Tri-cul-
ture model containing endothelial cells, astrocytes and pericytes with pericytes cultured on opposite side of filter;
(H) Tri-culture model with endothelial cells, astrocytes and pericytes in a non-contact orientation; (1) Tri-culture
model including endothelial cells, astrocytes and pericytes with pericytes in close contact with the endothelial cells
and astrocytes in a non-contact orientation; (J) Microfluidic ship model of the BBB where indentations of the chip
allow for the separation of the vascular channel (red) from the basal channel (blue). Created with BioRender.

10



Different in vitro models of the BBB have been developed with the transwell model being the
commonly used one. However, microfluidic chips have also been tailored to reproduce the BBB and its
properties, successfully creating a useful model that mimics this barrier and allows for drug delivery
studies [16]. Still, the complexity of the production and maintenance of these systems renders them
ineffective when compared to simpler ones that allow for the same analysis with lower cost and mainte-
nance procedures. Not only this, but the transwell models also allow for the modification of the cells
seeded, creating different models of the same BBB in different conditions and disorders. This is also
possible for AD, in which there is the BBB breakdown and disruption, as already described, which can
be tailored by presenting the cells with actual AP peptides, enhancing the permeability and altering TJ
proteins expression, by inducing peroxide oxidative stress, or by genetic manipulation of the cells in-
volved in the model, creating a more fitting barrier behavior in cases of AD [22-24,33,39].

1.3 Nanoparticles to cross the BBB

When designing a drug formulation that targets the brain for the treatment of various diseases,
one must take into consideration the already described characteristics of the BBB. Due to its high selec-
tivity towards molecules and compounds, the scope of therapeutic agents that can be administered be-
comes narrow, limiting the possibilities available [31,44]. Due to the highly invasive nature of intracra-
nial delivery, and the different surgical complications that might derive from it, the most widely accepted
route of administration would be intravenously and, with this, another set of issues arise [45]. The fact
that the body’s immune system is prepared to recognize and deal with foreign materials makes it so that,
even if able to cross the BBB, most drugs are not accumulated at the target tissue, being widely distrib-
uted through the body, rapidly cleared and demonstrating low stability in the plasma [44]. With this, the
need of new strategies to improve the stability and effectiveness of these formulations must be investi-
gated.

One way to overcome this problem would be to either avoid the BBB crossing or to enhance the
therapy’s ability to cross this barrier. Different strategies have emerged to bypass the BBB, aiming at a
more efficient delivery of therapeutic agents to the brain. One example of these strategies is the intrana-
sal administration of drugs to target other brain diseases such as seizures. These systems have been
approved for the treatment of acute seizure clusters as fast and direct emergency intervention measure-
ments, targeting the hippocampus through the lateral olfactory tract [20,21,26,31,44,46-49]. However,
such a direct administration falls short when trying to tackle a more general disease such as AD, which
could benefit from the extensive blood vessel networks in the brain, allowing for a more uniform distri-
bution of the drug. In this context, the association of the therapeutic drug to a carrier, specifically, na-
noparticles, surges as a promising approach.

Nanomaterials consist of agents whose dimensions are comprised between 1-100 nm. There are
different types of these materials, ranging from nanoparticles (NPs), if all their directional axis are com-
prised in this scale range, nanorods if only two axes are within the nanoscale and sheet-like structures if
only one of those axes is within 1-100 nm [50]. These materials can be used for different kinds of
applications, either for sensors both in technological and the medical field, as contrast agents in the field
of medical imaging, as theranostic agents and as both therapeutic agents and carriers of such [31,48,50—
53]. NPs have provided a variety of approaches in all these application topics due to their versatility and
differences between formulations. These systems can vary from each other depending on the material
used to produce them, as well as their shape and size, which plays a very important role in the normal
function of the NP. In this way, NPs can be divided into different categories, according to the parameter
that distinguishes them, however, for this section of the work, the focus shines on inorganic, polymeric
and lipid-based NPs [31,44,48,50].

The different composition of the NPs, alongside their morphology and size, play a very important
role in regulating their abilities and properties, further influencing how they are going to act as thera-
peutic agents or carriers and in what field this activity will be observed [50]. For example, the size of
the NPs is a very important factor when designing a carrier system since, usually the smaller the system,
the easier it is to cross barriers and penetrate specific tissues. Not only that but it further influences its’
clearing pathways, meaning that smaller particles are much easier to be excreted through urine than
larger ones [54]. Morphology also plays an intertwined role with morphology in regulating the immune
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system of the host, in a way that the shape of the particle can further influence the immune response
[55]. The same happens with the size, the bigger the particle the easier it is for it to be detected. However,
abnormal shapes might also be interesting to assess. For example, rod-shaped nanomaterials could be
functionalized with different moieties, that allow for a better targeted therapy, between the tips and the
body. This shape could also play a role in penetrating into tissues as it happens with carbon nanotubes
[56]. Despite all these parameters that influence the properties of a nanomaterial, one must not overlook
the importance of the composition of the nanomaterial.

The different materials that compose the nanomaterials will influence not only the stability and
function of the system, but also impact the toxic response of the host, affecting the clearance and natural
function of the human being, as well as providing a wide variety of options characteristics to be exploited
[27,31,54,56]. For example, a wide variety of metallic NPs, when irradiated with a specific wavelength
of light, generate heat due to a synchronized oscillation of the electrons on the surface of the NPs and
therefore create a source of heat that could be used as an agent towards cancer therapy [48,57]. Super-
paramagnetic iron oxide NPs (SPIONSs) behave on another way. By altering the magnetic field applied
to an organism in which these agents were administered, SPIONs will behave as contrast agents, allow-
ing for better resolution of magnetic resonance imaging (MRI) medical images [31,48,58]. Polymer-
based NPs, such as poly(lactic-co-glycolic) acid (PLGA) promote a promising approach for drug deliv-
ery due to their biocompatibility and biodegradability, being already approved by the FDA and studied
for crossing the BBB and brain uptake [31,44,48]. Lipid-based NPs also compete directly with the
PLGA NPs, as they are composed of biocompatible materials with easy to synthesize, functionalize and
load methodologies that are also biocompatible and degradable, also being implemented in the clinics,
e. g.in recent events of COVID-19 with some of the RNA molecules in vaccination procedures being
administered loaded into liposomes, a type of lipidic NP, as well as being extensively studied for cross-
ing the BBB and drug delivery into the brain [19,21,31,44,47,48,59].

Despite their innate abilities and useful characteristics, NPs can still be further modified to allow
for a better targeting of their therapeutic agents, mask their presence in the organism or even enhance
their therapeutic efficacy [20,21,31,48]. To cross the BBB, different strategies have been adopted and
studied with different types of NPs. The clearest example of such is the addition of targeting moieties
for either the receptors or transporters on the surface of this barrier.

Functionalizing the surface of different NPs with glucose and other analogs and precursors to
target GLUT1 is one of the most common strategies adopted in research when assessing transporter-
mediated transcytosis. Due to the high amount of this transporter in the BBB, this approach deemed
itself promising, even yielding very positive results, in improving the uptake of NPs across the BBB,
and, even when loaded with doxorubicin to treat glioblastoma tumor, showing evidence of decreased
tumor size [20,21,26,27,32,44]. Amino acid (AA) transporters have also been assessed to help the uptake
of NPs across the BBB due to their ability to transport AA into the cells. One example of these trans-
porters is the L-type amino acid transporter 1 (LAT1) which is highly expressed in brain tumor cells, as
well as in the BBB, unlocking its’ potential to help in the delivery of nano-systems to the brain [20,60].
By coating liposomes with glutamate, Li et al. [61] proved these transporters’ efficacy in incorporating
these AAs and their potential in brain tumor treatment. Additionally, these NPs also seemed to accumu-
late in the brain when assessed in intravenously injected mice, further highlighting the promising fea-
tures of this transporter in aiding BBB passage.

Iron is a very important metal in the human organism, serving as a co-factor of various enzymes,
thus, taking part in different metabolic pathways, one of which being the ATP synthesis [20]. Due to
the high demand of energy by the brain, it is essential to have a secure route of supply of this metal to
the brain parenchyma. That is accomplished by the Transferrin receptor (TfR), which is a transmem-
brane protein that induces endocytosis and secures the uptake of the brain by this molecule [20,31,45].
Another interesting property of this receptor is the fact that it is highly expressed in brain endothelial
cells. Different lines of research took on the quest of functionalizing NPs with transferrin with the ex-
pectation of increasing the brain uptake of therapeutic agents [20,27,31,32]. In vitro studies of this func-
tionalization’s ability to cross the BBB have been successfully assessed in lipid and PLGA NPs, high-
lighting the promising features of this receptor into brain drug delivery [20,62]. This would be later
confirmed by in vivo studies with zebra fish models by comparing the brain uptake of bare and transfer-
rin-functionalized quantum dots, with sizes around 5 nm, and results supporting the higher uptake of the
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functionalized ones, thus confirming the promising potential of this molecule as a targeting moiety
[20,63].

Lipid-based NPs present promising approaches as drug delivery vehicles to the brain, with differ-
ent properties that distinguish them from the other types of NPs. They provide a system with high drug
delivery efficiency and loading capacity and variety, being able to transport hydrophobic and hydro-
philic molecules, contrast agents, nucleic acids, etc. whilst also being biocompatible and with low tox-
icity. They are easy to produce and functionalize, either with stabilizing agents or targeting moieties for
targeted therapy, and they provide a promising alternative to overcome the cost-effectiveness barrier
that block other promising nanosystems [31,47,48,52,53]. The lipid composition of these NPs will
highly influence their organization, properties, steric hindrance and, as a result, their application [31].
Different types of lipid-based NPs exist.

