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Ischemic stroke is a pathology with high economical and social impact in today’s western-world
society with the lack of effective therapies and the persistence of the affected patients who
remain, to this day, still untreated.

One of the most promising approaches to promote the improvement of a stroke’s outcome relies
on neuroprotection. Worldwide studies have exposed a huge number of molecules with
neuroprotection potential for ischemic stroke, contrasting with their failure in clinical
applications, mainly, due to their low bioavailability in the brain, limited blood-brain barrier
permeability and blood stability, as well as their high cytotoxicity. Consequently, there has been
a permanent effort in creating strategies to improve these molecules’ characteristics, so they can
be used for this purpose. Nanomedicine has been revealing itself as the most capable field to
address these caveats, since nanoscale biomaterials can provide a promising delivery platform
(nanocarriers) for brain therapeutic substances such as drugs, proteins and nucleic acids.

Here, we tested commercially available generation 4 poly(amino amine) (PAMAM) and
generation 3 PEGylated Gallic Acid-Triethylene Glycol Ester (PEG-GATGE) dendrimers as potential
carriers of therapeutics. The last ones were the main focus of this project, once they have been
recently proposed by our group, constituting a new family of fully degradable dendrimers. These
are currently being explored as carriers of therapeutic nucleic acids (named as dendriplexes) to
be applied by intravenous administration in the aftermath of an ischemic stroke.

Regarding central nervous system therapies aimed to be administrated by intravenous route, it is
imperative to assess the permeability through the blood-brain barrier (BBB). It is well-known that,
after an ischemic stroke, there is a temporary disruption of the BBB which can be a window of
opportunity for nanoparticle delivery.

Concerning that, a previously developed in vitro BBB model was used to test dendrimers and
dendriplexes ability to permeate under physiologic and ischemic conditions, which were induced
by oxygen and glucose deprivation, as it happens after a vessel occlusion in ischemic stroke.
Studies were started with the commercially available dendrimers (PAMAM) tethered with the
fluorophore molecule rhodamine, where it was possible to verify higher permeation of the
dendrimers under ischemic conditions. Subsequently, similar experiments were done with PEG-
GATGE dendrimers complexed with nucleic acids (siDNA), however it was not possible to

determine a permeability profile but an endocytic profile under different stimuli (normoxia and



hypoxia). In ischemic conditions, the dendriplex endocytosis-mediated uptake increases, possibly
due to metabolic mechanisms alterations induced by hypoxia. The assessment of the
dendriplexes permeation through the BBB should continue in the future to understand deeply
their ability to permeate the BBB after intravenous administration.

For further in vivo studies with dendriplexes, a global ischemic zebrafish larvae model was
developed in order to mimic the characteristic BBB disruption as it happens in humans after an
ischemic stroke. The ischemia was induced to 4 days post fertilization animals by oxygen
deprivation for 4 hours in a successfully validated hypoxia chamber. Imaging analysis was
improved during the model establishment and higher quality imaging was verified in vivo under
a fluorescence confocal microscope. However, results are still not conclusive as additional
experiments should be done, accompanied by image quantification to determine BBB disruption.
Overall these results, although in their infancy, show the promise of the proposed dendrimer

system and open important avenues for the assessment of these newly proposed biocarriers.

Key words: Ischemic stroke, Dendrimers, Blood-brain barrier, Blood-brain barrier permeability, In

vitro blood-brain barrier model, In vivo global ischemic zebrafish larvae model
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Atualmente, o acidente vascular cerebral (AVC) é uma patologia com elevado impacto econémico
e social no mundo ocidental. A persisténcia de pacientes por tratar deve-se a falta de terapias
efetivas.

Uma das abordagens mais promissoras para a melhoria dos efeitos induzidos pelo AVC assenta
no desenvolvimento de terapias neuroprotetoras. InUmeros estudos tém descrito o potencial de
diversas moléculas para este propdsito, no entanto a maioria é caracterizada pelo insucesso em
ensaios clinicos, devido a sua baixa biodistribuicdo no cérebro, permeabilidade a barreira
hematoencefdlica e estabilidade no sangue, bem como elevada citotoxicidade. Por isso, a procura
de estratégias para melhorar as caracteristicas destas moléculas tem sido um esforco constante.
A nanomedicina tem-se revelado promissora na colmatacdo destas fraquezas, uma vez que 0s
biomateriais a nanoescala podem ser utilizados como plataforma de entrega de substancias
terapéuticas ao cérebro, por exemplo farmacos, proteinas e acidos nucleicos.

Neste trabalho, testdmos dendrimeros comerciais de geracdo 4, poly(amino amine) (PAMAM), e
dendrimeros sintetizados de geracdo 3, PEGylated Gallic Acid-Triethylene Glycol Ester (PEG-
GATGE), como potenciais transportadores de moléculas terapéuticas. Estes uUltimos sdo o foco
principal do projeto, uma vez que foram recentemente propostos pelo nosso grupo, constituindo
uma nova familia de dendrimeros completamente degradaveis. Estes estdo a ser explorados
como transportadores de acidos nucleicos para administracdo intravenosa apds AVC, sob a forma
de dendriplexos.

Como terapia para o sistema nervoso central a ser administrada intravenosamente, é imperativo
estudar a sua permeabilidade através da barreira hematoencefdlica. Estd descrito uma abertura
temporaria desta barreira apds AVC isquémico, que pode ser vista como uma janela de
oportunidade para a entrega das nanoparticulas.

Posto isto, os dendrimeros e dendriplexos foram testados num modelo in vitro da barreira
hematoencefdlica de modo a avaliar a sua capacidade de permeacdo em condicdes fisioldgicas e
isquémicas (induzidas por privacado de oxigénio e glucose, como acontece apds a oclusdo venosa
em AVC). Estes estudos iniciaram-se com os dendrimeros comerciais (PAMAM) funcionalizados
com um fluoréforo, a rodamina, nos quais foi possivel verificar maior permeabilidade em
condicdes de isquemia. Seguidamente, experiéncias similares foram realizadas com os

dendrimeros PEG-GATGE complexados com acidos nucleicos (siDNA). No entanto, ndo foi possivel
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determinar o perfil de permeabilidade, mas sim, um perfil de endocitose quando sujeitos a
diferentes estimulos (normoxia e hipoxia). Em condi¢bes de isquemia, a entrada das
nanoparticulas por endocitose aumenta, possivelmente devido a alteragdes metabdlicas
induzidas pela hipoxia. O estudo da permeabilidade da barreira hematoencefdlica aos
dendriplexos deve continuar, de forma a perceber detalhadamente a sua capacidade de permear
esta barreira apds a administracdo sistémica.

Para futuras experiéncias in vivo com os dendriplexos, um modelo global de isquemia em larvas
de zebrafish foi desenvolvido, de forma a mimetizar a disrupcdo caracteristica da barreira
hematoencefdlica apds AVC isquémico. A isquemia foi induzida por privacdo de oxigénio durante
4 horas em animais com 4 dias ap0s a fertilizacdo, numa camara de hipoxia validada com sucesso.
A analise por imagem foi melhorada durante o estabelecimento do modelo, sendo que imagens
com qualidade superior foram obtidas in vivo recorrendo a um microscopio confocal de
fluorescéncia. No entanto, os resultados ndo foram conclusivos e futuras experiéncias devem ser
realizadas, acompanhadas por andlise de imagem para determinar a disrupcdo da barreira
hematoencefilica.

Apesar de ainda terem de ser explorados, estes resultados validam o conceito proposto para os

sistemas dendriticos e apresentam métodos promissores de analise para 0s mesmos.
Palavras-chave: Acidente vascular cerebral isquémico, Dendrimeros, Barreira hematoencefalica,

Permeabilidade da barreira hematoencefalica, modelo in vitro de barreira hematoencefalica,

modelo in vivo de isquémica global em larva de zebrafish
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INTRODUCTION

1.1. STROKE

Stroke is one of the world’s biggest killers and cause of long-term disability in the western world
with a huge social and economic impact. [1]—[3]. The worldwide incidence of this disease is highly
related with prevalence of specific risks and genetic factors as well as the ability to clinically

manage stroke. [3], [4]

Stroke can be either ischemic or hemorrhagic, depending on its causes. Between 80 and 90% of
strokes are ischemic, caused by a transient or permanent brain arterial occlusion, restricting the
blood flow to the brain. [5]—[8] Only a residual percentage of strokes are hemorrhagic, caused by
a blood vessel leakage and consequent blood accumulation in the tissue creating swelling and
increasing pressure. [9], [10]

The different consequences of each subtype of stroke lead to an independent management of
these events in terms of therapies. [3] Due to the highest prevalence of ischemic stroke and to
the fact that the only pharmacological treatment is not effective in all stroke patients, it has been

a preferential target to the development of new therapeutic approaches. [7]
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1.1.1. ISCHEMIC STROKE

Brain cells have a high metabolic rate and are mainly dependent on aerobic metabolism
(oxidative phosphorylation) to obtain energy which leads to approximately 20% of the overall
body oxygen consumption by the central nervous system (CNS). [10], [12], [13] The restriction of
blood flow to any part of the brain leads to an inadequate oxygen and glucose input which rapidly
compromises the tissue homeostasis. Following that, a complex and heterogeneous
pathophysiological cascade of events starts, such as energy failure, excitotoxicity, peri-infarct
depolarization, inflammation and cell death (necrosis or apoptosis). Ischemic cascade can last

hours or even days, during and after vessel occlusion (Figure 1). [7], [8], [13], [14]
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Figure 1 — Overview of the cascade events after an ischemic stroke (adapted from [13])

The core of brain infarct, closer to the occluded vessel, immediately experience cell death and it
progresses over time to the surrounding area (ischemic penumbra). Ischemic penumbra is the
area between the irreversible damaged core and the normal brain which has constrains in blood
flow supply but energy metabolism is in part preserved. This area of the brain suffers a
remodeling during the time after ischemic injury because of the activated mechanisms in
ischemic cascade. [10], [14]

The pathological event starts with bioenergetic failure. Neurons are the most affected cells once
they are highly dependent on oxygen and glucose for adenosine triphosphate (ATP) production
for impulse transmission which requires the maintenance of ionic gradients through the
membrane and presynaptic reuptake of excitatory amino acids. [10], [15] The loss of membrane

ion pump both in neurons and glia lead to the loss of potassium (K*) in return with sodium (Na*),



chloride (ClI') and calcium (Ca?*) and consequent cell swelling due to the inflow of water (cytotoxic
edema). Also, the neuronal depolarization activates somatodendritic and presynaptic voltage-
dependent Ca?* channels, inducing the release of excitatory amino acids as glutamate to the
extracellular space (excitotoxicity). The uncontrolled release of the referred amino acid activates
glutaminergic calcium and monovalent ions receptor, such as N-methyl-D-aspartate (NMDA), a-
amino-3-hydroxy-5-methyl-4-propionate (AMPA) or kainate receptors, increasing the influx of
Na* and Ca?" and, consequently, worsening the cytotoxic edema and promoting apoptosis
mechanisms. [10], [13], [15]

The increase of Ca?* intracellular levels initiates cytoplasmic and nuclear events by the activation
of many enzymes such as proteases, kinases, phospholipases, endonucleases and
cyclooxygenases. These include enzymes able to degrade cytoskeletal proteins, extracellular
matrix proteins, membrane structures and also other cellular components, with the extensive
production of reactive oxygen species (ROS) which overpowers the cell antioxidant capacity,
specially neurons which have low antioxidative defense. Additionally, inflammation is triggered

and ultimately the ischemic cascade leads to cell damage and death. [13], [14]

All mechanisms involved in ischemic stroke result in an impairment of brain cells and neurological
deficits as clinical outcomes. The neurological improvement and recovery is dependent on cell
recovery and remodeling in the ischemic penumbra, so that this tissue should be the target for

any therapy after ischemic event. [13], [14], [16]—[18]

1.1.2. CURRENT AND EMERGING THERAPIES

Current treatments for ischemic stroke aim to improve, in a safe manner, the clinical outcome
after vessel occlusion. [19] Presently, there are no treatments that aim to protect neurons nor at
promoting neural tissue repair and/or regeneration.