Liposomes are produced by the spontaneous organization of phospholipids in a bi-layer form,
creating two compartments, a hydrophobic shell of phospholipids and a hydrophilic core. With this,
liposomes can carry different types of therapeutic agents, hydrophobic in the bilayer and hydrophilic in
the core, further enhancing their versatility in drug delivery. These are the most commonly studied type
of lipidic NP when assessing, not only general drug/therapy delivery, but also brain drug delivery and
BBB permeability studies [26,27,31,32,45,47,48,53].

The promising features of ionizable cationic lipids lead to the development of lipid NPs. These
are characterized by the presence of lipids that present the ability to be positively charged at pH 4 whilst
being electroneutral at physiological pH, providing for a safe solution for delivery platforms, with low
toxicity and retarding the clearance from the reticuloendothelial system [19,47].

Differing from these, solid lipid NPs (SLNPs) do not present a hydrophilic core, rather they are
composed of a solid lipidic one, surrounded by a layer of surfactants [31,47,48]. They are easier to
produce when compared to liposomes with higher stability and efficiency of drug transport, being
mainly derived from fatty acids rather than phospholipids [44,47,52,64]. Depending on the surfactants,
the lipidic composition and charge of the SLNPs, these will behave differently and present different
properties for targeted drug delivery and to cross the BBB [19,21,44,47,48,52]. These NPs present dif-
ferent advantages from their LNP counterparts, particularly in the fields of drug stability, availability
and transport across the BBB. The tight lipidic matrix in the core of the SLNPs in a way limits the cargo
that can be carried, but also provides for a higher stability for drugs loaded into it. This cargo capacity,
although limited, still surpasses that of polymeric particles and some liposomes, therefore enhancing the
availability aspect of these carriers [31,44,52]. Another aspect associated with this is the fact that, con-
trary to other lipid-based formulations, these SLNPs are produced in ways of being surrounded at least
by a surfactant layer that will further enhance the retention time in the plasma and therefore compro-
mising the opsonization of these carriers and their subsequent clearing, thus improving their retention
time in the plasma. Associated to their accumulation in the blood vessels, these NPs will tend to be
transported across the endothelial barriers and successfully release the drug cargo [21,44]. The different
surface chemistry of the SLNPs plays an important role in the ability to cross the BBB. Some surfactants
have shown properties capable of temporarily opening the TJs allowing for the crossing of these mole-
cules, others allow for longer retention in the blood and therefore an easier transport across this barrier
and, if further modified with stealth or targeting agents, even improve the accumulation at the targeted
site and aiding in its transport through naturally implemented mechanisms [19,21,44]. Interestingly
enough, a study comparing stealth and non-functionalized SLNPs demonstrated that, although the
masked NPs are easier to cross the BBB, the pristine particles are also able to cross this barrier, high-
lighting the innate and interesting ability of these NPs to cross the BBB without the need for targeting
moieties. However, these pathways are not well investigated, with further research being necessary.
Nevertheless, functionalization further increases the availability and overall effectiveness of this system
[48].

Different examples of SLNPs have been developed and modified to assess their usefulness in
crossing the BBB. Most of these have been developed to deliver therapeutic agents to treat neurodegen-
erative disorders or brain tumors, however, an interesting study by Peira et al. tackled the possibility of
loading SLNPs with SPIONSs, successfully crossing the BBB, widening the field of application of these
carriers as even for the targeted administration of MRI contrast agents [65]. Other studies focused on
the development of SLNP therapy delivery systems for the treatment of various CNS disorders. A study
from Shivananjegowda et al. evaluated the possibility of using SLNPs as a carrier of Tramiprosate
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(TMPS) and memantine hydrochloride (MeHCI), a AP inhibitor and anti-glutaminergic drug respec-
tively to manage AD. The authors were successful in achieving a system with a controlled steady release
of their cargo whilst serving as a promising transport system across the BBB [64]. In another study by
Vakilinezhad et al., aimed at developing SLNPs loaded with nicotinamide, demonstrated high potential
in seizing AD progression. This combination showed promising results regarding the biodistribution
and availability of this therapy to the brain, improving drug delivery and, consequently, the effectiveness
of this system in improving cognitive response and preserving neuronal cells in AD pathology [66].

The aim of this work focuses on the characterization of a novel SLNPs formulation of Precirol
(ATO 5) combined with two surfactants, Brij S20 and Monoolein (Figure 1.4) to assess their potential
use for CNS drug delivery in AD. ATO 5 consists of a mixture containing palmitic and stearic acids,
providing for a good biocompatibility and a looser structure that helps to entrap both hydrophobic and
hydrophilic drugs, and has already been assessed for SLNP production [67]. Aside from this, Brij S20
was chosen as a surfactant as it allows for the stabilization of lipid-based systems and improves the
bioavailability of the SLNPs, and Monoolein was used as a surfactant due to its amphiphilic properties,
allowing for drug encapsulation and emulsification of the SLNP [68,69]. By combining these three
components into a SLNP formulation, this work sought to characterize this system’s properties and
potential usefulness as a carrier of promising therapeutic agents for AD. Our studies consider the intra-
venous administration of this system, thus assessing the stability of these NPs in the different physio-
logical conditions and their ability to permeate the BBB to successfully deliver the drug cargo.

A B
”O\”/\/\/\/\/\/\/V\/ 0
0 HO 0 ~
HOW ol
(0]
C

20 16

Figure 1.4. Chemical structure of the different components of the SLNPs.
(A) ATO 5; (B) Monoolein; (C) Brij S20.
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MATERIALS AND METHODS

The main objective of the work presented in this dissertation consists of assessing the potential
of a novel SLNP formulation as a potential drug delivery system to treat AD across the BBB. The for-
mulation would enhance possible therapeutic effects of carried therapeutic agents by boosting its bioa-
vailability to the damaged brain. Since this objective focuses on the usefulness of the novel formulation
to be tested, no drugs and therapeutic agents are used. The methodologies employed in this work assess
5 principal topics: the preparation of this formulation (1) and its characterization (2), assessing the sta-
bility across different physiological conditions (3), verify possible SLNPs toxic effects (4) and assess
uptake capacity on human endothelial cells (5).

2.1 Preparation of the nanoparticles

SLNPs used on the work were kindly produced and supplied by the Active and Intelligent Mate-
rials Laboratory from the Queen Mary University of London, providing with two batches of particles.
NPs were constituted of 2% surfactants, of which 1.5% of Brij S20 and 0.5% of monoolein and by the
main lipidic content, Precirol ATO 5 (Gattefossé, United Kingdom) with an amount of 0.5% in solution.
Preparation was conducted by adapting the protocol by Lesov et. al., based on adjusting the temperature
cycles towards the desired values [70]. Briefly, to create the lipid emulsion, ATO 5 was mixed with the
aqueous surfactant mixture previously prepared and allowed to solubilize by increasing the temperature
to 5-10 °C above its melting point, homogenized and then stored for 1 week before use at temperatures
above the melting point of ATO 5. Afterwards, this solution was submitted to thermocycles of rapid
cooling and slow heating through a flow reactor that allowed for the freezing of the lipid droplets as a
consequence of the fast cooling of the system. Reaction cycles form empty spaces between lipidic clus-
ters due to the polymorphic phase transitions associated with the slow heating process. This allows for
the surfactant mixture to fill these cracks and induce the separation and fragmentation. The repeating of
this procedure allowed for the formation of smaller lipidic particles, creating the SLNPs used in this
study. Alongside with these SLNPs, the same collaborators also provided Fluorescein isothiocyanate
isomer 1 (FITC)-labeled NPs (0.1% w/v), Batch#2, as well as the different components that form these
SLNPs individually.

2.2 Surfactant solutions preparation

Apart from the provided SLNP solution, as controls, three stock solutions of surfactants were
prepared. Brij S20 solution was prepared by weighting 22.5 mg and solubilizing them in 1.5 mL of
ultrapure filtered MilliQ water. Sample was heated to 50 °C in a water bath (Emerson Electric Co.,
United States of America) and vortexed (J.P. SELECTA s.a., Spain) until completely solubilized,
achieving a final concentration of 15 mg/mL. Monoolein stock solution was performed following a
similar procedure. In brief, 7.5 mg were weighted and solubilized in ultrapure filtered MilliQ water,
achieving a final concentration of 5 mg/mL. The physical mixture of surfactants was prepared by
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weighting the same masses for each surfactant and adding them together. This combination was then
solubilized in ultrapure filtered MilliQ water, at 50 °C and vortexed until completely solubilized. Prior
to sample preparation, all solutions were filtered through a 0.22 um Filtropur S 0.2 filter (SARSTEDT
AG & Co., Germany) to achieve sterility. After this, all sample handling before their respective analysis
was performed in a laminar flow hood to maintain sterility and avoid contamination with external fac-
tors.

2.3 Characterization of the SLNPs

The different characteristics of a NP, aside from their matrix component, highly influence their
properties and subsequent usefulness. Larger particles might limit their ability to cross certain barriers,
and their shape and mechanical properties might induce a better penetrating ability. Other examples are
also present and must be considered upon NP preparation. Here, the characterization of these SLNPs
focuses on their size, charge, morphology and pH.

2.3.1 Size and charge

To assess both size and polydispersity index, as well as the charge, samples were prepared by
diluting their respective stock solutions with a 1:100 dilution factor in ultrapure filtered MilliQ water to
allow the analysis. SLNPs were diluted to 50 pug/mL, considering the ATO 5 concentration, and the
individual surfactant stock solutions Brij S20 and Monoolein to 150 and 50 pg/mL respectively. The
surfactant mixture was diluted accordingly to simulate the SLNPs solution (Table 2.1). This assay was
performed for both batches produced and shipped by the external collaborators as mentioned before.

Table 2.1. Samples analyzed for the characterization assays and their stock and working concentrations.
Working concentrations were obtained by diluting the stock solutions in a 1:100 factor in ultrapure filtered MilliQ
water.

Sample Stock concentration Concentration during assays
Brij S20 15 mg/mL 150 pg/mL
Monoolein 5 mg/ mL 50 pg/mL
Brij S20:Monoolein mixture 15:5 mg/mL 150:50 pg/mL
SLNP solution 5 mg/mL 50 pg/mL

These samples were then analyzed in a Zetasizer (Malvern Panalytical Ltd., United Kingdom),
loading them into disposable folded capillary cells DTS1070 (Malvern Panalytical Ltd., United King-
dom) at the Biointerfaces and Nanotechnology facility at i3S. This characterization allows for the de-
termination of NPs average size (z-average), analyzing the hydrodynamic diameter of particles in a
colloid solution, assessing the scattered light associated with their Brownian movement, thus being de-
nominated dynamic light scattering (DLS). This technique also allows for the differentiation between
NPs, conferring the polydispersity index (Pdl), a measurement of their variability in size and distribution
in solution. Finally, the same equipment also allows to assess the surface charge of these particles (zeta
potential) by applying an electric field into the sample and analyzing the mobility of these particles in
the colloidal solution [71,72].

2.3.2 Transmission Electron Microscopy

There are different techniques to assess the morphological shape of NPs, however, in this work,
their shape was assessed by transmission electron microscopy (TEM).

Prior to their examination, SLNP solution was again diluted to the same concentration as de-
scribed in the previous topic and 10 pL was mounted on Formvar/carbon film-coated mesh nickel grids
(Electron Microscopy Sciences, United States of America), which after 2 min the excess liquid was
removed with filter paper. After this fixation step, SLNPs were negatively stained by adding 10 pL of
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uranyl acetate 1% to the grids. Samples were again left for another 10 seconds, removing the excess
liquid with filter paper. After these steps, sample characterization was carried out using a JEOL JEM
1400 TEM at 80 kV (Tokyo, Japan) and the pictures were taken with a CCD digital camera PHURONA,
EMSIS Germany at the Histology and Electron Microscopy facility at i3S.

Analysis was performed for the surfactant solutions, as described in Table 2.1, and the sample
preparation for TEM analysis was then repeated.

2.3.3 pH assessment

To assess solutions pH, NPs were diluted in ultrapure filtered MilliQ water to the previously
mentioned concentration, 50 pg/mL, and the pH was measured using a pH-meter SevenDirect SD20
(Mettler Toledo, New Zealand). The respective surfactant solutions were also prepared as described in
Table 2.1 and pH was measured as mentioned above.

2.3.4 SLNP fluorescence quantification

Track and visualise NPs in a cellular context is technically demanding. For this, is common to
label NPs with fluorescent dyes, e.g. example FITC, that absorb and emit light at precise wavelengths,
fundamental to localize them under a fluorescence detection (laser or lamp). The first step was to per-
form a calibration curve with SLNPs serial dilutions.

The fluorescently labelled SLNPs were serially diluted from the stock solution to the concentra-
tions 1000, 500, 50, 0.5, 0.05, 0.025, 0.010, 0.005, 0.0025, 0.001, 0.0005, 0.0001 pg/mL in ultrapure
filtered MilliQ water. Dilutions were also performed using Endothelial Basal Medium 2 (Lonza Group
Ltd., Switzerland) (EBM-2) with 0.5% Fetal Bovine Serum (FBS), both from Quimigen, Portugal. Then,
these solutions were placed in black 96-well microplates (Greiner Bio-One International GmbH, Aus-
tria) with a transparent bottom to allow fluorescence intensity measurement with a Synergy Mx micro-
plate reader (Agilent Technologies Inc, USA). With the results, a calibration curve with the different
concentrations of SLNPs and their fluorescence intensity was drafted [73].

2.4 Stability assessment of SLNPs

The assessment of SLNPs stability was performed by incubating the NPs for different periods of
time under different conditions to mimic physiological conditions. Samples were first diluted to the
concentration of 50 pg/mL using different dispersants: ultrapure filtered MilliQ water and EBM-2 sup-
plemented with 0.5% FBS. This serum concentration was used as a means of simulating the in vitro
environment in which endothelial cells used in this work will be incubated with the SLNPs [74]. For the
samples diluted in water, samples were incubated at different temperatures in a water bath (room tem-
perature ~25 °C and 37 °C) to assess temperature effect and the samples in EBM-2 culture media were
incubated at 37 °C to assess the effect of the dispersant in their stability.

For size and charge characterization, the different samples were incubated for 30 min, 1, 3, 6, 24,
48 and 72 h, assessing the stability and characteristics over time. These measurements were performed
under the same technical conditions as the normal characterization described in the previous topic (2.2.1
Size and Charge) with the slight change that the instruments temperature was increased to 37 °C when
performing the measurements of the samples incubated at this temperature. Due to the lack of compli-
ance with the Zetasizer quality standards for result interpretation, obtained by measuring the surfactant
solutions prepared for the SLNP characterization, these samples were not further tested for stability
assessment with this equipment. Also, due to other device limitation, it was not possible to correctly
measure the charge of the NPs incubated in EBM-2, as the culture media has a considerable number of
ions and salts in its composition. These ions damage the electrodes of the measuring cell, yielding ran-
dom and uncorrelated results. For this assay, three independent assays with three internal replicates were
performed for each batch.

SLNPs morphological characterization was also performed with the same solvents and incubation
conditions, however, samples were only measured in the beginning (0 h) and after 72 h of incubation in
each condition. To further simulate the stability of this colloidal solution simulating in vivo
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administration, SLNPs were also diluted to the same concentration in mouse cerebrospinal fluid (CSF)
obtained from a collaboration with Dr. Isabel Cardoso from the Molecular Neurobiology Laboratory at
i3S. Since CSF extraction from the mouse brain only yields a very small amount of fluid (~2-6 uL per
animal), this condition, as a preliminary study, was not possible to be performed over different periods
of incubation. These TEM studies also allow for the identification and assessment of protein corona
formation. This is a structure that is formed by coating the surface of NPs with different sets of proteins
and other molecules and negatively influence the efficacy of the nanosystem. Different types of corona
can be formed, a dynamic and reversible with low affinity coating (soft corona) that will eventually lead
to a more stable and strong bound hard corona. This layer of proteins will decrease the blood circulation
time of NPs, hinder their uptake and targeting by the desired tissue and ultimately lead to their premature
clearance from the body, thus, assessing possible corona formation would be a way to check the mainte-
nance of the stable properties of these SLNPs [75,76].

To assess the pH of the sample and possible variations that could compromise the appropriate
function of the SLNPs, these were diluted in the previously mentioned conditions (in ultrapure filtered
MilliQ water incubated at RT and 37 °C and in EBM-2 complemented with 0.5% FBS. The pH was
measured for incubation periods of 6 and 72 h. Variation assessment was also performed for the surfac-
tant solutions, individually and mixed, as described in Table 2.1.

2.5 Cell culture preparation

To simulate the effect of our SLNPs on eukaryotic cells, different in vitro models arise. For BBB
reproducibility the transwell system is the most common approach, but for more simpler assays such as
the determination of cell viability and cytotoxicity of the system, a simple in vitro culture of cells was
performed.

In this work, in vitro assays were performed using hCMEC/D3 (Cedarlane Laboratories Limited,
USA), as these are easy to work with and used as a standard cell line for in vitro BBB model preparation.
For culturing the cells, the appropriate media for seeding and growth must be prepared fresh. For
hCMEC/D3 EBM-2 media was supplemented with 1% Penicillin Streptomycin (Pen Strep) (Gibco,
USA), 5% of FBS, hydrocortisone (Merck KGaA, Germany), ascorbic acid (Merck KGaA, Germany),
HEPES (Gibco, United Kingdom), and bFGF (PeproTech, Inc., United Kingdom) at final concentrations
of 1.4 uM, 5 pg/mL, 10 mM and 1 ng/mL respectively. The medium was also completed with chemically
defined lipid concentrate (Gibco, United Kingdom) in a 1:100 dilution and before cell seeding the sur-
face of the seeding platform, either a multiwell plate or a T-flask, is firstly coated with a solution of
Collagen Type | (Merck KGaA, Germany) at 150 pg/mL for 1 h to allow for the appropriate attachment
and growth of these cells [74].

The cells used in this work were cryopreserved in FBS with 10% of dimethyl sulfoxide (DMSO)
(Merck KGaA, Germany), a cryopreserving agent that prevents crystal formation inside the cells, which
otherwise would lead to the burst of the cell membrane. So, to thaw them, already described protocols
were adapted [74]. Briefly, in a laminar flow hood, a T-flask (SARSTEDT AG & Co., Germany) was
coated with collagen Type | with enough volume to fill the bottom and left to incubate at 37 °C with a
5% of CO; supply for at least 1h. After that, the excess collagen was removed, and the T-flask washed
with warm 1X Phosphate-Buffered Saline (PBS) (Gibco, United Kingdom). The bottom of the T-flask
was filled with EBM-2, maintaining it moisturized. After that, cells were thawed and quickly diluted in
the same medium to prevent harmful effects that DMSO has towards them at RT. Cells were centrifuged
in a Centrifuge 5804 R (Eppendorf SE, United Kingdom) at 1200 rpm for 8 min and the supernatant
was discarded. The cell pellet was then resuspended in EBM-2 and inserted into the T-flask and left to
incubate at 37 °C with a 5% CO; supply (BINDER GmbH, Germany), changing the media every 2-3
days. When reached a confluent state, cells were subcultured following a very similar protocol as the
one described above. For that, the medium in the T-flask is removed and the container washed with
warm 1X PBS to remove residual FBS. After this, enough trypsin 0.25% EDTA (Gibco, Canada) solu-
tion to fill the bottom of the T-flask is added and incubated at 37 °C with 5% CO, supply for ~4 min.
Cell detachment was controlled and verified under optical microscope (Olympus LS, Japan). After this
incubation the trypsin is blocked by adding previously warmed EBM-2 with 5% FBS, resuspending the
cells and transferring them to a 15 mL centrifuge tube. These are again centrifuged at 1200 rpm for 8
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min, after which the supernatant is discarded and the pellet resuspended in the appropriate medium,
depending on the desired use, either to cryopreserve them, re-seed them on other T-flasks for expansion,
microplate wells, etc.