The available therapies are based on the “recanalization hypothesis”, enabling the opening of
occluded vessels for salvaging of the neurons and glial cells in the ischemic penumbra. [10], [20]
Options are limited to pharmacological thrombolysis (using tissue plasminogen activator (tPA)),
or mechanical thrombolysis (exploring mechanical thrombectomy devices). [21], [22]

tPA is an antithrombotic agent that is injected in the blood flow after an ischemic stroke to
degrade the clot, so that the penumbra tissue is re-perfused and the oxygen and glucose levels
are reestablished. [23] However, there are some drawbacks that should be taken in account when

using antithrombotic agents in these patients. Treatment is limited to a narrow window of time



(until 4.5 hours after stroke), once their efficiency diminishes with the treatment delay [19], [21],
[23], [24]; and there is the risk of hemoharrage which limits the therapy to a small number of
patients (less than 10%) [7], [25]. Despite the favorable clinical outcome in the patients where
the treatment is effective, the recanalization efficacy is modest, especially in large vessel
occlusions, with only 40% cases of success. [19], [26]-[28] Consequently, research in
pharmacological thrombectomy therapies continues, in order to have a more effectiveness in a
longer window of time and with reduced side effects, as examples of novel fibrinolytic agents like
desmoteplase, urokinase and prourokinase. [28], [29]

It has been recognized the advantage of the mechanical thrombectomy devices regarding the
clinical outcomes in ischemic stroke therapies, due to their higher rates of reperfusion and the
increase in indirect salvaging of the ischemic penumbra after longer periods of time. [19], [26],
[30]-[32]

Available therapies allow the reperfusion of affected tissues, improving patients clinical outcome
but they are still very limited once mechanisms of ischemia remain active. [15], [20], [33]
Therefore, it remains the need of an urgent therapy to mitigate the distention of the ischemic

core to the ischemic penumbra area. [19], [34], [35]

In the last decades, there has been an explosion in neuroprotective strategies, which target the
penumbra area controlling cellular events in acute ischemia and stabilizing penumbra
environment, once neurons around the ischemic core can survive for hours after the ischemic
event. They can be a key element in stroke therapy, drawn to be used as alternatives or adjuvants
to available therapies however, their success is still dependent on the time window of
intervention. The number of possibilities is large due to the complexity of the ischemic event,
where many molecular targets can be chosen for neuroprotection, such as neurotrophic
stimulation, excitotoxicity mechanisms, calcium influx, ROS and nitric oxide production,
inflammatory response and apoptosis. [13], [15], [35], [36]

Despite the intense research in these new approaches, therapies for brain ischemia are restricted
to recanalization approaches with huge limitations. It makes the ischemic stroke one of the
greatest health-care challenge, with very low approved clinical treatments, where there are many
molecules with therapeutic potential but lack of clinical potential specially due to low crossing of
the blood-brain barrier (BBB) and brain biodistribution. [7], [37] So, there is an imperative
necessity to the development of new approaches which comply with clinical requirements.
Recently, nanomedicine has taken notable advantage in this area since nanoscale biomaterials
provide a promising delivery platform (nanocarriers) for brain therapeutic substances such as

drugs, proteins and nucleic acids (NA), improving brain bioavailability, BBB permeation, blood



stability and cytotoxicity outcomes. All these characteristics are recognized to aid a therapeutic
molecule to reach the target and be effective. Various materials have been tested as nanocarrier

systems, which are commonly based on polymeric, lipid and/or metallic compounds. [37], [38]

1.1.2.1. DENDRIMERS

Dendrimers are a powerful class of polymer-based 3D nanoscale structures and attractive
candidates for drug delivery systems due to their exceptional and tunable structural
characteristics. As unique nanomaterials, dendrimers have a small size (nanoscale), a well-
defined and globular shape, a low polydispersity and multiple functionable branches. [38]-[40]

Dendrimers are composed by a central core - atom or molecule with at least two reactive groups
-, repeating monomer units covalently attached to the core and concentrically organized in layers
called “generations” (G), and many functional groups exposed on the surface (Figure 2). Reactive
functional groups present in the external part of the dendrimer confer it polyvalence, allowing
the creation of multivalent molecules which can deliver therapeutic molecules as well as mimic
and target several biological systems. [40]—[42] For example, by improving brain bioavailability,

BBB permeation, blood stability and cytotoxic outcome, which is the focus of this work.

Terminal functional
groups

)

Figure 2 — Schematic representation of a G3 dendrimer structure (adapted from [40])

Dendrimer synthesis can be done by two different approaches: divergent or convergent. The
divergent procedure consists in the growth of structure layer-by-layer from the core to the
surface by adding repeating monomer units. Each monomer layer represents one generation of

the dendrimer and the number of layers will determine the G number and, consequently, the size



of the molecule. Alternatively, the convergent route is based on the synthesis of dendrons
(dendritic branches) which are then attached to the functional core. [40], [41]

Biologically active compounds or therapeutic molecules can be connected to the dendrimers in
different ways depending on molecule characteristics: 1) encapsulated into the dendrimer
structure or 2) chemically linked or physically adsorbed to external part of the dendrimer. [42],

[43]

The extensively researched dendrimers for CNS applications are the poly(amino amine) (PAMAM)
dendrimers, however there are others being explored such as poly(propylene imine) (PPI), poly(L-
lysine)-based (PLL), carbosilane and poly(ether)-copoly(ester) (PEPE). [40], [42]

CNS therapeutic/diagnosis approaches using nanocarriers should comply several requirements
such as biocompatibility, ability to transport and protect cargos and capability to reach CNS and
the cell population of interest. Moreover, when designing CNS regeneration studies, it is
important to consider biodegradability of the systems. [40], [44] And lack of biodegradability is
one of the major drawbacks in the popular dendrimers in biomedical applications, once they have
high stability under physiological conditions which could lead to bioaccumulation and consequent
cytotoxicity. [41], [45]

To overcome this issue, there are several biodegradable dendriplexes being explored. The project
BaiTS - Biodegradable dendrimers for Targeted neuroprotective therapies in Stroke, within the
framework of which this thesis was conducted, aims at the development of fully biodegradable
dendrimers able to transport therapeutic nucleic acids to improve neuron survival, neurite
growth and synaptic plasticity in penumbra area after ischemic stroke.

It was reported in our group a PEGylated Gallic Acid-Triethylene Glycol Ester (PEG-GATGE)
dendrimer G3 (Figure 3A), a fully biodegradable dendrimer due to the inclusion of hydrolysable
ester bonds in its structure (unpublished data). In the physiological environment, enzymatic
cleavages are expected to degrade the dendrimer in small fragments able to be eliminated by
metabolic pathways. [44], [45]

Despite the challenging preparation due to its easy degradation during the synthesis, purification
and functionalization steps, a fully biodegradable dendrimer was successfully synthetized
(unpublished data). The dendrimer can be functionalized in the periphery of its branches with
several molecules of interest, such as functional groups, target molecules and fluorescence
molecules for tracking purposes. Here, they were functionalized with benzylamine groups
(cationic) by a “click” chemical reaction (Figure 3B) to complex and deliver NA and to act as non-
viral vectors in gene therapeutic applications. When mixed in an appropriate buffer, NAs link to

the functionalized dendrimers by electrostatic interactions and form nanosized structures named



as “dendriplexes”, protecting their NA cargo from endonuclease degradation (Figure 3C). [40],
[45] The formation of dendriplexes-NA complexes lead to a charge neutralization, however
cationic proprieties are preserved once the molar ratio between the cationic groups from the
dendrimer and phosphate groups from the NA (N/P ratio) is higher than 1. [41], [45]

The hydrophobicity of the aromatic groups and the electrostatic interactions with the end of the
dendron and NAs, when forming the dendriplexes, lead to the exposure to the surface of the
poly(ethylene glycol) (PEG) molecules. These molecules mask the dendriplexes’ positive charge
and improve solubility, due to their hydrophilicity. Moreover, resident time in systemic circulation

is increased which enhance the uptake by the cells of interest. [37], [38], [41], [45]

DENDRIPLEX

Figure 3 — A: Chemical structure of the G3 PEG-GATGE dendrimer; B: Dendrimer functionalization group —
Benzylamine; C: Schematic representation of the formation of dendriplexes (PEG-GATGE complexed with
NA) (adapted from [45])

It was also shown the ability of these biodegradable vectors to be internalized by mammalian
cells and it is expected that they promote the intracellular release of the NA and, so, they achieve
a high transfection efficiency. Provided that, the described nanoparticles are promising for gene
therapy in the CNS and, when conjugated with a neuroprotective NA, they may improve clinical

outcome after ischemic stroke.



1.2. BLOOD-BRAIN BARRIER

When developing minimally invasive strategies to reach brain parenchyma, the intravenous
administration is the one most commonly considered route. There is a challenge in reaching this
tissue, as almost no molecules have the ability to cross the BBB. It arises the need to study and
assess the BBB, a dynamic interface between the blood and the brain tissue, in order to predict
brain biodistribution. [37], [46], [47] Regarding the project where this work is inserted, an
intravenous gene therapy for neuroprotection after ischemic stroke, it is crucial to analyze BBB
characteristics in physiological conditions and after ischemic injury for a better understanding of

particles behavior and permeability when reaching the BBB.

1.2.1. BRIEF DESCRIPTION

The BBB is a dynamic barrier on which depends part of the homeostasis of the CNS. It is a physical
barrier between blood flow and brain tissue, mainly in charge of the supply of nutrients and
oxygen to the CNS, to maintain the osmotic pressure in the brain interstitial fluid and to protect
neurons from potentially harmful substances present in the blood by controlling the influx and
efflux of molecules and ions. [12], [48]—[50]

The anatomic structure of the BBB lays on a single layer of brain microvascular endothelial cells
surrounded by astrocytic end-feet, pericytes and the noncellular basement membrane
ensheathing pericytes and endothelial cells. (Figure 4) These key components, neighbored by
microglia and neurons, form a neurovascular unit (NVU), an integrated system with a central role
in the maintenance of brain tissue homeostasis. [8], [12], [46], [50]

BBB endothelial cells are joined with complex tight junctions (TJ) structures, sealing gaps between
adjacent cells, restringing paracellular diffusion mostly of hydrophilic molecules (>400 Da) and
increasing transendothelial electrical resistance (TEER). TJ are a complex of highly specialized
proteins modulated by intra and extracellular pathways such as transmembrane proteins
(junctional adhesion molecule-1: JAM-1, occludin and claudins) and cytoplasmic proteins (zonula
occludens-1 and-2:Z0-1 and Z0-2, cingulin, AF-6 and 7H6) linked to the cytoskeleton. Otherwise,
transcellular transport is limited by the restrict processing of pinocytotic vesicles, the high
content in enzymes capable to digest many exogenous toxins, substances and xenobiotics and
the enrichment in polarized and energy-dependent efflux transporters such as P-glycoprotein.

[12], [18], [37], [46], [47], [50]



Astrocytes, with a BBB coverage estimated at 99%, are essential for BBB function and maturation
by the secretion of specific biochemical factors that upregulate tight junctions and polarized
transporters expression and they assist the transport through capillary walls. [12], [47], [48], [51]
Pericytes are attached to the abluminal membrane of endothelial cells with an irregular pattern,
cover only 30% of the barrier. Their function is not clearly described, however it is believed to
regulate capillary blood flow and help in maturation and maintenance of barrier properties, both
in normal and pathological conditions. [12], [47], [48] Neurons are important regarding to
communication, with important effects in barrier proprieties maintenance. [47] Extracellular

matrix supports endothelial cells and can regulate them through matrix proteins. [12]
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Figure 4 — Schematic representation of the NVU (adapted from [18]). A: Transversal view of a brain capillary.
B: Tight junction composition and organization.

Regarding BBB features and mechanisms to deal with exogenous substances that reach brain

through blood which ensure an incredible protection, most of the CNS designed therapies fail



because of its poor bioavailability in the area of interest, due to the difficulty in crossing this highly

impermeable barrier. [46], [50], [52]

1.2.2. BBB IN STROKE

The interruption of blood flow in ischemic conditions, i.e. depletion of oxygen and essential
nutrients such as glucose, as well as the reperfusion, in natural or under therapeutic conditions,
interferes with cellular metabolism, not only at neuronal level, but also at other NVU
components. [8], [12]

Many studies report a BBB disruption after hypoxia conditions, as in ischemic stroke, and
consequent increase of the barrier permeability which could vary between 15% and 66%
depending on stroke severity and timepoint of measurement. However, it is not a singular event,
but a phasic one, due to its dependence in different mechanisms and signals during the ischemia
and eventual reperfusion (Figure 5). [14], [18]

It has been shown that tight junctions are dynamic structures with the ability to be modulated in
normal and pathological conditions. [18], [53] Right after the ischemic injury, in the core of
ischemic zone, the endothelium suffers a metabolic dysregulation which leads to TJ disassembly
and accumulation of bradykinin, vascular endothelial growth factor, thrombin and activated
proteases. On the other hand, vessels located in penumbra zone are managed by molecular
events occurring during ischemic cascade. [14], [18]

As deeply explain in section 1.1.1., one of the consequences of energy depletion in the ischemic
insult is the cytotoxic edema which causes cell swelling due to the rapid and uncontrolled influx
of water into glial and neuronal cells, leading to the narrowing of internal capillary diameter. [18],
[54] Also, matrix-metalloproteases (MMPs), enzymes activated in the early cascade, digest the
endothelial basal lamina, creating damages in the BBB structure and the detachment of some
cells of the NVU, ultimately, marked as a deregulation of TJ and a BBB permeability increase. [12],
[14], [18] Finally, ROS accumulation in penumbra tissues induce TJ impairment followed by
increasing of paracellular permeability. [55]

Despite the BBB damage induced by vessel occlusion itself, reperfusion contribute to an extra
damage: the reperfusion injury. [14] After reperfusion, it is possible to record three significant
BBB openings: one associated to the rapid elevation of regional cerebral blood-flow (rCBF) when
circulation is restored; and then a “biphasic” permeability response around 5 and 72h.

The first BBB significant increase permeability phase occurs minutes after reperfusion due to the
sharp increase of pressure and consequent acute disruption of TJ. The reassembly of TJ is unclear,

however the BBB permeability is in part reestablished and there is a remodeling of the NVU. [18]

10



At 3-8h pos-reperfusion, there is the first opening of the biphasic permeability phase, once it
happens right after an hypoperfusion state which increases oxidative stress, enzymatic
degradation of the endothelial extra-cellular matrix (ECM) and the adhesion and inflammatory
activity by leukocytes. Leukocytes infiltrate into the endothelium barrier to reach brain
parenchyma aided by the release of oxidants, proteolytic enzymes and inflammatory cytokines,
which compromise the integrity and function of the BBB. [14], [18], [53], [56]

The BBB disruption lead to the extravasation of blood proteins and fluid into the brain
parenchyma, which progressing elevates the brain water content and intracranial pressure, event
known as vasogenic edema. [14], [18], [51], [53], [54] Angiogenesis and increase of intracranial
pressure due to cerebral edema (cytotoxic and vasogenic edema) correspond to the final phase
of BBB opening, approximately 18-96h after reperfusion. In this final phase, there is a disassembly
and assembly of TJ which affects paracellular permeability conducted by molecular and chemical
deregulation and it is not necessarily a reestablishment of BBB. [18]

All these BBB opening events are directly correlated with brain area affected and ischemic injury

severity. [18]
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Figure 5 — BBB opening events after a ischemic stroke and during reperfusion (adapted from [18])
The increase of TJ permeability after ischemic stroke can be used as a window of opportunity to

deliver brain therapeutic agents, such as neuroprotective molecules, which otherwise would be

excluded from the brain. [37], [53], [57]
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1.5. BBB MODELS

The determination of a compound biodistribution in CNS is extremely important and it is mainly
determined by BBB permeation. [37] So it is necessary to have in vitro and in vivo BBB models as

screening tests in pre-clinical trials to verify their ability to cross the BBB.

1.3.1. IN VITRO

During the early phase of a therapy development, direct in vivo testing is not viable in many cases.
In vitro models can mimic essential in vivo characteristics and provide a medium to high-
throughput data in an economical way, avoiding many ethical constrains. [37], [50] So, much
research effort has been directed to the development of functional BBB in vitro model for rapid
drug screening. [47]

Due to the complexity of the NVU, there are many variables that can be played when mimicking
the BBB. The most common model into the scientific community is based on a Transwell® system,
traditionally with a compartment simulating blood and the other mimicking the CNS. [37], [47]
Endothelial cells are an essential component of the BBB, so that all BBB models are primarily
based on these cells. Mono-cultures of brain endothelial cells on the apical side of a
semipermeable membrane are the simplest permeation BBB model and therefore highly suitable
for high-throughput screening. Although, many in vivo physiologic properties are lost when
cultured alone owning to the absence of other NVU cellular components. [37], [49], [50]

The above described problem can be overcome by doing co- or triple-cultures of endothelial cells
with cells belonging to NVU, once the crosstalk between its components is essential for BBB
characteristics maintenance. [50] Co-cultures consist in culturing endothelial cells with other
component of the NVU (astrocytes, pericytes or neurons), while, in triple-cultures, it is added 2
types of NVU cells to endothelial ones. The increase of complexity is a significant disadvantage
when developing a high-throughput model, once it reduces the ability to reproduce it. So, most
BBB studies, that uses other NVU cell besides endothelial cells, are based on co-culture models.
[47], [50]

NVU cells, as astrocytes, pericytes or neurons are seeded on the abluminal side of the insert,
either on the bottom of the well (non-contact culture) or directly on the membrane (contact
culture). Non-contact cultures only ensure that endothelial cells are affected and regulated by
chemical gradients induced by factors released to the culture medium. On the other hand, in
contact cultures, endothelial barrier is not only regulated by chemical factors but also physical

stimuli by cell processes through the membrane. [47] Restrictive barrier proprieties are highly
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influenced by the astrocytes secreting factors, but also physical signals by contact stimuli. [8]
Whereas pericytes where recently described to be critical in BBB differentiation and pinocytosis
reduction. [46] So, despite the importance of other NVU cell types in BBB maintenance, referred
two are the most common in co-cultures when mimicking the BBB.

Recently, it had been reported some new dynamic and microfluidic models able to mimic in vivo
blood flow, which presented promising results in barrier tightness when compared to co-culture
static models. Although, they are still in an early phase of development and, at least for now, they
are not suitable for high-throughput studies. [50]

BBB models are validated using different features mainly to determine the high junctional
tightness such as TEER measurement [47], permeability studies with hydrophilic low-molecular
weight tracer molecules [48] and analysis of TJ protein expression [50].

These cell models can differ depending on the cell origin and type (cell line or primary cells),
influencing the expression of transporters and the tightness of the endothelial layer. [37]
Immortalized endothelial cell lines are the most used, once they are simpler and cheaper to
handle. However, TEER values are low when compared with in vivo values. Nevertheless, primary
cells, when cultured ex vivo, lose some key characteristics, as changes in phenotypic expressions,
which could determine the success of the model. [47] Additionally, the coating of the insert
semipermeable membrane can be determinant in BBB features, once ECM proteins can influence

cell signaling events able to regulate TJ proteins. [50]

Even though there are many drawbacks and variables using this type of models, they were design
to account either passive diffusion through a transcellular way and active transport without the
influence of physiological factors existing in vivo, so they can be used as high-throughput

screening models. [37]

1.3.2. IN vivo

Despite the possible answers to be collected with in vitro BBB models, in vivo experiments allow
studies in brain natural environment with the complexity of the integrated NVU, overcoming
many in vitro limitations. Therefore, potential therapeutic agents may be tested in in vivo models
before translation to clinics. [37], [46], [47]

Within the in vivo studies using novel approaches, such as dendrimers for CNS applications, the
BBB permeability and the brain biodistribution is a common assay. In Table 1 it is reviewed the
validation of dendrimers for CNS applications using different in vivo models and routes of

administration.
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Table 1 - Description of some in vivo studies with dendrimers where BBB permeability and/or brain
biodistribution are assessed. Abbreviations: intracranial (i.c.); intranasal (i.n.); intraperitonial (i.p.);
intravenous (i.v.); generation (G).

Dendrimer -
Generation

Functionalization

Route of
administration

Aim of the study

Reference

Poly(amino amine) - PAMAM

Gene delivery after

PAMAM — G2 Rat Brain injection ) ) [58]
ischemic stroke
Deliver anti-cancer
PAMAM — G3 Mouse iV, drug across the [59]
BBB
) ) Brain-targeted
PAMAM - G4 Angiopep; PEG Mouse i.v. [60]
gene therapy
i Brain tumor-
RGD; PEG Mouse i.p. [61]
targeted therapy
Serine-Arginine-Leucine . Brain-targeted
] Mouse i.V. [62]
peptide; PEG gene therapy
Neonatal white
Cy-5 Mouse i.p. matter injury [63]
treatment
Magnetofluorescent . Protein-target
Mouse i.c. [64]
nanoworms knockdown
Brain
Biotin Rat i.V. biodistribution [65]
studies
o ) Neuron-targeted
Arginine Rat i.c. [66]
gene therapy
. Brain inflammatory
) Subarachnoid o
Rabbit o i cells-targeting in [67]
administration
cerebral palsy
Brain inflammatory
Hydroxyl groups; Mannose Rabbit i.v. cells-targeting in [68]
cerebral palsy
Delivery platform
for
Hydroxyl groups Rabbit i.v. neuroinflammation [69]
suppression in
cerebral palsy
Drug delivery
platform for brain
Dog i.v. injury following [70]
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Dendrimer - . - Route of )
. Functionalization - ) Aim of the study Reference
Generation administration

Brain-targeted

PAMAM - G5 Transferrin; PEG Mouse AV [71]
gene therapy
) ] Brain-targeted
Lactoferrin; PEG Mouse AV [72]
gene therapy
Drug delivery
Rat in.;i.p. platform into the [73]
brain

Delivery platform
for brain injury

PAMAM — G4 . )
Hydroxyl groups Dog iv. following [74]
and G6 )
circulatory arrest
treatment
Poly(propylene imine) - PPI
Lactoferrin; Diamobutyric i Brain-targeted
PPI-G3 Mouse Y2 [75]
groups gene therapy

Gene therapy in
brain cancer,
Lactoferrin Mouse Y2 Alzheimer’s and [76]
Parkinson’s
diseases

) Brain therapeutic
Maltotriose; Fluorescent )
PPl - G4 Rat i.p. platforms able to [77]

units
cross the BBB

Carbosilane
Carbosilane - Retro-orbital Brain-targeted

Mouse . [78]
G2 injection gene therapy

Even though there are not many studies using zebrafish for nanoparticles biodistribution in brain
or their permeability through the BBB, the animal model is starting to be more used due to its
simplicity. [79] Also, many studies have reported the ability of the organism for a quick and

reliable toxicity studies even using dendrimers. [80], [81]

1.3.2.1. ZEBRAFISH MODEL

There are different in vivo models used in CNS research not only focused on therapeutic
approaches but also on the study of BBB. One such in vivo model is Zebrafish (Danio rerio), a
widely used model not only in vertebrate studies but also in neuroscience studies. [79], [82]—[84]
This is mainly due to the high similarity between this specie and human genomes [85], low-cost

and easy maintenance and high fertility that is not possible with other vertebrates [86]. In
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addition, when studying zebrafish in the early development, such as embryos and larvae, there
is a huge advantage in imaging, since they are transparent allowing the use of standard tools. [46]
Even more, regarding to drug screening, there is a high similarity between these organisms and
humans, once many drug binding sites have similar aminoacidic sequences. [86], [87] Considering
these characteristics zebrafish can be used as a high-throughput in vivo model for diverse

investigation studies including CNS research. [88]

Regarding to the BBB, almost all vertebrate animals have a BBB functionally similar [89], [90] so
as the zebrafish BBB, that is functional and structurally homologous to human’s, since it
reproduces the organizational features such as the presence of tight junctions, the similar fluid
system including choroid plexus and ventricular system and the high sequence similarity to
human transporters [46], [91], [92]. It was previously described that this barrier is established 3
days post fertilization (dpf) when tight junction proteins Claudin-5 and ZO-1 can be detected in
some cerebral vessels. [46], [82], [91], [92] However, at the third dpf even with the exclusion of
some molecule sizes, BBB is not totally functional, once only some cerebral vessels express TJ
proteins, it maturates between 3 and 10 dpf. [92]

Zebrafish is naturally resistant to hypoxia, keeping the aerobic metabolism even in low oxygen
(02) levels comparing to normoxic water (=7.5 mg/L 0,). [93] Despite that, it has been described
as anin vivo model for drug screening with potential applications under hypoxic conditions, when
overcome the threshold for hypoxia tolerance. [93], [94] Also, it has been shown some important
factors in zebrafish that are characteristic to human ischemic stroke such as collateral circulation
and autoregulatory capacity. [86]

Even though it is not described a hypoxic-ischemic model using zebrafish larvae, Yu et al. [94]
published a global ischemic model using zebrafish adults. The model is based on simplicity, once

it does not use invasive procedures to induce ischemia but oxygen deprivation.
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AIM OF THE THESIS