2.5.1 MTT solution preparation

Before performing the assay, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium Bro-
mide (MTT) aliquots were prepared [77]. For that, 100 mg of MTT (Merck KGaA, Germany) was
weighted and solubilized in 20 mL of 1X PBS, to a final stock concentration of 5 mg/mL stored
at -20 °C.

2.5.2 SLNP cytotoxicity

The assessment of the cytotoxic effect of SLNPs was carried through the MTT assay. Prior to
that, h\CMEC/D3 cells were seeded on 96-well microplates (SARSTEDT AG & Co., Germany). The
wells of these microplates were previously coated and seeded following the previously mentioned steps
regarding cell culture preparation, seeding each well with approximately 10 000 cells in EBM-2 with
5% FBS.

The 96-well microplates used for the MTT assays contained four different types of groups: the
control, where cells were seeded and incubated in normal culture conditions; one with the condition
being studied; cells incubated with the vehicle, mimicking the environment of the substance being
tested, i.e., for SLNPs this was considered to be water; and the final one containing all the acellular
controls of the ones just described.

For this purpose, a cytotoxic concentration curve was prepared to determine the desired concen-
tration to administer to cells when considering internalization and permeability assays. For that, SLNPs
were serially 10-fold diluted (50 to 0.005 pug/mL) in EBM-2 supplemented with 0.5% FBS (Table 2.2:
I-V). A surfactant range was also assessed in this study, as the excess of surfactant present in solution
might induce some cytotoxicity. For that, a surfactant mix stock solution was prepared in the same way
as described in 2.2 Surfactant solution preparation and from that, the same serial dilutions were per-
formed, mimicking the SLNPs concentrations (Table 2.2).

Table 2.2. Surfactant mix (Brij S20:Monoolein) and SLNP solution concentrations tested for cytotoxi-
city studies in hCMEC/D3 cell line.
Solutions I-V were prepared by serial dilutions starting from the Stock solution.

Concentration (ug/mL)

Sample Stock solution | I Il v A
Brip 15000:5000  150:50  15:5 15:05  0.15:0.05 0.015:0.005
S20:Monoolein
SLNP solution 5000 50 5 0.5 0.05 0.005

The cell culture medium of the previously seeded wells was replaced by these prepared samples,
with the respective control containing only EBM-2 supplemented with 0.5% FBS. After this, the cells
were incubated for 6 h at 37 °C with a 5% CO; supply, after which these described solutions were
removed and substituted with a MTT solution [77]. This MTT solution was prepared by diluting the
previously prepared 5 mg/mL aliquots in EBM-2 supplemented with 0.5% FBS to a final concentration
of 0.25 mg/mL. The multiwell plates were left to incubate under the same conditions for another 3 h
protected from the light, after which, this media was again removed and substituted with ethanol 100%
(Honeywell International Inc, Charlotte, USA). These plates were then measured in a Synergy Mx mi-
croplate reader, assessing the absorbance values at 570 nm and 630 nm.

Despite a preference to use hCMEC/D3 cells, as these mimic the BBB, the assessment of SLNPs
cytotoxicity in other cells might rule out a possible susceptibility of this cell line. For this, medulloblas-
toma cell line (DAOY, ATCC HTB186, USA) was cultured and the effect of the higher SLNP
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concentration (50 pg/mL) was re-assessed. This concentration was chosen after crossing information
between the previous assay and different research articles, assessing concentrations of ATO 5 based
SLNPs within this range, without signs of cytotoxic response [67,78,79]. For culturing these cells, Dul-
becco's Modified Eagle Medium (DMEM) (Gibco, United Kingdom) with 1% L-Glutamate, 1% Pen
Strep and 10% FBS was used. Similar as described for hCMEC/D3, DAQY cells were thawed and
incubated in the same conditions, with the appropriate medium [80]. When confluent, cells were sub-
cultured into 96-well microplates, seeding 10 000 cells per well in DMEM (10% FBS). After 24 h of
incubation under the same conditions, SLNPs solution was prepared in DMEM supplemented with 0.5%
FBS. The wells of the microplate had their medium changed, repeating the same procedure previously
described. After 24 h of incubation another MTT sample was again prepared and the following proce-
dure repeated.

After evaluating the toxic effect of the SLNP solution, other MTT assays were performed, how-
ever testing lower concentrations of SLNPs (5 and 500 ng/mL). For that, h\CMEC/D3 cells were seeded
in 96-well microplates as described above. After administering SLNPs samples, the plates for both con-
centrations were left to incubate at 37 °C with a 5% CO; during different time periods (6, 24, 48 and 72
h). After incubation, the MTT solution was again freshly prepared, and the procedure described above
was repeated for each plate.

2.5.3 Optimal surfactant range

With the possibility of there being no SLNPs present in the previously tested solutions, the focus
shifted to trying to identify possible components in the mixture that could be causing a toxic effect, as
well as determining its appropriate concentration for cell culture assays. For that, individual surfactant
stock solutions were prepared as previously described and diluted at different concentration ranges in
EBM-2 with 0.5% FBS. Brij S20 was serially diluted to 150, 100, 50, 5 and 1 pg/mL while Monoolein
was serially diluted to 50, 5 and 1 pg/mL. These were administered to cells plated in 96-well microplates
as described and incubated for 6 h at 37 °C with 5% CO,. After the incubation period, the MTT solution
was again prepared, and the cytotoxicity procedure was repeated.

After determining the most appropriate concentrations, a surfactant mixture stock solution was
prepared considering the dilution factors with a final concentration of Brij S20:Monoolein of 0.5:5
mg/mL. For that, two intermediate solutions were prepared, one containing 1 mg/mL of Brij S20 and
another with a concentration of 10 mg/mL of Monoolein and 500 puL of each solution were mixed.
Afterwards, serial dilutions were made in EBM-2 with 0.5% FBS, achieving the concentrations of
10:100, 5:50 and 1:10 pg/mL of Brij S20:Monoolein. These samples were then presented to hCMEC/D3
cells seeded one day before in 96-well microplates. Another MTT assay for the incubation of 6 h was
performed as described before.

2.6 Cell internalization assays

To assess hCMEC/D3 ability to uptake SLNPs, two technical approaches were taken: Fluores-
cence activated cell sorting (FACS) and confocal microscopy.

2.6.1 Flow Cytometry - FACS

For FACS analysis, hCMEC/D3 cells, previously in culture, were subcultured into 24-well plates
(SARSTEDT AG & Co., Germany) previously coated with collagen Type | for 1 h. In these plates,
60 000 cells/well were seeded and incubated in EBM-2 with 5% FBS for 24 h prior to SLNP treatment
at 37 °C with 5% CO; supply. SLNPs were diluted in EBM-2 with 0.5% FBS to reach a final concen-
tration of 500 ng/mL, which was then administered to cells by removing the pre-existing culture medium
and substituting it with this sample. The control of cells untreated with SLNPs was also performed.
Plates were then incubated for 4 h, after which, each four wells for condition were trypsinized following
the previously referred protocol, cells placed into 15 mL centrifuge tubes and centrifuged for 8 min at
1200 rpm. Afterwards, supernatant was discarded, and the cells were resuspended in 300 puL of PBS
(1X). This was performed for three independent assays each with four internal replicates [81]. Cells
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were analyzed by FACS using a BD Accuri 6 machine (BD Biosciences, United States of America) at
the Translational Cytometry facility at i3S. Gates were set up to acquire 100 000 events for each condi-
tion.

2.6.2 Confocal microscopy

Due to technical issues, plastic 24-well plates are not suitable for confocal analysis, so,
hCMEC/D3 cells were seeded on top of glass coverslips (Auxilab, Spain). To maintain the sterility of
this process, these coverslips were first washed in ultrapure filtered MilliQ water at room temperature
under continuous mild agitation, after which the solvent was changed to absolute ethanol and the agita-
tion process repeated. After this washing step, the coverslips were left to dry and autoclaved before
culturing cells. The coverslips were coated with collagen Type | and the seeding procedure was repeated,
seeding 10 000 cells per coverslip. After 24 h of incubation, the culture medium was changed with
EBM-2 with 0.5% FBS. To three coverslips this medium did not contain SLNPs, however, the other
three coverslips were supplied with 500 ng/mL of SLNPs previously diluted in the medium. After 4 h
of incubation, cells were fixed with paraformaldehyde (PFA) [82]. For this step, the culture medium in
which they were incubated was removed and the coverslips were washed carefully with PBS (1X) to
remove the non-adherent SLNPs. Afterwards, 2 mL of PFA 4% (v/v), (Frilabo Il, Lda., Portugal), were
added filling the well and submerging the coverslip and incubated for 15 min. PFA was then removed,
and the coverslips carefully washed with PBS (1X) three times for 15 min each. Finally, the coverslips
were stored at 4 °C in PBS (1X) until characterization.

For cell staining, well described protocols were adapted [82]. Briefly, the coverslips were first
washed with PBS (1X) three times for 10 min each time and a Triton X-100 (Fisher Scientific, Portugal)
0.2% (v/v) in PBS (PBS-T 0.2%) was prepared and added until the coverslip was submerged. This so-
lution was used to permeate the fixed cells and allow for the nucleus staining. After 10 min, the PBS-T
0.2% solution was removed and the coverslips were incubated with a pre-prepared DAPI (Merck KGaA,
Germany) solution, with a concentration of 33 pug/mL, for 30 min, that allow for the cell nuclei staining.
After, the coverslips were again washed three times with PBS (1X) for 10 min each, to remove excess
of DAPI solution, and then incubated with F-actin solution for 15 min (Invitrogen, United States of
America) at RT. The F-actin solution stains the cell cytoskeleton molecule actin with a red colour and
was prepared by diluting the stock solution to a final concentration of 1 uM. After F-actin incubation
the coverslips were washed again with 1X PBS and mounted on the microscope slide with ProLong™
Glass Antifade Mountant (Invitrogen, United States of America). Samples were analyzed using a Con-
focal Leica SP5 microscope (Leica Microsystems, Germany) at the Bioimaging facility at i3S.

2.7 Statistical analysis

Statistical analysis performed on the data presented in this work was obtained by using Prism 9
(GraphPad), applying ANOVA statistical analysis and paired T-Student tests when applicable. Signifi-
cance levels are considered as * for p < 0.05, ** for p < 0.01, *** for p < 0.001, **** for p < 0.0001
and ns for p > 0.05. The results were reported as mean + standard deviation (SD).
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RESULTS AND DISCUSSION

3.1 Characterization of the SLNPs

3.1.1 Size and charge

The size of the NPs will highly influence the functionality of the delivery system, playing a key
role in assessing their stability in solution, with larger NPs possibly compromising the applicability
[64,83,84].

The size characterization of these SLNPs was assessed for both batches (Table 3.1) and the first
evidence is the massive size difference between the different batches and conditions. The Batch #1 had
double the diameter (103.69 + 3.18 nm) compared to the second one (56.39 + 0.78 nm). A possible
explanation for this is related to their shelf life, as the second one was freshly prepared for these exper-
iments while the first was already produced and stored for a considerable period. Researchers have
addressed the stability of different nanosystems over periods of time in different storage conditions, as
different parameters influence the characteristics of NPs [85-89]. Depending on temperature and pH,
most lipidic NPs are ultimately preserved by freezing or freeze-drying processes, however, when per-
forming these steps, one should take into account the chemical elements present in the different formu-
lations and the possible polymorphic transitions. Since the production process of the SLNPs used in this
work heavily relies on these transitions, taking advantage of cooling and heating cycles to fragment oil
into these NPs, these preserving processes are not an option. In fact, researchers have also addressed the
fact that surfactants and emulsifiers with lower melting points than the NPs oil phase might work as a
catalytic NP nucleus forming agent, creating further smaller SLNPs and thus altering the stability and
properties of the original solution [87,89,90].

Another important point to highlight is the somewhat high polydispersity of these SLNPs. The
Pdl values give a measurement of the heterogeneity of the sample, which also influences the stability
and response of the system. Having a more polydisperse solution could lead to unexpected behaviour of
the system [91]. It also serves as a measurement of the stability of a colloid system, since an increase in
Pdl might be associated with the destabilization and aggregation processes occurring in the sample.
However, since the production procedure heavily relied on the cooling, heating and fragmentation of
larger clusters into smaller particles, a moderate Pdl becomes an artifact of the production process, rather
than an indicator of a loss of stability, especially if it is impossible to control the size of the fragments
produced, as it is in this case.
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Table 3.1. SLNP and surfactant samples characterization, assessing Size, Pdl, Zeta Potential, Shape and
pH.

Values are presented as mean + SD from three independent assays with three replicates each.

* Shape of the samples can be assessed in next images regarding TEM analysis.

Zeta Po- .
. . Solution Meet Qual-
Sample Size (nm) Pdl tzar?]‘il/a)ll Shape pH (+0.01) ity Criteria
SLNP 103.69 + -16.82 + .
Batch #1 318 0.28 £0.02 0.69 Spherical 4.39 Yes
SLNP 56.39 + .
Batch #2 0.78 0.29+£0.02 -9.80+0.82  Spherical 5.18 Yes
Surfactant  21.82% 59,000 2374071 Irregular* 8.46 Yes
mixture 1.12
Brij S20 9358341 0.47+0.08 -2.14+0.58  Spherical 8.78 No
Monoolein 8?8'388; 0.32+£0.07 -15.0+2.01 Irregular 8.99 No

The charge of these formulations also influences the usefulness and stability aspects. Positively
charged NPs might interact with cells more easily since these have an overall negative surface charge
[92-94]. The SLNPs assessed in this study appear to have a slightly negative charge (-16.82 £ 0.69 mV
for batch#1 and -9.80 + 0.81 mV for batch#2) as depicted in Table 3.1. This might be a consequence of
the chemical interactions between ATO 5 molecules and the solvent, resulting in proton (H*) release to
the environment decreasing its pH and rendering an overall negative charge to these SLNPs. This char-
acteristic however also prompts for a better stability of the system. Not only are the SLNPs coated in
their surfactant layer, comprised of Brij S20 and monoolein, which avoids their coalescence and main-
tains their stability, but researchers have addressed the fact that charge also plays a key role in preventing
post production SLNP aggregation and system destabilization, with the more extreme zeta potentials
(+/- 30 mV) resulting in a more stable solution than those closer to zero [95,96].

On the other hand, the surfactant mixtures also yielded interesting results. Monoolein and Brij
S20 solutions, by themselves, do not appear to qualify for analysis in this equipment, as for one the
entities present are too large to be quantified and for the other, the sample is too polydisperse. According
to the literature, Brij S20 has a critical micellar concentration (CMC) of 0.069 mM (22 ug/mL) [97].
Since the working conditions for the production of the surfactant sample had an initial concentration of
15 mg/mL, Brij S20 is highly likely to be forming micelles in this solution, whose size cannot be con-
trolled, resulting in this high polydispersity, and consequent artifacts of the readout. As for monoolein,
as will be further addressed in the next section, this surfactant seems to organize itself in larger struc-
tures, falling outside the measuring boundary of the device.

When analysing the surfactant mixture however, data from Appendix Al seems to highlight the
presence of the two populations, one regarding the Brij S20 solution with the smaller sizes (14.70 £ 0.28
nm) and the other for the Monoolein with the larger size (1238.00 £ 45.01 nm). These results might
suggest that the two surfactants do not interact, creating their own separate entities, with Brij S20 creat-
ing micelles and monoolein another kind of structure, as will be highlighted in the next section. Despite
not being able to quantify the charge of the surfactant samples, as these do not fall in the machine reading
quality criteria, the surfactants are expected to remain neutral, with the SLNP charge being associated
with the ATO 5 present in the particles.
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3.1.2 Morphology

Nanoparticle shape is a very important issue consider when characterizing these formulations, as
different specific shapes might induce different cell/host responses, as well as for different post-produc-
tion treatments requirements [98].

In this case, as can be seen in Figure 3.1, these SLNPs appear to have a round shape in both
batches. This trait of the SLNPs can be considered as a result of the success of the nucleus formation
during production cycles [70]. It is also important to highlight the differences between batch sizes, again
as a possible result of the shelf-time the first batch already possesses when compared to the second
batch. Another interesting point in these images is the darker stains present in the samples where the
SLNPs reside. These are also present in all samples containing monoolein, suggesting that this surfactant
is creating different phases, specially the one where the SLNPs are present. On the other hand, Brij S20
samples only resemble the small dots, possibly micelles with varying sizes, as can be seen [97]. These
entities, unfortunately, are not present with a single size, but rather Brij S20 organizes itself in micelles
with various sizes, some bigger than the SLNPs, other smaller, which not only hampers the isolation of
the NPs, removing the excess surfactants, but also introduces artifacts in the SLNP images, making the
distinction between SLNPs and Brij S20 micelles a challenge. When looking at the surfactant mixture,
it is also possible to see the presence of the small dots inside the dark stains, further indicating the
possibility that Brij S20 does not interact with the monoolein in solution, but rather interacts with itself
forming the micelles seen throughout the different samples that contain this component.
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Figure 3.1. TEM Images of the SLNPs and surfactant solutions tested for characterization.

(A) SLNPs from Batch#1; (B) SLNP solution from Batch#2; (C) Brij S20 Solution; (D) Monoolein Solution; (E)
Surfactant Mixture.

These results highlight the spherical shape of the SLNPs, confirming the size differences between batches and
highlighting the Brij S20 micelle formation. It also highlights the irregular shapes formed by monoolein and the
absence of interaction between the two surfactants when incubated together.

3.1.3 pH
The pH is another important factor in the solution of the NPs produced. As an example, it is

described, that the pH can greatly influence the zeta potential of the NPs and induce their destabilization
and aggregation [99,100]. Not only this, but the human body presents different pH values across

26



different organs and tissues, thus, assessing the pH of the solution in both stable and unstable conditions
must be done to better confirm the applicability of the formulation.