The present thesis has been conducted in the framework of the project BaiTS - Biodegradable
dendrimers for Targeted neuroprotective therapies in Stroke, which aims at the production of
biodegradable dendrimers for NA coding neuroprotective proteins delivery after ischemic stroke.
These systems are proposed to be intravenously injected in the early stage of ischemic injury to
rescue neurons from the hostile environment in the ischemic penumbra.
Taking into consideration the proposed route of administration, it is imperative to assess the
permeation of the developed dendritic system through the BBB. Therefore, the main goal of this
dissertation was to determine the permeation profile of the developed nanoparticles under
stroke conditions, both in vitro and in vivo. In order to fulfill the proposed objective, the
experimental work was divided in two main parts:
1. Study the ability and mechanisms of the commercial dendrimers (PAMAM) and
dendriplexes (fully biodegradable dendrimers developed in our group complexed with
NA) to permeate a compromised BBB in vitro model based on the co-culture of
endothelial cells and astrocytes under oxygen and glucose deprivation conditions.
2. Establishinthe lab alarvae zebrafish in vivo model of ischemia and assess the dendrimers

permeation through the BBB and brain bioavailability after administration.
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3.1. IN VITROMODEL

3.1.1. RAT ASTROCYTE ISOLATION AND CULTURE

Rat primary astrocytes were kindly provided by Eva Carvalho (nBTT, INEB/i3s). Concisely, cells
were isolated from Wistar Han rat pups in post-natal day 2, as previously described [95], [96].
After thorough meninges removal and cortex dissection, cortices were digested by mechanical
digestion, followed by enzymatical digestion (0,0025% (w/v) trypsin (27250018, Gibco) in Hank's
Balanced Salt Solution (HBSS) without calcium and magnesium (H2387, Sigma-Aldrich), and
0.001mg/mL DNase | (Applichem LifeSciences) for 15 minutes at 37°C. Then, they were
homogenized in Dulbecco’s modified Eagle medium (DMEM) Glutamax (high glucose) (31966-
021, Gibco) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (F7524,
Sigma-Aldrich) (inactivated at 56 °C for 30 minutes) and 1% (v/v) penicillin/streptomycin (P/S)
(L0022, BioWest), and centrifuged at 500g for 10 minutes. The supernatant was discarded, the
pellet of mixed glial cells (MGCs) re-suspended in serum supplemented DMEM and then filtered
through a 40 um nylon cell strainer to remove large cell clusters. The cells were plated in T75 cell
culture flasks and maintained in culture for 14 days, with culture medium change every 2-3 days.
At day 14 after plating, a pre-shake of the MGC cultures (210 rotations per minute (rpm) at 37°C
for 2 hours) was performed to remove most loosely adherent microglia cells. Then, the plate was
shaken overnight (230 rpm at 37°C) to further detach microglia and oligodendrocyte progenitor
cells (OPCs). The shaken T75 were then cultured at 37°C, 5% CO; and weekly shaken. After the
third shake, the remaining cells are mainly astrocytes. To obtain pure astrocytes, cells were
trypsinized and seeded on new T75 flasks at least three times. Astrocytes were maintained in

culture or frozen for future use.



All experiments involving animals and their care were performed in agreement with institutional
ethical guidelines (IBMC/INEB/i3S), the EU directive (2010/63/EU) and Portuguese law (‘Decreto
de Lei’ 113/2013). All procedures involving animals were conducted by FELASA C graded
researchers, and all efforts were made to minimize the number of animals used as well as their

suffering.

3.1.2. ENDOTHELIAL CELL CULTURE

Immortalized mouse brain endothelial cells (bEnd.3) (American Type Culture Collection, USA)
were cultured in DMEM Glutamax supplemented with 10% heat-inactivated FBS and 1% P/Sin a
humidified chamber at 37°C and 5% CO,. The culture medium was changed every 2 or 3 days and
cells were harvested when confluent using 0.25% trypsin/EDTA solution with 0.05% glucose

(T4799, Sigma-Aldrich).

3.1.3. MODEL SETUP

The used in vitro BBB model, based on a Transwell® model, was previously established [97] and
optimized by Débora Moreira [98].

Firstly, 12-well inserts (polyethylene terephthalate — PET) with pore size of 0.4 um (313580,
Falcon) were coated with poly-D-lysine (PDL, 6.7 pg/cm?, P6407, Sigma-Aldrich) on the abluminal
side for 1 hour at room temperature (RT). After rinsing three times with sterile distilled water,
the luminal side of the insert was coated with type | rat tail collagen (6.7 pug/cm? in 0.1M acetic
acid, C7661, Sigma-Aldrich) overnight (ON) at 4°C. The inserts were rinsed again and left drying
in the flow hood.

Primary rat astrocytes (passage 4-8) were seeded on the abluminal side of the insert with 4x10*
cells/cm? and incubated in a humified chamber at 37°C and 5% CO for 2 hours for the cells to
adhere. Inserts were flipped and placed in a proper 12-well plate with DMEM Glutamax
supplemented with 10% FBS and 1% P/S for 2 days in a humidified chamber at 37°C and 5% CO..
Then, endothelial cells, bEnd.3, were seeded on the luminal side of the inserts with a density of
1x10° cells/cm?. Co-cultures were maintained for 7 days in a humidified chamber at 37°C and 5%
COs,. Every 2 or 3 days, the medium was carefully changed, both on the luminal and abluminal
sides of the inserts, by 50% fresh medium (DMEM Glutamax supplemented with 10% FBS and 1%
P/S) and 50% conditioned medium from astrocytes which were cultured on a 24-well culture

plate on the same day and density as the ones on the insert.
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3.1.4. 2D CONTROLS

In 2D controls, the culture conditions were kept the same as done with the Transwell® in vitro
model, to be able to draw conclusions between them. Cell culture coverslips (83.1840.002,
Sarstedt) were coated with PDL or collagen in the same conditions as the membrane of the insert
(described in section 2.1.2.). In coverslips coated with PDL, primary rat astrocytes were seeded
on a density of 4x10* cells/cm? and incubated in a humidified chamber at 37°C, CO, for 9 days.
And the coverslips coated with collagen were seeded with bEnd.3 (1x10° cells/cm?) and incubated
in a humidified chamber at 37°C, CO, for 7 days. Cell culture medium was changed, in both
cultures, every 2 or 3 days for 50% fresh medium and 50% astrocyte-conditioned medium, as

done for the insert experiments.

3.1.5. OXYGEN AND GLUCOSE DEPRIVATION

To mimic ischemic stroke conditions and induce the BBB disruption, the in vitro BBB model,
described previously in section 2.1.2., was subjected to oxygen and glucose deprivation (OGD) on
the 7" day.

On the day before the treatment, DMEM low-glucose (11966-025, Gibco) supplemented with 1%
(v/v) P/S was deoxygenized ON in a humidified chamber at 37°C, 0.1% O, and 5% CO, (hypoxia
chamber). On the 7% day of the co-culture, the culture medium was carefully removed and cells
were rinsed once with pre-warmed phosphate buffered saline (PBS). Then, deoxygenized, serum-
and glucose-free DMEM was added to both insert and well and cells were incubated in the
hypoxia chamber for 4 or 12 hours. As controls, co-cultures were incubated with 50% fresh and

50% conditioned medium for 4 or 12 hours at 37°C and 5% CO; in a humidified chamber with O..

3.1.6. TRANSENDOTHELIAL ELECTRICAL RESISTANCE MEASUREMENTS

TEER values were measured using the Millicell® ERS-2 (Merck Millipore, USA).

Before and after cells were subjected to OGD conditions and their controls, they were taken from
the respective incubator to RT for 15 min. After that, pre-sterile STX01 electrode was
perpendicularly placed in the insert and well, so that the longer tip touched the bottom of the
well and the shorter tip did not touch the insert cell layer. The resistant measurements were
done in the ohm (Q) mode and in three different areas of each insert. Unit area resistance was

calculated for each measurement by subtracting TEER value of blank inserts (PDL and collagen
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coated inserts without cells and incubated with 50% fresh and 50% conditioned medium),
followed by Equation 1.

Unit area resistance (Q.cm?) =R x A Equation 1

where measured resistance is represented by R (Q) and A represents the effective membrane

area of the insert (0.9 cm?).

3.1.7. PARACELLULAR PERMEABILITY EVALUATION

After TEER measurements in the co-cultures, the paracellular permeability to sodium fluorescein
was analyzed. Cell culture medium was removed, cell layers were carefully rinsed twice with pre-
warmed HBSS with Ca?* and Mg?* (14025-050, Gibco) and inserts were placed in a new plate. To
each well, 1 mL of pre-warmed HBSS was added and, to the luminal side of the insert, 1 mL of
sodium fluorescein (F6377, Sigma-Aldrich) solution (100 pg/mL in HBSS). Cells were incubated in
a humidified chamber at 37°C and 5% CO,. Every 30 min for 4 hours, abluminal concentration of
fluorescein was determine by taking four 100 pL aliquots of well medium of each sample and
measuring its fluorescence (Aexc=485 nm; Aem=535 nm) using a spectrophotometer microplate
reader (SynergyMX, Biotek). Total removed solution (400 pL) from abluminal side was replaced
between measurements with fresh pre-warmed HBSS.

To determine the fluorescein coefficient of permeability, a series of calculations were done.
Firstly, cleared volume of fluorescein was calculated according Equation 2. Then, cleared volume
was divided by assay time (Equation 3) to determine the volume of fluorescein that passes the

barrier over time (PS). Lastly, the permeability coefficient (P) was calculated using Equation 4.

abluminal*Viuminal

Cleared volume (uL)= < Equation 2

Cluminal

where Capiuminal is the measured fluorescein concentration in the luminal side of the insert, Viuminal
the volume of fluorescein solution added to the top of the insert and Ciyminal the concentration of

fluorescein solution added to the insert.

Cleared volume

PS (ul/s)= ——— Equation 3
time
N
T 1
P (cm/s)= —PSSET‘Q Pblank Equation 4
insert

where PSgmple cOrresponds to the volume of fluorescein that passes through the cell barrier under

normoxia or OGD conditions, PSpiank to the volume of fluorescein that passes through the insert
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without cells and only with coatings (PDL and collagen) and Aisert indicates the area of the insert

(0.9 cm?).

3.1.8. PAMAM DENDRIMERS

A) RHODAMINE-LABELLING AND PEGYLATION

Generation 4 (G4) of an amine-terminated PAMAM (PAMAM-NH,) (Dendritech, Inc.) dendrimers
were labelled with Rhodamine using 5(6)-Carboxy-X-rhodamine N-succinimidyl ester (5(6)-ROX)
(sc-210422, Santa Cruz Biotechnology, Inc.) and PEGylated with methoxy PEG Succinimidyl
Carboxymethyl Ester (MeO-PEG-NHS) (Jenkem Technology USA) (performed by Victoria Leiro,
nBTT, INEB/i3S). Amine groups from PAMAM-NH; reacted with the succinimidyl ester groups,
yielding stable amide bonds. Briefly, a 5(6)-Carboxy-X-rhodamine N-succinimidyl ester (1.2
equivalents) solution was added drop by drop to a PAMAM-NH; solution (1 equivalent), both in
dry DMSO, and the reaction mixture was magnetically stirred at RT for 12h under inert
atmosphere (Ar). The resulting mixture was transferred into a dialysis membrane tubing (3500
MWCO) (Jenkem Technology) and purified by dialysis against deionized water during 48h (water
changes were carried out every 4 h, except during ON). Finally, the resulting solution was freeze-
dried yielding the PAMAM-5(6)-ROX conjugate as a dark pink powder (96% yield).

In order to get the PEGylation of the previous conjugate, MeO-PEG-NHS (10 equivalents) was
added to a PAMAM-5(6)-ROX (1 equivalent) solution in dry DMSO. The reaction mixture was
magnetically stirred at RT for 12h under inert atmosphere (Ar) and protected from light. Next,
the previously described procedure for the purification by dialysis was followed. After freeze-
drying of the corresponding dialyzed solution, PEG-PAMAM-5(6)-ROX conjugate was obtained as
a dark pink foaming solid (91% yield), which was stored at -20°C, and protected from light until

further use.

3.1.9. G3 PEG-GATGE DENDRIMERS

A) DENDRIMER SYNTHESIS

G3 PEG-GATGE dendrimers were kindly provided by the chemical-production team in our group
(Victoria Leiro, Natalia Magalhdes, Ana Spencer and Cristiana Sousa, nBTT, INEB/i3S). Briefly, PEG-

dendritic block copolymers with terminal azides were obtained through a divergent strategy. The
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dendritic core/monomer was synthesized from commercially available gallic acid and triethylene
glycolazide. The block copolymer of generation one (PEG-[G1]-N3) was obtained from PEG-NH2
and 3 equivalents of monomer 3. PEG-[G1]-N3 terminal azides were subjected to a catalytic
hydrogenation, followed by the treatment of the resulting triamine with 6 equivalents of
monomer 3 as previously done, leading to generation two PEG-[G2]-N3. Applying the same
sequence of reactions (hydrogenation - amide formation - precipitation) to PEG-[G2]-N3 (18
equivalents of monomer 3) leads to the third generation, PEG-[G3]-N3. This process had an
overall yield of 68%.

The dendrimer surface functionalization was performed using the Cu (Il)-catalyzed Huisgen
cycloaddition with the alkynated ammonium salt (benzyl-amine). The reaction was carried out
with CuSOy4 (5 mol% per azide) as source of cooper and sodium ascorbate (25 mol% per azide) as
reducing agent, in DMF:H,0 1:1 (RT, 48h). Both products were characterized by H* NMR (D,0)

and FTIR microscopy (KBr technique).

B) DENDRIPLEXES FORMATION

Dendriplexes were prepared with 5 or 20 N/P ratio, where N corresponds to the primary amines
in the dendritic copolymer and P is the number of phosphate groups in the siDNA backbone. N/P5
was used in the first experiments (here, the TJ analysis) and N/P20 was used for the remained.
The dendritic copolymer solution (6 mg/mL) was prepared in nuclease-free water (1039498,
Qiagen) and filtered with 0.45 um PTFE (polytetrafluoroethylene) membrane (514-0069, VWR).
For dendriplex preparation, an optimized buffer, HEPES 20 mM (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) with 5% glucose (G6152, Sigma-Aldrich), was used, where
dendrimers and siDNA-cy5 (75868515, IDT) were mixed. The sample was vortexed for 10 seconds
(middle velocity) and incubated at room temperature for 30 minutes before adding to the cells.
To characterized dendriplexes, size, polydispersity (PDI) and zeta potential of complexes were
measured by Ana Spencer, nBTT, INEB/i3s using a dynamic light scattering instrument (Zetasizer

Nano ZS, Malvern Instruments, UK) at 633 nm, following the manufacturer’s instructions.

3.1.10. NANOPARTICLES PERMEABILITY ASSAY

After treatments described in section 2.1.5., cell culture medium was removed, cell layers were
carefully rinsed twice with pre-warmed HBSS with Ca?*and Mg?* and inserts were placed in a new

12-well plate.
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A) PAMAM DENDRIMERS

To each well, 1 mL of pre-warmed HBSS with Ca?* and Mg?* was added and, to the luminal side
of the insert, 0.5 mL of PEG-PAMAM-5(6)-ROX solution (0.01 mg/mL). Cells were incubated in a
humidified chamber at 37°C and 5% CO;for 1 or 4 hours.

FLUORESCENCE DETECTION

The well medium (abluminal side) was collected and the fluorescence was quantified. To quantify
the samples, a calibration curve was done measuring the fluorescence of successive dilutions of
the solution added to the inserts (0.01 mg/mL in HBSS). Rhodamine was the molecule for
fluorescence to be detected (Aexc=552 Nm; Aem=598 nm) using a spectrofluorometer (Fluoromax-

4, Horiba).

B) DENDRIPLEXES

To each well, 1 mL of pre-warmed HBSS with calcium and magnesium was added and, to the
luminal side of the insert, 0.25 mL of dendriplexes solution (4 ug sibDNA/mL; 0.2 mg dendrimer/mL
—N/P20; 0.05 mg dendrimer/mL— N/P5) diluted in HBSS with Ca* and Mg?*. Cells were incubated
in a humidified chamber at 37°C and 5% CO; for 4 hours.

FLUORESCENCE DETECTION

After the 4h incubation, the well medium (abluminal side) was collected. Dendriplexes were,
firstly, decomplexed by adding sodium dodecyl sulfate (SDS) in a final concentration of 0.1% (v/v)
(05030, Sigma-Aldrich) for 30 minutes and, then, the fluorescence of cy-5 (Aexc=640 NmM; Aem=663
nm) was detected by a spectrofluorometer (FLuoromax-4, Horiba).

To quantify the samples, a calibration curve was done by successive dilutions of the solution
added to the inserts. The fluorescence was quantified after and under the same procedure as

samples.

SAMPLE CONCENTRATION

The well medium (abluminal side) was collected and samples were concentrated by ultrafiltration
with Amicon® Ultra-0.5 centrifugal filter unit 10 kDa (UFC501024, Merck Millipore) at 4000 rpm

for 10 minutes.
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POLYACRYLAMIDE GEL ELECTROPHORESIS ASSAY

Polyacrylamide gels, with 4% stacking and 15% resolving gel, were prepared in Tris/Borate/EDTA
(TBE buffer, MB27701, NZYTech). After 30 min incubation with 0.1% SDS, samples (concentrated
or non-concentrated) were loaded with 6 pL of loading buffer (MB13101, NZYTech) and the
electrophoresis run at 100V for 30 minutes. The gels were stained with SYBRGold® nucleic acid
stain (511494, Invitrogen), diluted in TBE buffer (1:10 000) for 20 minutes and visualized using
GelDoc XR imager (BioRad).

3.1.11. IMMUNOCYTOCHEMISTRY

On the 7" day of co-cultures and 2D control with bEnd.3 or on 9™ day of the 2D control with
astrocytes, with and without exposure to the nanoparticles, cells were fixed with 4%
paraformaldehyde (PFA) (158127, Sigma-Aldrich) for 15 min at RT and, then, rinsed three times

with 1X PBS. After, immunocytochemistry was performed as described below.

A) TIGHT JUNCTIONS

To avoid non-specific protein absorption, cultures were incubated with 10% (v/v) FBS in PBS
(blocking buffer) for 60 min at RT. After that, cell layers were incubated ON at 4°C with mouse
Alexa Fluor® 488-conjugated anti-Claudin-5 (352588, Invitrogen) (1:100) and rabbit anti-ZO-1
(161-7300, Invitrogen) (1:100) diluted in blocking buffer. On the next day, samples were rinsed
three times with PBS and incubated with goat anti-rabbit Alexa Fluor® 594 (A11072, Life
Technologies) (1:1000) diluted in 5% FBS in PBS for 60 minutes at RT. The secondary antibody

was washed out and nucleus was stained with Hoechst (1:10000) for 15 minutes.

B) CELL PHENOTYPE

For cell permeabilization, cultures were incubated with 0.2% (v/v) Triton X-100 (234729, Sigma-
Aldrich) in PBS for 10 minutes at RT. To minimize non-specific protein adsorption, cells were
incubated for 60 min at RT with the blocking buffer (3% bovine serum albumin (BSA, 422355,
VWR), 5% horse serum (26050-070, Gibco) and 0.05% Triton X-100 in PBS). Cells were, then,
incubated ON at 4°C with goat anti-platelet endothelial cell adhesion molecule-1 (PECAM-1, sc-
1506, Santa Cruz Biotechnology, Inc.) (1:50) and rabbit anti-glial fibrillary acidic protein (GFAP,

ab7260, Abcam) in blocking buffer. On the next day, samples were rinsed three times with PBS
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and incubated with donkey anti-goat Alexa Fluor® 488 (A11055, Life Technologies) (1:1000 in
blocking buffer) for 60 minutes at RT. After, cell layers were incubated with donkey anti-rabbit
Alexa Fluor® 647 (A31573, Life Technologies) (1:1000 in blocking buffer) or goat anti-rabbit Alexa
Fluor® 594 (1:1000 in blocking buffer) according to the first antibody. The secondary antibody

was washed out and nucleus was stained with Hoechst (1:10000) for 15 minutes.

C) EARLY ENDOCYTIC MARKERS

For cell permeabilization, cultures were incubated with 0.1% (v/v) Triton X-100 in PBS for 10
minutes at RT. To minimize non-specific protein adsorption, cells were incubated for 60 min at
RT with the blocking buffer (5% donkey serum (D9663, Sigma-Aldrich) in PBS). Cells were, then,
incubated ON at 4°C with rabbit anti-clathrin heavy chain (4796P, Cell Signaling Technology) (1:50
in blocking buffer) or rabbit anti-caveolin (3267P, Cell Signaling Technology) (1:400 in blocking
buffer). On the next day, samples were rinsed three times with PBS and incubated with donkey
anti-rabbit Alexa Fluor® 488 (A11034, Life Technologies) (1:1000) diluted in blocking buffer for
60 minutes at RT. The secondary antibody was washed out and nucleus was stained with Hoechst

(1:10000) for 15 minutes.

D) CONFOCAL MICROSCOPE IMAGING

For confocal imaging, stained cells in membranes or coverslips were mount on a microscope slide
with Fluoromount™ Agueous Mounting Medium (F4680, Sigma-Aldrich) and observed under a
confocal microscope, TCS SP5 (Leica Microsystems, Germany) using the 63x objective and 1x
zoom. In every field imaged, several images were taken in the z-axis with the step size of 1.22

um.
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3.2. IN VIVO MODEL

3.2.1. ANIMALS

Zebrafish (Danio rerio) experiments were done according with the European Directive
2010/63/EU and the Portuguese law, ‘Decreto Lei’ 113/2013, on the protection of animals used
for scientific purposes.

Animals were kept in a 20L tank at 28+0.5°C, pH=7.3-7.5, in a 14:10h light:dark cycle, and in a
semi-closed water system with aeration and mechanical and biological filtration. Fishes were fed
twice a day with a commercial diet. Male and female fish at a proportion of 2:3 were reared ON
in a smaller tank for spawning after room light onset. Embryos were collected and kept at
28+0.5°Cin E3 medium (5 mM NacCl, 0.17 mM KCl, 0.24 CaCl,, 0.33 MgS0O, and 0.01% methylene
blue in deionized water) with 0.003% (m/v) N-Phenylthiourea (PTU) (P7629, Sigma-Aldrich) to

prevent pigmentation.

3.2.2. HYPOXIA CHAMBER

Hypoxic chamber was adapted from the experimental system used by Yu et al. [94]. A 100 mL
glass Erlenmeyer was used, that was filled until its maximum capacity (100 mL) with embryo
swimming medium E3 medium with PTU. A rubber lid was used to keep the chamber air-proofed
and two needles as air ports: one connects the medium with a nitrogen tank (N2) and the other
one the air space inside to the open air. (Figure 6) To determine the best time point for inducing
hypoxia in medium Nz was flushed (flowing pressure approximately 0.4 bar) into the chamber for
4,5, 10 or 15 minutes with one vigorous shake at half time of flushing. Before the end time point,

the needle connected to the air inside was firstly removed and then the N, needle.

Air N,

Figure 6 — Schematic representation of the developed hypoxia chamber.
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A) OXYGEN MEASUREMENTS

Due the the absence of a chamber incorporable oximeter electrode, an external one was used
(DWI Oxygen Electrode Chamber, Hansatech Instruments). Two methods were initially tested to
take samples from the hypoxia chamber with the lid closed and after opening the lid. The first
one was done with a needle and a syringe. The second method was by taking the sample, carefully
with a pipette after opening the lid. The lid was left opened between measurements (2, 5, 10 and

20 min).

B) HYPOXIA TREATMENT

4 dpf zebrafish larvae was placed in the hypoxia chamber after 4 min of N, bubbling by opening
the rubber lid. After 2 minutes, the chamber was sealed from the air and placed at 28+0.5°C. for
9, 15, 20, 30, 40, 60, 120, 150, 180, 240 minutes or 24 hours. After, larvae were transferred to
normal (oxygenated) E3 medium with PTU and the medium was changed once to reestablish the

normoxic conditions, until the imaging procedure was done.

3.2.3. BBB DISRUPTION ASSAY

The chorion of the animals with 2 dpf was removed before experiments to approximate with the

4 dpf (naturally without chorion on this stage of development).

A) EVANS BLUE IN THE SWIMMING MEDIUM

2 and 4 dpf animals were exposed to Evans blue dye (E-2129, Sigma-Aldrich) (Aexc=470 and 540
nm; Aem=680 nm) solutions for 30 minutes at three concentrations: 1%, 0.1% and 0.01% in E3
medium with PTU.

Animals were anesthetized by adding tricaine (ethyl 3- aminobenzoate; E10521, Sigma-Aldrich)
into the swimming medium and observed under a fluorescence stereomicroscope (Leica M205

FA, Leica Microsystems).

B) EVANS BLUE INJECTION

2 and 4 dpf animals were injected with 5-10 nL of 1% Evans blue solution in 0.9% NaCl sterile

solution using a standard zebrafish microinjection apparatus. Animals were kept ON at 28+0.5°C
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in E3 medium with PTU and ex vivo (section 2.2.5.) and live (section 2.2.6.) confocal imaging was

performed as described below.

C) BBB DISRUPTION CONTROLS

As a positive control of BBB disruption, 4 dpf animals were injected with 5-10 nL of Bradykinin
solution (B3259, Sigma-Aldrich) (0.2 mM in 1% Evans blue in 0.9% NaCl sterile solution) using a
standard zebrafish microinjection apparatus. Animals were kept ON at 28+0.5°C in E3 medium
with PTU and live (section 2.2.6.) confocal imaging was performed as described further.