As can be seen in Table 3.1, SLNP solution appears to have an acidic pH. The different surfactants
used however do not show signs of being able to change the pH by themselves, as these components
can only be ionized by water in their alcohol groups. This reaction however is characterized by a pKa ~
14-16, meaning that at these conditions, and at a pH of 5.18 = 0.01, it is very unlikely that the surfac-
tants are being ionized by water molecules [101,102]. On the other hand, ATO 5 is mainly composed of
palmitic and stearic acids (C16 and C18 saturated carbon chains). These molecules present pKa ~ 4.5,
above which they are ionized by water and release protons to the environment. This reaction results in
the low pH observed for SLNP samples and might be a probable reason for the negative charge of the
SLNPs presented in Table 3.1 [103].

3.1.4 Fluorescent intensity

Figure 3.2 represents the fluorescence intensity distribution for the different SLNP concentrations
that were evaluated in the assay. One of the most distinct characteristics is the difference between the
scaling of the fluorescence units (F.U.) observed between plots. One of the possible explanations for
this issue could be related with the solvent used. Different authors have addressed the effects of different
solvents on fluorescent probes, reporting both variations in the measured intensity, as well as a shift in
the wavelength at which the signal is emitted [104—-108]. Associated with this, FITC has also been de-
scribed as a pH-dependent probe, with its characteristics and fluorescence signal being highly influenced
by pH variations [109-111]. Considering the fact that the SLNP solution is prepared in water, which
presents an acidic pH, when in EBM-2, a physiological controlled pH, readout variations become ex-
pected.
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Figure 3.2. Fluorescence intensity of increasing concentrations of FITC-labelled SLNPs (0.0001,
0.0005, 0.001, 0.0025, 0.005, 0.010, 0.025, 0.050, 0.500, 50, 500 and 1000 pg/mL).

(A) SLNPs prepared with water as the solvent; (B) SLNPs prepared with EBM-2 with 0.5% FBS as the solvent.
Values represent the mean £ SD (h = 5).

Note, some error bars are not shown in these plots as they are too small to be represented at this scale.

Other than scaling variations, it is also possible to see that there is fluorescence intensity for all
the concentrations addressed in this experiment. However, looking at the lower values, it is highly prob-
able that the observed intensity is residual, associated with the background noise of the readings, rather
than the values observed for the four higher concentrations. With this in mind, it is possible to see that
at the concentration of 500 ng/mL, although low, there is a measurable fluorescent signal. However, the
SLNP fluorescence labelling process and its variables should be considered, e.g. yield of staining, the
initial and final concentration of FITC on the SLNPs solution, and other factors, that could influence
the results and were performed by the collaborators. Since the system is composed of NPs and micelles
of Brij S20, which are present in larger number, the readout associated with this lower concentration
can be associated with these micelles and their conjugated FITC probes, rather than SLNPs, which might
not be present in the solution at all. This results in artifacts of the readings, yielding fluorescent signal,
even in the absence of SLNPs, which renders this data as inaccurate, highlighting, for future work, the
necessity to remove the excess of surfactant present in solution, as well as the substitution of this fluo-
rescent probe, as authors have already assessed its shortcomings [112].
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3.2 Stability of the SLNPs

Since the main goal of the present work would be to cross the BBB both in vitro models as well
as, ultimately, being useful for humans being administration, this system is required to be functional and
maintain its stability and characteristics upon physiological conditions. For that reason, the SLNPs were
prepared and treated under different stimuli that could influence these parameters such as temperature
and solvent used. The parameters assessed for these stability issues were the same as in the previous
topic, size, zeta potential, morphology and pH, thus using the same equipment for measuring.

3.2.1 Effect of temperature in the stability

To simulate the physiological temperature of the human body, samples were incubated for their
designated period in a water bath at 37 °C and were then characterized following the previous methods.
As can be seen in Figure 3.3A and C, there is a slight increase in the sizes of the SLNPs in both batches
when they are incubated at 37 °C. Also, this increase only happened in the beginning of the incubation,
as the sizes remain constant throughout the whole incubation period. A possible explanation for this
behavior could be associated with the destabilization of the system and its aggregation as has been re-
ported for different systems [113-115]. However, that does not seem to be the case with these NPs.
When analyzing the first batch of particles, and by comparing the DLS results with the TEM images
(Figure 3.3E, F, G, H, I), one can in fact identify the increased size of the particles, if measured, but this
increase is so little and seems to occur as a result of a swelling like behavior of the SLNPs, rather than
their aggregation. Since Brij S20 has its melting point at 44 °C and monoolein at 35 °C, by incubating
the SLNPs at 37 °C, the temperature increase might be inducing more liquid-like behavior of the surfac-
tants, increasing its fluidity and consequent size, similar to what happens with cell membranes [116].
However, when looking at the second batch, this increase is slightly more significant, possibly since
these particles are freshly prepared and could be more susceptible to destabilization than the previous
batch. Not only do these SLNPs swell as a consequence of the increase in temperature, but they also
form clusters of individual particles. In 2015, Michen et. al. [117] distinguished different stages of sta-
bility of NPs, referring to aggregates of particles as their ultimate form of destabilization, and defining
clusters as the groups of particles closer together, but still stable enough to be identified as individual
entities. Considering this, the analyzed SLNPs incubated at 37 °C do show some cluster formation,
possibly since the increase in temperature might be similar to the early stages of the initial production
process, possibly inducing a new cycle of fragmentation. However, since the lipid core is not melted
due to the temperature being under the ATO 5 melting point (50-60 °C) the process is not carried out,
and some clusters appear. Not only this, but by increasing the temperature one might be increasing the
kinetic energy of the system, allowing for the particles in the dispersion to collide and further induce
this process [113]. Despite this, the particles in solution do come together to create larger structures
rather than being fully dispersed in solution, resulting in the emerging peak observed in the higher sizes
in the DLS results (Appendix A2), and screening the surface charge of these SLNPs (Figure 3.3B and
D), making them appear to have a neutral charge rather than their characteristic negative zeta potential
[118,119]. This last factor can also be visualized through the variations over time. Samples incubated at
RT (~25 °C) do not appear to have this variation in charge, being overall negative (~ -10 mV). On the
other hand, samples incubated at 37 °C do in fact show changes in zeta potential over time, with their
charge coming closer to neutrality with the incubation period, possibly as a result of this cluster for-
mation.
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Figure 3.3. Stability assessment of SLNPs (50 pg/mL) incubated at room temperature (~25 °C) and
37 °C in water throughout time periods of 0 h, 30 min, 1, 3, 6, 24, 48 and 72 h.

(A) Size variations of SLNPs from Batch#1 at both temperatures; (B) Zeta Potential variations of SLNPs from
Batch#1 at both temperatures; (C) Size variations of SLNPs from Batch#2 at both temperatures; (D) Zeta Potential
variations of SLNPs from Batch#2 at both temperatures; (E) TEM images SLNPs from Batch#1 incubated for Oh
(scale bar: 500 nm); (F) TEM images SLNPs from Batch#1 incubated for 72h at RT (scale bar: 200 nm); (G) TEM
images SLNPs from Batch#1 incubated for 72h at 37 °C (scale bar: 100 nm); (H) TEM images SLNPs from
Batch#2 incubated for Oh (scale bar: 200 nm); (I) TEM images SLNPs from Batch#2 incubated for 72h at 37 °C
(scale bar: 200 nm); (J) pH variations of SLNPs and their individual components at RT; (K) pH variations of
SLNPs and their individual components at 37 °C. Values represent the mean + SD and each condition was tested
in three independent assays with three replicates each, except for (E-K).

Note, some error bars are not shown in these plots as they are too small to be represented at this scale.

As for the pH characterization, SLNPs tend to maintain their pH over time in both incubation
temperatures. As previously explained, the acidic pH results from the ionization interactions between
water molecules and the ATO 5. Despite the increase in temperature resulting in cluster formation, water
molecules can still pass through the empty spaces between SLNPs and react with the lipidic core main-
taining this pH, while the charge gets masked by this effect [101-103,118,119]. Another point to
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highlight is the acidification of the control samples over time. As can be seen, both surfactants individ-
ually and mixed do not alter the pH of the sample, meaning that their functional groups are not reacting
and contributing to the acidification of the environment, rather, this occurs as an artifact since the sample
that was measured was always the same, exposing, for every measurement made, the solution to the
atmosphere allowing it to react with CO2, forming carbonic acid, in a reversible reaction, that lowers
the pH of the solution [120]. SLNP sample already has an acidic pH, rendering this reaction inefficient
and preventing the formation of this compound, thus, maintaining its pH over time.