As a negative control, animals were kept ON at 28+0.5°C in E3 medium with PTU and live (section

2.2.6.) confocal imaging was performed as described below.

3.2.4. PAMAM DENDRIMER INJECTION

2 and 4 dpf animals were injected with 5-10 nL of PAMAM solution (in a final ratio of 10 mg/kg in
0.9% NaCl sterile) using a standard zebrafish microinjection apparatus. Animals were kept ON at
28+0.5°C in E3 medium with PTU and live (section 2.2.6.) confocal imaging was performed as

described further.

3.2.5. EX VIVO IMAGING

Animals were fixed with 4% PFA ON at 4°C and, then, rinsed three times with PBS 1X. The yolk
was removed due to its autofluorescence, so imaging artefacts are prevented. Fish were placed
in a slide microscope soaked in 50% (v/v) glycerol (G5519, Sigma-Aldrich) in PBS solution. Animals
were observed under a TCS SP5 (Leica Microsystems, Germany) using the 10X or 20X objective

with 1X zoom, where several images were taken in the z-axis with the step size of 1.51 pm.

3.2.6. LIVE IMAGING

Animals were anesthetized by adding tricaine to the swimming medium and placed in a 35 mm
glass bottom dish (81158, ibidi). A drop of pre-heated (37°C) 6% low-melting agarose (39346-81-
1, Cleaver Scientific) solution was put on the animal and the larvae were immediately oriented
with dorsal-side-up. This procedure was done to immobilize fish for imaging and, once the room

is at 21°C, it solidifies on top of it. Animals were observed under a TCS SP5 (Leica Microsystems,
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Germany) using the 20X objective and 1.85X of zoom, where several images were taken in the z-

axis with the step size of 1.51 um.

3.3. STATISTICAL ANALYSIS

All statistical analyses were performed with the GraphPad Prism 7 Software (Prism 7 for windows,
version 7.00, GraphPad Software, Inc.). The number of independent experiments for each
condition (n) is described in correspondent figure legend. Data is presented as meantstandard
deviation (SD). Independent one-way or two-way analysis of variance (ANOVA) statistical analysis
and post-hoc tests, such as Tukey and Sidak’s multiple comparison tests, were performed with

the significance level set at 0.05.
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4.1. DENDRIMER/DENDRIPLEX BBB PERMEATION IN VITRO

STUDIES

To assess the dendrimers/dendriplexes BBB permeation potential we explored a co-culture BBB
in vitro model that has been previously established and optimized in our group [97]. Briefly, the
model is based on a Transwell® system where mouse brain endothelial immortalized cells
(bEnd.3) are cultured on the luminal side of the insert and primary rat astrocytes on the abluminal
side. In the present study the co-cultures were kept in contact with astrocyte conditioned
medium and maintained for 7 days in culture in order to upregulate TJ proteins and decrease

paracellular permeability [98].

4.1.1. BBB DISRUPTION ANALYSIS UNDER OXYGEN AND GLUCOSE

DEPRIVATION

As described in section 1.2.2., BBB suffers various disruptions after an ischemic stroke event.
Here, to induce the a similar effect, co-cultures were subjected to glucose and oxygen deprivation
(OGD), as previously explored [98], but for different period of times to optimize BBB disruption.
The model is constituted by endothelial cells and astrocytes and the impairment of each cell type
could influence the barrier integrity. Yang et al. [99] reported a permeability change in a culture
of immortalized brain endothelial cell line (bEnd.5) after 2h of exposure to OGD conditions.
However, concerning to primary astrocytes, the cell swelling, and consequent astrocyte-feet
detachment [18], started to be registered only at 12h in Yu et al. study [100]. In the previous work
[98], 4 hours was the used OGD period, and, based on the literature and acquired results [101]—
[104], we decided to compare with a longer timepoint regarding the barrier tightness effects.

Concisely, the co-cultures were incubated in glucose and serum-free cell culture medium in a



hypoxia chamber (humidified chamber at 37°C, 0.1% O, and 5% CO) for 4 or 12 hours. After OGD,
different assays were preformed to evaluate the BBB cohesivity.

TEER is a widely used quantitative method to determine the quality of a BBB in vitro model, which,
by measuring the electrical resistance through the cell layers (between electrodes), can indicate
the barrier integrity. [47], [50] After the OGD treatment, TEER decreased in these co-cultures,
when comparing to the control condition (Figure 7). When the referred conditions are
maintained for 4 hours, TEER decreases in, approximately, 21% but without significant statistical
differences whereas the treatment for 12 hours lead to a decrease in, approximately, 51%. The
significative TEER decrease when co-cultures are treated for 12 hours of OGD conditions, led us
to conclude that under these conditions there is a robust compromise in barrier integrity as it

happens after an ischemic stroke.
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Figure 7 — Co-culture TEER values dependent on time of the OGD treatment. Cultures were submitted to
different OGD times and compared with the normoxia control under normal culture conditions. Reading
the left axis, it presents the TEER values. And reading the right axis, it represents, the percentage in TEER
reduction. ¥**P<0.01; ns: not significant; (Normoxia: n=6 with triplicates, OGD 4h: n=4 with triplicates; OGD
12h: n=2 with triplicates).

Although it is not possible to measure BBB TEER in humans, registered TEER values in mammals
can reach 8000 Q.cm?. Considering the impossibility to accomplish these values in an in vitro
model, many studies use models with TEER values, around hundreds Q.cm?, for drug screening
assays. [37], [47], [50] Here, the TEER average value for the barrier under physiologic conditions
was 71+ 11 Q.cm? which is in accordance with the reported published data [97] and the previous
experiments [98]. Moreover, TEER decreased with the OGD treatment in a time-dependent
manner.

Barrier tightness and, consequently, TEER are influenced by many factors, for example cell

confluency, cell origin, primary culture or cell line and ECM coatings, which can explain
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differences in TEER values. [47], [105] Endothelial cells used in this model (bEnd.3, immortalized
cell line) are known to present low TEER values in mono-cultures Transwell® systems which are
usually around 50 Q.cm?. [47]-[50], [106] Also, it was previously shown by Tilling et al. [105] that
cell support proteins has high influence in TEER regulation. In studies using porcine endothelial
primary cells, cells seeded on rat tail collagen type |, coating as used in this study, showed a
decrease in TEER comparing to collagen type 1V, fibronectin and laminin. These can be justified
by the structural architecture of ECM components, once collagen type | forms a fibrillar structure
whereas natural collagen type V ECM of NVU organizes in a polymer network structure. [50],
[105]

Despite the above described influencing characteristics, there are also other variables which
affect TEER values. For example, measurements with different equipment, equipment position in
relation to cells, temperature and cell handling during measurement can change TEER results
disallowing tightness deduction and comparison. [48].

So, although TEER is a simple way to measure barrier tightness, it is not enough to conclude about
it selectivity. [47], [48] Selective permeability to specific hydrophilic marker substances, which
passively diffuses through paracellular route, such as Lucifer yellow (444 Da), sodium fluorescein
(376 Da) and mannitol (180 Da) can be additionally measured. [47], [48], [50] Following the
previous experiments [98], the sodium fluorescein dye was used to determine barrier paracellular
permeability.

As expected, in every condition, the fluorescein concentration increases in the abluminal side
over time (Figure 8A). However, it is noticeable that, after 12 hours of OGD conditions, the rate
of fluorescein passage is higher comparing to other conditions. This is confirmed by the
calculation of the permeability coefficient (Figure 8B), done after 60 and 240 minutes of sodium
fluorescein exposure. Permeability coefficient under normoxic conditions after 60 or 240 min,
2.7+0.3 x10® cm/s and 2.3+1.2 x10°® cm/s, respectively, defines a tight cell barrier as verified
before and described in literature [50], [97], [98]. The OGD exposure for 4 hours does not reveal
significative effects in sodium fluorescein permeability, however, after 12 hours of OGD, it can
be noticed an increase of paracellular permeability, 9.9+4.5 x10°® cm/s (calculated at 240 min),

that indicates barrier tightness compromise.

35



E -|- -~ Normoxia
?6.0- -I- l -= OGD 4h
To:' T J. OGD 12h
z 4.0 1
€
8 2.0
c
]
U -
0.0l F+—F+—-F—--T—-T—-T—r
O IR IR R 'is q’@
Time (min)
B —_ *
2 1,510 _
g Bl Normoxia
‘s‘ OGD 4h
'S 1.0x10%5 OGD 12h
£
[+H]
o
(L]
2 5.0x10-
5 T T
Q
- N
g 0- T T
& o
Time (min)

Figure 8 — Paracellular permeability evaluation using sodium fluorescein. Cultures were submitted to
different OGD times and compared with the normoxia control under normal culture conditions. The
fluorescein concentration on the abluminal side was measured over time. A: Cumulative concentration of
fluorescein that passes through the membrane under studied conditions. Normoxia and OGD 4h results
were not statistical significantly different, however Normoxia and OGD 12h treatment was with P<0.0001.
B: Permeability coefficients after 60 and 240 min in contact with fluorescein. There are no statistically
significant differences over time. *P<0.05 (Normoxia: n=3 with triplicates; OGD4h and OGD12h: n=2 with
triplicates).

We have noticed that there was some medium evaporation and/or medium loss in the Transwell®
membrane between measurements that was not considered in calculations. This can lead to a
larger standard deviation and some inaccuracy, though similar to all 3 conditions. In order to
overcome this issue, an experiment could be performed where we would read the different time
points only one time, without medium collection and replenishment between measurements.

As described in section 1.2.2., the BBB disruption related to pathology is, in part, caused by T/
disassembly. This event increases the barrier permeability, which could be a window of
opportunity to delivery neuroprotective NA complexed with dendrimers (named dendriplexes).
Based on the described results, OGD treatment for 12 hours, showed significant differences in
barrier disruption. This was the used timepoint to mimic ischemic stroke conditions in further

experiments with dendriplexes.
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In this context, it is important to analyze TJ protein expression after OGD, such as Claudin-5 and
Z0-1 that are commonly used as qualitative markers in BBB tightness. [47]—[50] In Figure 9, the
downregulation of both Claudin-5 and ZO-1 TJ proteins in endothelial cells after OGD is notable
when compared to endothelial cells in normoxia co-cultures, as described before by Koto et al.
[107] using bEnd.3 mono-cultures under hypoxia conditions. Also, in normoxic conditions, the
expression of Claudin-5 is located nearby the cytoplasmic membrane with a continuous pattern
(Figure 9A, white arrows), as expected [18], [107] indicating that the BBB is correctly established,
while after OGD this is lost with a disrupted expression of Claudin-5. The same should be
observed using ZO-1 and, in injury or proliferation conditions, it is described that ZO-1 have
nuclear co-location [12], however the staining did not show the expected cell pattern in normoxia

conditions and so the immunocytochemistry analysis will be conducted with another antibody.
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Normoxia 0GD 12h

Claudin-5

Z0-1

Figure 9 — TJ proteins expression under physiological and ischemic stroke conditions. Immunolabelling of
Claudin-5 and ZO-1 after normoxia culture or OGD for 12 hours treatment. A, D: Claudin-5 staining (green)
after normoxia or 12 hours OGD, respectively. B, E: ZO-1 staining (red) after normoxia or 12 hours OGD,

respectively. C, F: Merge of previous described staining and cell nuclei (Hoechst, blue) after normoxia or
12 hours OGD, respectively. Scale bar: 50 um
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4.1.2. BBB PERMEABILITY TO DENDRIMERS

41.2.1. PAMAM DENDRIMERS

To establish the permeability assay for the dendrimers, we performed a pilot experiment for
optimizations using a commercially available dendrimer — G4 PAMAM that was further PEGylated
and labelled with Rhodamine, here referred as PEG-PAMAM-5(6)-ROX, before testing our
synthetized dendrimers . Characterization performed in our group by DLS regarding size showed
that these dendrimers had a hydrodynamic size of 24.2 + 16.2 nm [108]. For these studies, earlier
established OGD conditions were tested (OGD for 4 hours) [98]. Although this is not the best time
period for BBB disturbances, notice that the TEER decrease is not significant (Figure 7) and there
are not differences in the fluorescein assay (Figure 8), we knew that tight junctions were altered
[98] and so this could result in interesting differences regarding the dendrimer BBB crossing.
Succinctly, described co-cultures were treated under physiologic conditions (normoxia), whereas
others were subjected to an OGD environment for 4 hours. After that, endothelial cells were
exposed to a dendrimer solution for 1 or 4 hours and different tests were performed to
determine nanoparticle permeation. After the contact with the dendrimers, the medium from
the abluminal side of the insert was collected and fluorescence determined. Comparing the
exposure duration, 4 hours of contact presents lower permeability coefficients than 1 hour
contact (Figure 10), which could be due to the recovery of the barrier after returning to normoxia,
decreasing therefore the permeability over time. Concerning to normoxia and OGD cultures,
there are no statistical significative differences in each timepoint (Figure 10). Possibly, the OGD
period should be extended to 12h in order to see higher disturbances, which should result in

higher PAMAM crossing.
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Figure 10 — In vitro BBB model permeability coefficient to PEG-PAMAM-5(6)-ROX after inducing ischemic
stroke conditions. Cultures were submitted to 4 hours of OGD and normoxia conditions and, then, exposed
to the nanoparticles solution for 1 or 4 hours to determine permeability coefficient. There were no
statically significant results between conditions. (n=2 with triplicates).
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Even though described results should be repeated to diminish the errors associated with the
model, dendrimers’ paracellular permeability are not to be significantly affected by a 4 hours
OGD treatment. Nevertheless, present results do not allow conclusions about transcellular
permeability. In order to assess transcellular way that is known as a route for nanoparticles to
reach the brain parenchyma [37], [109], confocal images of the different cell layers in study —
endothelial cells and astrocytes — were obtained. They allow the analysis of the permeation
profile through the barrier (Figure 11) and draw conclusions about differences between
conditions, as previously done by Tian et al. [110].

It was previously hypothesized in our group that the pathological barrier recovers and tends to
equal the physiological barrier’s coefficient of permeability. [98] In previous data (data not
shown, [98]), it was verified that OGD cultures had higher permeability coefficients after 1 hour
of contact with nanoparticles than normoxia ones. So, co-cultures that were that period in
contact with PAMAM dendrimers were further analyzed.

Since nanoparticles have only a 1h contact period with cells, and as it is possible to see their
fluorescence in the porous of the supportive membrane (Figure 11, white arrows) and even on
the astrocyte layer (Figure 11B and C, bottom). Regarding the OGD treatment for 4 hours, it
appears to increase the permeability of the rhodamine labeled particles in this transport, since
more pores are stained and there is a higher density of dendrimers on the astrocyte layer. As
explained before, during OGD, TJ suffers a deregulation mediated by different factors, which
ultimately lead to a disassembly and downregulation of TJ proteins expression. This disturbance
of the physiological homeostasis induce an increasing in paracellular permeability, once the space
between cells tend to increase. [37], [53], [57] These results fit better with a transport through a
paracellular mechanism, however, we cannot exclude the possibility of a transcellular pathway.

The paracellular transport of the dendrimers, it should only represent a small part of the fate of
the studied nanoparticles in the first hour. With the paracellular route highly restricted in the
BBB, nanocarriers can promote substances permeability through the transcellular way. [37], [44]
Increased permeability of nanoparticles by these pathway occur specially with positively charged
nanoparticles enhancing the electrostatic interactions with the cell membrane (negatively
charged) and consequently increasing the endothelial uptake [38], as it can be observed in Figure
11B and C (Top). This process could be followed by endothelial exocytosis, that allow the
transcytosis of dendrimers and passage through the insert membrane. [44] Concerning to the
differences between OGD treatment and control cells, the first ones seem to have higher
internalization of the nanoparticles. This could be justified by the activation of the metabolic

cascade after OGD which leads to NVU components deregulation with high impact in endothelial
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cells. [53] Few studies report the impact of induced-hypoxia in nanoparticles uptake and
retention, however Brownlee et al. [111] describe the increase of endocytosis and exocytosis of
tested polystyrene nanoparticles in cells under hypoxia environment. So, oxygen depletion
treatment could not only induce an increase in paracellular permeability but also in a transcellular

way, resulting in a augmentation of nanoparticles uptake.
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Figure 11 — In vitro BBB permeability to PEG-PAMAM-5(6)ROX dendrimers under physiological (normoxia)
and ischemic conditions (OGD). A: Schematic representation of the insert membrane (adapted from [110])
B and C: Orthogonal representation done with confocal microscopy images of the insert after 1h contact
with PEG-PAMAM-5(6)ROX (red), nuclei stained with Hoechst (blue). And confocal microscopy images of
different levels of the insert membrane: endothelial cells (top); insert membrane (middle); astrocytes
(bottom) — stained with GFAP (grey). Scale bar: 50 um.
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4.1.2.2. DENDRIPLEXES

The set-up for PAMAM permeation analysis was aimed to be applied to our patented dendrimers
complexed with a NA as a cargo. For that, the dendrimers should be labeled with a fluorescent
tracker on their branches or instead in their cargo, the NA. To mimic a potential therapeutic NA,
a test double stranded siDNA molecule labeled with Cy-5 was used for simplicity and economical
reasons.

Briefly, siDNA (negatively charged) links with dendrimer branches (positively charged) by
electrostatic interactions and allow the formation of nanoparticles (dendriplexes) that result from
the complexation of the NA and dendrimer units (Figure 3C). After complexation, dendriplexes
have a nanometric scale (55-65 nm), as previously characterized in our group (data not shown).
Also, it is known that the ratio between amines (from functional group of the dendrimers) and
phosphates (from NA) (N/P) influence the dendriplexes assembly, the particles characteristics
and their behavior in biological environment. After a set of tests performed by other elements of
our group, for example particle complexation efficiency, size, cell internalization and transfection,
hemolysis and toxicity assays, it was selected a N/P with interest characteristics for intravenous
administration in ischemic stroke applications, N/P 20 (data not shown).

The PAMAM permeability assay was adapted to dendriplexes, using optimized conditions.
Succinctly, co-cultures were treated under physiologic conditions (normoxia), whereas others
were subjected to an OGD environment for 12 hours (optimized condition). After that,
endothelial cells were exposed to the dendriplex solution for 4 hours and the tests were
performed to determine nanoparticle permeability. Since it is not known the permeability profile

during time, the longest timepoint (4h) was chosen to perform the permeability assay.

For permeability determination, medium from the well (abluminal side) was collected and
fluorescence was directly measured in a fluorimeter. With this approach, it was not possible to
detect fluorescence from siDNA fluorochrome due to dendrimer influence by quenching the cy-
5 signal. For a real detection, dendriplexes were dissociated by adding SDS, which disrupted the
nanoparticles, as done before [45], by competing with NA in electrostatic interaction leading to
its release. Here, it was possible to detect the fluorescence, but it was under the equipment limit
of detection (data not shown). Alternative methods for sample analysis were tested for a more
sensitive detection, including a polyacrylamide gel assay for NA detection and quantification with
or without sample concentration by ultrafiltration. In this case, the NA sample concentrated was
also under the limit of this method detection even after 30x concentration (data not shown). So,

although it was not an ideal alternative for quantification, luminal solution from the insert was
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collected to indirectly infer the quantity of nanoparticles lost i.e that are in the cells or passed
through the membrane (cleared dendriplexes) (Figure 12), knowing that 1 pg of siDNA
(complexed with dendrimers) was added to each insert. Notice that without cells, the dendrimer
freely diffuses through the membrane. In the presence of the tight barrier the dendrimer does
not freely cross but can associate with cells leading to the same decrease. After OGD the
associated dendrimer can further cross the co-culture towards the abluminal side and the
decrease in the luminal side would be the same. No conclusions can be taken from that

information without cell analysis.
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Figure 12 — Cleared siDNA mass complexed in dendriplexes through the in vitro BBB model. Luminal medium
fluorescence was quantified to determine the cleared mass of siDNA (what is inside the cells, on the
membrane and passes to the abluminal side). There were no statically significant results between
conditions. (n=2 with triplicates).

Therefore, cells were stained to analyze the permeability profile, as previously done with PAMAM
(Figure 13). Both under normoxia and OGD conditions, it was not possible to detect dendriplexes
on the membrane nor on the astrocytes (Figure 13), which impedes to draw conclusions about
transcellular permeability in a short timepoint.

PECAM-1 expression increased in endothelial cells subjected to OGD conditions (Figure 13C, top).
The literature is not consistent regarding this issue. Studies, using stem-cell derived human
microvascular endothelial cell line and brain microvascular endothelial cells, report no changes
in PECAM-1/CD31 expression exposure to hypoxia conditions. [112], [113] Whereas, in vivo
experiments where ischemic brain infraction is induced or animals were subjected to low oxygen
levels, expression of PECAM-1 seems to enhance. [107], [113] Further studies should be done
regarding the PECAM-1 expression in OGD conditions, with and without dendriplexes exposure,

to clarify the here described observations.
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Figure 13 - In vitro BBB permeability to dendriplexes under physiological and ischemic stroke conditions. A:
Schematic representation of the insert membrane (adapted from [110]) B and C: Orthogonal
representation done by confocal microscopy images of the insert after 4h contact with dendriplexes (grey),
nuclei stained with Hoechst (blue). And confocal microscopy images of different parts of the insert
membrane: endothelial cells (top) — stained with PECAM-1 (green); insert membrane (middle); astrocytes
(bottom) — stained with GFAP (red). Scale bar: 50 um.

The differences in PAMAM dendrimers and dendriplexes permeation can be associated wit their

different dynamics when in contact with cells. During the comparison of both nanoparticles, it is
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important to be aware of their differences, such as different generation leading to distinct sizes
and charge densities, as well as contrasting organizational structures.

Concerning obtained results, experimental design should be improved for dendriplexes detection
in the abluminal side of the insert by increasing the time of contact or changing the labeled
method. In the first case, it is important to underline that the thickness of the membrane do not
reflect the in vivo ECM which is much thinner. [50] On the other hand, it would be more accurate
to track the dendrimers instead of the NA to detect the nanoparticles without the possibility of
causing its disassembly.

Regarding the difficulties during this process and to have the idea of the internalization profile of
this particles, 2D controls were done only under normoxic conditions to evaluate each cell
(endothelial cells and astrocytes) behavior when in contact with dendriplexes. In Figure 14,

dendriplexes can be detected in the both types of cells.

bEnd.3

Astrocytes

Figure 14 — 2D dendriplex internalization controls of endothelial cells (bEnd.3) and astrocytes. Confocal
microscopy images of endothelial cells (bEnd.3, A and B) and rat primary astrocytes (C and D) after 4h of
contact with dendriplexes (grey). A and C: Cell nuclei stained with Hoechst (nuclei, blue) and internalized
dendriplexes (grey); B: Merge of image A with PECAM-1 (green) staining in endothelial cells; D: Merge of
image C with GFAP (red) staining in primary rat astrocytes.
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Dendriplexes were designed to be a non-invasive technique to pass through the barrier, once
themselves are not intended to cause BBB disruption [114]. This could be a huge advantage in
the area, since BBB induced disruption, even temporary, could carry a significant risk for patient.
[50] To confirm that BBB characteristics are not impaired by cell contact with dendriplexes,
several tightness assays should be performed after dendriplexes contact, such as TEER
measurement, sodium fluorescein permeation and TJ expression. Exploratory experiments were
done concerning this issue, with only a TJ protein (ZO-1) staining (Figure 15). We have observed
that the TJ location is preferably in the periphery of the membrane after 4 hours of contact with
dendriplexes in OGD conditions (Figure 15D) than under normoxic conditions (Figure 15A).
Comparing both conditions, the recovery of TJ protein expression and localization could be
related to dendriplexes effects either on normoxia or OGD conditions. Regarding that, it would
be necessary a parallel co-culture without these nanoparticles and subjected to the same
treatment conditions to compare with obtain results. Further experiments should be done
concerning the effect of dendriplexes in barrier tightness, once they were designed to permeate

the BBB without disturbing it.

Normoxia

OGD 12h

Figure 15 — Influence of dendriplexes in ZO-1 expression after OGD treatment in the BBB model. Confocal
microscope images of endothelial cell layer after 4 hours contact with dendriplexes. A and D: ZO-1 staining
(red) in bEnd.3 cells under normoxia and OGD conditions, respectively. B and E: Dendriplexes (grey)
internalized by bEnd.3 cells under normoxia and OGD conditions, respectively. Cand F: Merge of previously
described channels with nuclei staining (Hoechst, blue).
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As previously referred for PAMAM dendrimers, it is known that nanoparticles can stimulate
vesicular transport in order to reach brain parenchyma, starting with endocytosis and followed
by transcytosis through the BBB. [43], [44], [109] Looking at Figure 15, the internalization profile
of dendriplexes seemed different between normoxic and OGD cultures. Regarding studies with
cancer cells which describes a down-regulation of endocytic proteins during hypoxia [115], [116],
it was hypothesized that OGD conditions could induce a cell membrane deregulation and,
therefore, nanoparticles could enter the cell by diffusion, an effect compatible with the observed
staining. Concerning that, endocytosis studies were performed to understand the differences
between internalization profiles.