3.2.2 Effect of the solvent in the stability

When changing the solvent from water to culture media, the results become quite different. EBM-
2 culture media is supplemented with FBS in a 0.5% (v/v) concentration, meaning that the proteins
present in this solution will further influence the measurements performed. This can be seen in Figure
3.4A and B, since with the increase of time there is a drastic increase in SLNP size. This increase how-
ever is not associated with the destabilization of the SLNPs, as can be observed by the acquired TEM
images (Figure 3.4C and D) where the particles present themselves with similar sizes to the control.
Rather, this change is a consequence of protein-protein aggregation over time, as can also be seen in the
TEM images by the large dark stains observed. This causes interferences in the measurements, high-
lighting the need of a better characterization equipment for these samples. Zeta potential also highlights
this need, as it was not measured due to the presence of different salts in the culture media, producing
such strong ionic forces that damaged the electrodes of the measuring cell, resulting in randomized
uncorrelated values. Another aspect to be analyzed with these experiments is the protein corona for-
mation. Different researchers have addressed the possibility of formatting this coating on different NPs.
This is a protection mechanism intrinsic of the host, marking exogenous compounds by binding proteins
to their surface, signaling it for engulfment and elimination [75,76,121]. To be successful, NPs and other
delivery systems must avoid this process. One way to assess this fact is by studying the size variations
of the SLNPs over DLS and TEM analysis. However, proteins in solution, either bound to the surface
of the SLNPs or not will be measured and result in the presence of reading artifacts [122,123]. Despite
this fact, it is still possible to identify the characteristic size peak associated with the SLNP solution with
a size around ~60 nm associated, again, with the heating process of this sample. This suggests that the
colloids, despite the increase in temperature and the presence of proteins still maintain their integrity as
NPs, without forming aggregates, and without the formation of a protein corona [122,123]. The absence
of the corona might result from three sources. One would be the low concentration of serum proteins
present in solution. Since the SLNPs are incubated in a solution containing only 0.5% of FBS, these
might not be enough to significantly bind to the SLNPs surface and create a significant response. An-
other possibility is related with the charge of the SLNPs. Most proteins present in the serum are nega-
tively charged, being easily repelled by the SLNPs that have the same polarity [124]. Finally, the most
prominent reason would be as a consequence of the surfactants used, specially Brij S20. This surfactant
belongs to the polyoxyethylene ether family, possessing PEG residues, notoriously known for their ef-
fect on stabilizing NPs and preventing the formation of a protein corona [125-132] This effect can also
be seen by the TEM analysis (Figure 3.4C and D), where it is possible to identify the individual SLNPs
without a dark mesh around their surface that would represent the corona [123]. Rather this mesh can
be visible dispersed in the background, creating artifacts of the reading, but not specifically adsorbed on
the SLNPs surface. This fact is also true for the CSF samples, in which the SLNPs were diluted to the
same concentrations, yielding the same results as in EBM-2 (Figure 3.4E and F). pH analysis of the
EBM-2 samples is represented in Figure 3.4G and H. These results demonstrate that the fact of the
SLNPs being incubated in a buffered solution such as this one, ATO 5 with solvent interactions are not
sufficient to overpower the buffer capacity of the solvent, maintaining the physiological pH over time
and in all samples. This result shows that the acidic pH associated with the SLNP solution would not
cause problems when incubated in cell culture and influence cell viability and function [133].
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Figure 3.4. Stability assessment of SLNPs (50 pg/mL) incubated in water and EBM-2 with 0.5% FBS
throughout time periods of 0 h, 30 min, 1, 3, 6, 24, 48 and 72 h.

(A) Size variations of SLNPs from Batch#1 in both solvents; (B) Size variations of SLNPs from Batch#2 in both
solvents; (C) TEM images SLNPs from Batch#1 incubated for 72h (scale bar: 200 nm); (D) TEM images SLNPs
from Batch#2 incubated for 72h (scale bar: 200 nm); (E) TEM images of cerebrospinal fluid (scale bar: 200 nm);
(F) TEM images SLNPs incubated in CSF (scale bar: 200 nm); (G) pH variations of SLNPs and their individual
components in water; (H) pH variations of SLNPs and their individual components in EBM-2 with 0.5% FBS.
Values represent the mean + SD and each condition was tested in three independent assays with three replicates
each, except for (C-H).

Note, some error bars are not shown in these plots as they are too small to be represented at this scale.

3.3 Cytotoxicity assay

3.3.1 SLNP cytotoxicity

By performing the MTT assay, one might infer about the positive or negative effect the SLNP
formulation might have towards the cell viability. This assay is based on the quantification of formazan
crystals present that are obtained by the metabolization of the MTT reagent [134,135]. This characterizes
the assay as an indirect assessment of cell viability, as what is actually being measured is the metabolic
activity of the cells. Considering different reports on the use of SLNPs and the biocompatible charac-
teristics of the different components of these NPs, one might have assumed that there would be no issues
with the administration of the system. However, as can be seen in Figure 3.5, that is not the case. When
analyzing the range of SLNP concentrations incubated with hCMEC/D3 cells, the deficiency of meta-
bolic activity for higher concentrations is notable. For concentrations above 500 ng/mL cells did not
show signs of being metabolic active, presented a change in morphology, were detached, suggesting
that these cells appear to be dead. This negative response could be a consequence of different things,
one of those being the sensitivity of this cell line to these stimuli. To rule out this hypothesis, a different
cell line was incubated with the highest SLNP concentration. Results shown in (Figure 3.6), yield the
same outcomes. These suggest that the actual SLNP formulation might be inducing a toxic response in
the cells. To counter this effect, two paths can be taken: one could try to identify the most likely agent
that is causing this toxicity; on the other hand, the decrease of SLNP concentration should hamper the
toxic effect and reduce this negative behavior.

34



kkkk

ns
150 I 1

1

100 -

Cell Viability (%)
[5,]
o
[]

Figure 3.5. Cell Viability assessment of hCMEC/D3 and optical microscopy pictures taken after 6h of
incubation with different concentrations of SLNPs.

(A) Cell viability incubated with 0, 0.005, 0.05, 0.5, 5, 50 pg/mL of SLNPs; (B) Cells incubated with 0 pg/mL of
SLNPs; (C) Cells incubated with 0.005 pg/mL of SLNPs; (D) Cells incubated with 0.05 pg/mL of SLNPs; (E)
Cells incubated with 0.5 pg/mL of SLNPs; (F) Cells Incubated with 5 pg/mL of SLNPs; (G) Cells incubated with
50 pg/mL of SLNPs. (Scale bar: 250 pm). Values represent the mean + SD (n = 3), except for (B-G).

Changes in cell morphology and detachment observed by the pictures suggest that high concentrations of SLNPs
might be responsible for cell death and loss of metabolic activity.

To assess this issue, SLNPs were diluted to the minimum concentration described for the concen-
tration curve (5 ng/mL) and the maximum concentration at which cell viability was high (500 ng/mL)
and incubated for different periods of time (Figure 3.7). The results show that, both over the time period
and for both concentrations, SLNPs did not show a cytotoxic response, thus considering these promising
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Figure 3.6. Cell viability assay of DAOY cell line incubated with 50 pg/mL of SLNPs.

Values represent the mean + SD and each condition (n = 5). These results suggest that the toxicity observed with
the SLNP lies within either the formulation or concentration of SLNPs, excluding cell sensibility as a possible is-
Sue.

concentrations to work with. However, one must still consider the proportion of surfactants present
towards the ATO 5. This might mean that at these low concentrations, not only might the cells being
treated with no SLNPs, but rather a solution that would contain low amounts of surfactants, redirecting
the work objective to try and identify the possible root of toxicity in this system.
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Figure 3.7. Cell viability of hCMEC/D3 incubated with 500 ng/mL (A) and 5 ng/mL (B) of SLNPs over
6, 24, 48 and 72h.
Values represent the mean = SD and each condition was tested in three independent assays with five replicates
each. By lowering the concentration of SLNP solution it is possible to mitigate the toxic response ob-served for
higher concentrations, however such low concentrations might be associated with the loss of SLNPs en-
tirely from solution.
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3.3.2 Cytotoxic agent identification

To identify the possible source of cytotoxicity of this formulation, the different components that
comprise it were tested individually with hCMEC/D3 cells, aside from ATO 5. This component was not
assessed due to a variety of factors, one of which being its low solubility in aqueous solutions, with its
potential solvents being the likes of chloroform [136]. However, if this solubilization was carried out,
when the ATO 5 would be incubated in cell culture media, the sample would form different phases as
these solvents are not miscible with one another, resulting in the inefficacy of this assay [137]. Despite
this, different authors have already addressed the effects of ATO 5 based nanosystems, specifically with
the higher concentrations described in this work, concluding that this component does not induce tox-
icity issues [67,78,79,138]. Not only this, but ATO 5 has already been accepted by the Japanese Standard
of Food Additives, which makes this component likely not to be the cause of the toxicity problem [78].
In fact, as observed in Figure 3.8, it is possible to verify that the cytotoxic response described in the
previous topic seems to be associated with the surfactants used, more precisely with Brij S20. This might
be a consequence of the high concentration used for the preparation of the SLNPs, as this surfactant is
present in triple the amount of the lipidic core or monoolein. This results in the micelle formation pre-
viously described, rendering the purification of the SLNPs inefficient, again, as these exist with sizes
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smaller, equal and bigger than the NPs. Due to this, there will be an excess of surfactant in solution,
unbound with the SLNPs that might be interacting with the cells and inducing toxic effects. This con-
centration of Brij S20 might be too high for cell culture, resulting in possible cell membrane permea-
bilization and subsequent death, as other non-ionic detergents/surfactants seem to act, such as Tween
and Triton X100 [68,139-142].
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Figure 3.8. Cell viability of hCMEC/D3 cells incubated with 50 pg/mL of SLNPs and its respective
components in the same concentrations.

Values represent the mean = SD (n = 5). Cells were incubated with SLNPs (50 pg/mL), the surfactant mix Brij
S20:Monoolein (150:50 pg/mL), Brij S20 alone (150 pg/mL) and Monoolein (50 pg/mL). These results suggest
the root of toxicity lies within Brij S20 and not the rest of the SLNPs components.

When SLNPs are produced, as a final step, they can be purified, removing the excess material in
solution, as well as the undesirable byproducts of the process. For this, common methods pass through
the use of dialysis membranes, removing the unbound surfactant in solution [143,144]. However, the
characteristics of this formulation do not allow for these procedures, as micelles can be formed with
different sizes, as well as creating structures with the same weight and consequence affinity as the
SLNPs are surrounded by the surfactants on their surface. With this, one possible way to purify these
samples and remove the excess of surfactant would be through centrifugation. This process could allow
for the sedimentation of heavier particles removing the smaller-sized micelles in the supernatant, fol-
lowed by a second centrifugation step where the heavier and larger unwanted particles would be dis-
carded from solution. However, similar sized SLNPs and micelles would still remain in solution, not
fully removing the excess of surfactant in solution.

3.3.3 Optimal surfactant range

With seemingly no possible alternative to work with these stock conditions, this work sought to
understand the new ideal concentrations to which the SLNPs could be produced and administered in
these studies. It is possible to identify potential optimal working concentrations of both Brij S20, as well
as monoolein individually. Since the SLNPs presented to cells have a 1:100 dilution factor, stock solu-
tion of both surfactants have 100 times the concentration described, meaning, that the next step of as-
sessing optimal surfactant mix concentration of Brij S20:Monoolein (0.5:5 pg/mL) required the prepa-
ration of a stock solution of 0.5:5 mg/mL in ultrapure filtered MilliQ water. With this mixture prepared,
the cytotoxicity on hCMEC/D3 was assessed. Results are represented in Figure 3.9. It is possible to
assume that these optimal concentrations seem not to induce a negative response on the cells, highlight-
ing the promising use of the NPs when considering an appropriate concentration of their surfactants.
Not only this, but it is also possible to understand that when mixed, the surfactants can also show a
positive effect on cell cytotoxicity as can be seen by the increase in concentrations to 10:100 pg/mL of
Brij S20:Monoolein without a significant toxicity response. This raises the possibility of further increas-
ing the concentrations of Brij S20 as long as the concentration of monoolein also increases within the
same proportion without inducing a significant cytotoxic response. This has been considered as a
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possibility to solve some toxicity issues of some surfactants, mixing them with other non-toxic ones,
hampering this effect, which can be assessed in future work [145].

After identifying the optimal surfactant mixture concentration, a new concern is risen, which is
the possibility of producing this same SLNPs with such specific surfactant concentrations. Since the
production process of these SLNPs relies on the wetting and nucleus formation processes by the frag-
mentation of the lipid block, and due to the high hydrophobic nature of ATO 5, similar to other types of
SLNPs, the appropriate concentration of surfactants is crucial for the correct production process to be
carried out and achieve optimal NP characteristics [70,146]. So, as possible future work, it could be
assessed the possibility of these SLNPs to be prepared with these lower surfactant concentrations, as a
means to solve the toxicity issues and further improving the system. In a scenario where this concentra-
tion does not work, compromising the preparation of the SLNPs, the only possible routes to follow
would lead to either remove this surfactant, Brij S20, entirely from solution, either substituting it, or not,
by a more biocompatible one, or to improve the purification process to remove this excess.
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Figure 3.9. Cell viability of hCMEC/D3 cells with different concentrations of individualized surfactants
and combined.

(A) hCMEC/D3 cells incubated with 1, 5, 50, 100, 150 pg/mL of Brij S20 solution and the respective cell control;
(B) hCMEC/D3 cells incubated with 1, 5, 50 pg/mL of Monoolein solution and the respective cell control; (C)
Surfactant mix with optimal concentrations of Brij S20:Monoolein 1:10, 5:50, 10:100 pg/mL. Values represent
the mean + SD and each condition was tested in three independent assays with five replicates each.

These results prove that, by lowering the Brij S20 concentration in the surfactant mixture, the formulation might
not induce cytotoxicity.

3.4 Cell internalization assays

Despite the lack of specificity of the fluorescence signal, as reported in the section 3.1.4 Fluores-
cent intensity, the interaction and internalization of SLNPs by hCMEC/D3 cells was still assessed for
the concentration of 500 ng/mL. Both Figure 3.10 and Table 3.2 highlight the lack of green (FITC)
signal, associated with the SLNPs. Confocal microscopy, allows for the 2D visualization of the cells
and the stained components, in this case the nucleus, the filamentous actin and, in the best-case scenario,
the SLNPs, understanding where they could be present if they were interacting with the cells. However,
as can be seen by the Table 3.2 and Figure 3.10, there is no sign of interaction between the SLNPs and
the cells, with them neither being internalized nor adhered to their surface.
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Another method to quantify the amount of internalized fluorescent SLNPs by cells is through
FACS, which counts the number of events passing through the sensor with the respective wavelength
of the probe used. This allows to both quantify the fluorescence signal inside the cells, as well as assess
if the SLNPs were internalized or stuck to the surface of the cells or if they did not interact with them at
all [81,147]. Since it is possible to understand that these SLNPs interacts with the cells, resulting in their
death at the higher concentrations, and once these assays did not produce positive results of interaction,
not even showing a green signal, it further enforces the hypothesis that at these concentration there is a
lack of SLNPs in solution, with the fluorescent signal visualized in the previous section being only
referent to the excess of FITC present in solution rather than associated with the SLNPs. This further
highlights the need for the optimization processes related to both the production and post-production
treatment of the SLNPs, removing the undesired substances that might be hindering the systems poten-
tial.

Table 3.2. \CMEC/D3 SLNPs internalization analyzed by FACS.

Values are presented as mean + SD from three independent assays with three replicates each. This technique allows
for the quantification of the internalized SLNPs by measuring the fluorescence signal of FITC-labeled SLNPs.
These results suggest that there is no uptake of SLNPs by the cells, or there are not enough SLNPs in solution,
resulting in the absence of fluorescence measured.

* 100 000 events were counted per replicate, adding to 300 000 events counted for each independent assay.

Sample Events counted Signal quantification (%0)
Untreated Cells 100 000* 0.015 £ 0.007
Cells treated with SLNPs 100 000* 0.029 £+ 0.007
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Figure 3.10. Confocal microscopy image of hCMEC/D3 cells untreated with SLNPs (A) and after 4h

of incubation with 500 ng/mL of SLNPs (B).
These images suggest that there are no SLNPs present in the sample, as can be seen by the lack of green signal,

further indicating the lack of internalization in the cells.
The images on the right represent the individual colour channels for DAPI, F-Actin and SLNPs (Blue, Red and

Green) respectively. (Scale bar: 50 pum)
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A

CONCLUSIONS AND FUTURE PERSPEC-
TIVES

In the described work, the evaluation of a novel SLNP formulation was assessed, being charac-
terized, and tested in different simulating environments for the assessment of their possible role as drug
delivery systems across the BBB in AD environment. These NPs were produced by an unconventional
procedure, resulting from the repeated fragmentation of a large lipidic block by thermal-variation cycles,
creating smaller nucleated SLNPs composed of Precirol ATO 5 as the lipidic matrix surrounded by Brij
S20 and Monoolein as surfactants. These SLNPs had a size of 56.39 + 0.78 nm and a negative charge (-
9.80 £ 0.81 mV), which presented high stability in different conditions that would simulate cell culture
environment and ultimately the physiological conditions of the human body. Stability assessment was
however a challenge due to the equipment limitations, highlighting the need for the optimization of
characterization protocols. An interesting approach for future work would be to perform kinetic studies
of the SLNPs in the different environments, assessing the different properties variations over shorter
periods of time. For that, instead of DLS analysis and TEM images, Cryo-Electron Microscopy (Cry-
0oEM) would serve as a promising alternative for these assays, as it allows to assess basic sample char-
acteristics, surface interactions and captures dynamic processes over time with high resolution and an
accurate representation of the stock solution.

These NPs however, despite promising, fell short on their cellular application, resulting in a de-
crease in cell viability when presented in concentrations similar to the ones described in the literature.
By testing the SLNPs components individually, Brij S20 was found to be the most probable root of the
cytotoxic problem, highlighting the need to lower the concentration of this surfactant in the final solu-
tion. To achieve this goal, one could either lower the initial concentration of surfactant used in SLNP
preparation or try to remove the excess surfactant that might be present in solution and inducing this
response. This excess also interferes with the SLNP characterization techniques, resulting in artifacts
presented in the different analysis performed throughout this work.

Lowering the SLNP concentration could solve the toxicity problem of this component when in-
cubating the formulation with cells, however, the results presented in this work suggest that at the re-
ferred concentrations SLNPs might no longer be present in solution. This would result in the ineffective
administration of this system, and subsequent no internalization in human endothelial cells or BBB
crossing.

As a final remark, the success of the SLNPs addressed in this work might only be achieved by the
implementation of certain changes either in the formulation or on their production process. The excess
surfactant removal remains a crucial and focal point for the subsequent studies using these NPs, other-
wise their cytotoxic behavior will be persistent. On another hand, this surfactant could also be used in
lower concentrations to solve this issue, completely removed from the formulation or, if necessary, ex-
changed by another that presents a higher degree of biocompatibility and will not induce this response.
Alternatively, it would also be interesting to assess different combinations between Brij S20 and
Monoolein, changing their proportion, assessing the possibility of the toxic effect being hindered by the
presence of monoolein. Only after these changes are performed can one move on to the permeability
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studies using in vitro BBB models, with its future translation into in vivo mice models upon appropriate
results. Adding to these assays, it would also be important to assess the ability of these SLNPs to inter-

nalize appropriate therapeutic agents for AD, assessing its effectiveness to treat the disease in the ap-
propriate models.
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APPENDIX

A.1 DLS results of the surfactant samples
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Figure A.1. Raw DLS results of surfactant samples with their representative peaks highlighted by the
arrows.

(A) Monoolein (50 pg/mL); (B) Brij S20 (150 pg/mL); (C) Brij S20:Monoolein (150:50 pg/mL).

A.2 DLS results of SLNPs incubated at 37 °C over time
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Figure A.2. Raw DLS results of SLNPs incubated in water at 37 °C over different time periods.

The arrows depict the appearance of a second peak associated with SLNP cluster formation without aggregation.
(A) Oh of incubation; (B) 30 min of incubation; (C) 24h of incubation.
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