In present results, under normoxic conditions, expression of early endocytic markers (clatherin
and caveolin) is low when compared to OGD conditions (Figure 16).

Endocytic vesicles coated with clathrin are characteristic from a receptor-mediated endocytosis,
whereas caveolin coated vesicles are formed during the random uptake soluble molecules, non-
receptor-mediated endocytosis. [43] Studies in nanoparticle endocytosis refer that it is mainly
mediated by receptors, once BBB endothelial cells are characterized by few caveolae. [38], [43],
[44] So, we expect that, at least under normoxic conditions, the endocytosis is receptor-
mediated, although, this has to be confirmed by inhibition studies.

In OGD conditions, dendriplexes internalization increases as verified before (Figure 16), which
was not according to the formulated hypothesis, but occurs by a vesicular endocytosis, receptor
and non-receptor mediated. As previously described, hypoxia-induce changes have impact in
energy dependent activities, as endocytosis, due to the reduced synthesis of ATP. [115], [116].
So, the dendriplexes uptake was expected to be lower in OGD conditions. A recent study in
endocytosis and exocytosis of nanoparticles under hypoxia conditions, using breast cancer cells,
corroborates the obtained results by an increasing of uptake when cells are exposed to low
oxygen levels, once cells increase the capacity of nanoparticles uptake. This can be explained by
metabolic alterations in endocytic receptor uptake and signaling as well as interferences in
intracellular traffic. The recycling of transmembranar proteins stimulate endocytic proteins as
Caveolin-1, inducing endocytic pathways. In this study, it was also demonstrated an increase in
exocytosis under hypoxic conditions. [111] Considering that, the OGD treatment has an impact
in dendriplexes uptake by a transcellular way. Further studies should be done in exocytosis, once

it was described to be also affected and can influence the passage through the BBB in vitro model.
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Figure 16 —Endosomal markers expression after dendriplexes exposure under normoxic and OGD conditions.
Confocal microscope images of endothelial cell layer after 4 hours contact with dendriplexes. A and D:
Caveolin staining (green) in bEnd.3 cells under normoxia and OGD conditions, respectively. G and J: Clathrin
staining (green) in bEnd.3 cells under normoxia and OGD conditions, respectively. B, E, H and K:
Dendriplexes (grey) internalized by bEnd.3 cells under normoxia and OGD conditions. C, F, I and L: Merge
of previously described channels with nuclei staining (Hoechst, blue). Scale bar: 20 um
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4.2. IN VIVO MODEL

A second aim of this project was the establishment of an in vivo model using zebrafish larvae to
study the dendriplexes permeation capacity through the BBB, either under physiologic or
ischemic conditions.

To the best of our knowledge there is no report on the use of zebrafish larvae to study the
bioperformance of nanoparticles in the context of ischemia pathologies. In fact, the number of
studies involving nanoparticles being tested in the zebrafish is very limited. Studies with these
organisms have huge advantages and could be a promising model for drug screening in ischemic
injured brain applications.

As described in section 1.3.2.1., the zebrafish BBB has similar characteristics to the human BBB,
which are already established in an early development stage. Taking this into account, to develop
the stroke BBB model, we first studied the BBB maturation during development to establish a

timepoint where molecules are size excluded from paracellular route.

4.2.1. VERIFICATION OF BBB MATURATION

As previously described, the zebrafish BBB starts expressing TJ proteins 3 dpf and maturation
process prolongs until 10 dpf. Although, in earlier stages of development, TJ expression only
happens in some cerebral vessels, many molecules are described to be sized excluded from
paracellular transportation at these stages. [46], [82], [91], [92]

One indicator of BBB disruption is the extravasation into brain parenchyma of high-molecular
weight molecules (HMWM) present in the blood, such as albumin. [82], [117] According that,
several molecule tracers can be used to study permeability through barriers. Regarding to the
BBB, Evans blue (EB) (961 Da) is a global standard tracer and it has high affinity to serum albumin
(EB-albumin complex 68 kDa). So, when administrated systemically it behaves as a HMWM and
it does not cross the BBB when this is intact. However, if EB is in the bloodstream and there is a

BBB disruption, a dye leakage into brain parenchyma can be noticed. [117]

Therefore, to verify BBB permeability to HMWM, two zebrafish ages were chosen (Figure 17):
one before (2dpf) and other after (4 dpf) the theoretical start of maturation and EB was used as
a trace marker for BBB disruption. Here, it was expected that, before BBB maturation, there is a
dye leakage into brain parenchyma and, after that, staining should be confined to blood vessels.
An earlier stage of development during the BBB maturation was chosen since many ethical

constrains arises after 5 dpf.
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Initially, as pilot studies, EB was added to the larvae zebrafish swimming medium in different
concentrations and timepoints, as previously done by Eliceiri et al. [118], since molecules in the
swimming medium have the ability to cross larvae skin and reach the bloodstream. [118]—[120]
However, in vivo observations under the fluorescence stereoscope microscope were not
conclusive, since they did not allow to a clear verify the entrance of the dye into the blood stream
and there were no observational differences of coloration between timepoints in the brain area

(see Supplementary Data, Figure S1).

. e z Pericardial region
Pericardial region (Sike of injeiction)

(site of injection)

Figure 17 — Zebrafish in both (2 and 4 dpf) stages of development. A and B: In vivo zebrafish images.. A:
zebrafish embryo 2dpf after chorion removal; B: zebrafish larvae 4dpf. Scale bar: 250 um C and D:
Schematic representation of tested zebrafish organisms and different parts of their brains, where is
highlighted the pericardial regional (site of injection) (adapted from [121]). C: zebrafish embryo 2dpf after
chorion removal; D: zebrafish larvae 4dpf.

So, to guarantee that EB enters the systemic circulation and permeates into the tissues through
the blood vessels, the dye was injected in the pericardial region [120] where heart and
pericardium co-localize (Figure 17C and D). In this case, under the stereoscope fluorescent
microscope, it was possible to see the dye in circulation, however no significant observational
differences were registered between treatments and controls as well as between development
states (see Supplementary Data, Figure S2). This can be justified by the high thickness of the
specimen not able to be observed with a regular fluorescent microscope/stereomicroscope.

Concerning the brain thickness and to better dissect the signal, animals were fixed and observed
ex vivo under the confocal fluorescence microscope to be able to analyze each layer of the tissue.

Results showed a clear difference between 2 and 4 dpf concerning to brain staining (Figure 18).
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As expected in a non-mature BBB, as the one from 2 dpf animals, EB permeate through the blood
vessels into brain parenchyma. Whereas, on the 4™ with the expression of some TJ protein, the
intensity of the staining in the brain parenchyma abruptly decreases with the exclusion of HMWM

from the paracellular route.

For the next experiments, to establish the zebrafish ischemia model, the 4dpf stage of
development was used, as the BBB is able to exclude HMWM and, therefore, we can study the

effect on BBB disruption due to hypoxia.
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4 dpf - Control 2 dpf — Evans blue injection 2 dpf - Control

4 dpf — Evans blue injection

Figure 18 — £B permeability depending on the stage of development. Ex vivo 2 and 4 dpf zebrafish confocal
fluorescent microscopy images after injection. A, C: Zebrafish with 2 and 4 dpf, respectively, injected with
of 0.9% NaCl (control) solution B, D: Zebrafish with 2 and 4 dpf, respectively, injected with EB solution. E-
H: EB labeling merge with brightfield image. Scale bar: 250 um
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4.2.2.BBB DISRUPTION MODEL

As previously described in section 1.2.2., in humans, oxygen and glycose deprivation after a vessel
occlusion triggers a cascade of metabolic effects with affects not only cells in the brain
parenchyma by also the components of the NVU. Ischemic event, consequently, leads to various
openings of the BBB by TJ deregulation.

Ischemic stroke animal models can be divided in two types: focal or global ischemia. Focal
ischemic injury is characterized by a reduction of the blood flow in a delimited area of the brain.
On the other hand, a global ischemic injury corresponds to a reduction of blood flow in the entire
brain or a depletion of oxygen in circulating blood. [94], [122] When developing an in vivo model
for ischemic stroke with zebrafish larvae, which confer huge advantages as referred in the
introduction section, it is however difficult to induce a focal ischemic stroke done by vessel
occlusion, either by making a cerebral thromboembolism or mechanically. So, based on
simplicity, tests were performed in zebrafish larvae by oxygen deprivation in the same way as

done with zebrafish adults by Yu et al. [94].

4.2.2.1. HYPOXIA CHAMBER

To induce oxygen deprivation to the zebrafish larvae, a hypoxic chamber was implemented
(Figure 6) and optimized to mimic ischemic conditions. According to the Committee on
Environment and Natural Resources concentrations of O, below 2 mg/L of O, are considered
hypoxic. In global cerebral ischemia, oxygen dissolved level drops to 0.6-0.8 mg/L (near complete
oxygen depletion). [94]

In the absence of an incorporable oximeter into the chamber, an external one was used. Samples
were taken from the chamber by i) opening it and pipetting a sample or ii) aspirating with a
syringe. This last one showed a high air incorporation and, consequently, an increase of oxygen
levels when used. In this first experiment (see Supplementary Data, Figure S3), N, bubbling times
were: 5, 10 or 15 minutes and the oxygen levels were lower than 0.6 mg/L. Therefore, bubbling
time was decreased to 4 min and oxygen levels reached values between 0.6 and 0.8 mg/L (like
global ischemic stroke conditions) (Figure 19). Notice that to take samples for oxygen levels
determination in tis experiments, the rubber lid was taken and left opened for 10 min. This is
acceptable as we assume that oxygen equilibration with the air is not a fast process and so when

placing the animals inside, the oxygen should be similar.
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The opening of 2 min was enough to put zebrafish inside the chamber and airproof seal the
chamber to reduce oxygen incorporation. So, it was established that in every assay, chamber will

be opened for 2 min to add the larvae, therefore the incorporation will be the same every time.
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Figure 19 — Dissolved oxygen concentration after chamber opening. Hypoxia chamber was bubbled with N2
for 4 min, the lid was opened and samples were carefully taken, in every timepoint, to an external oxygen

reader with a pipette (data results from reading of 3 different flasks ).

4.2.2.2. EFFECTS OF OXYGEN DEPRIVATION ON THE BBB

Shortly, the optimized hypoxia chamber was opened and zebrafish with 4 dpf were placed
carefully inside to avoid oxygen incorporation into the medium. Animals were left inside for

different timepoints and injected with EB in the pericardial site to assay BBB disruption.

Initially, the hypoxia assay was done according to Yu et al. [94], by performing treatments for 9
and 15 min. Larvae injected with the dye were ex vivo imaged and there was no observational
difference for EB staining between normoxia and hypoxia at the brain parenchyma (see
Supplementary Data, Figure S4).

Yu et al. [94] described a high mortality rate of this assay in zebrafish adults, however, with
larvae, we did not obtain the same mortality results. According to this information, the lethal
dose (LD50) of the treatment was established (Figure 20) to provide information about the best
timepoint for treatment. The mortality seems to reach a plateau from 120 minutes in a hypoxia
environment, which extends, at least, until 1440 minutes (24h). In small larvae, the diffusion of
the oxygen from the medium through the skin is sufficient for metabolic needs, however in
hypoxia environments, animals in these state of development have the endogenous capacity of

larvae to survive for long times, contrary to the zebrafish adults. [123]-[125]
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Figure 20 — Mortality rate after oxygen deprivation. The mortality rate was determined after zebrafish
larvae exposure to low-oxygen medium for different periods. (All timepoints except 120 min: n=1, one
independent experiment with 50 animals each; 120 min: n=2 with 50 animals each)

Alive animals after the treatment were injected with EB solution in order to determinate BBB
disruption. Observing ex vivo images it seems that BBB is not disrupted after 2 hours of hypoxia.
However, to identify a clear dye leakage to the brain parenchyma, we investigated blood vessels
in higher detail. Although it is possible to identify blood vessels in both conditions —normoxia and
hypoxia for 2h (120 min) - (Figure 21, white arrows), it is difficult to outline a dye leakage profile
when animals are treated.

To increase the possibility of having a BBB disruption and to overcome these image limitations in
ex vivo imaging, an in vivo imaging was performed with the animals treated under 240 min (4h)
of hypoxic conditions. The image procedure was done according to Nishimura et al. [117], which
consists in anesthetize the animals and immobilize them under the confocal microscope. In our
work, 4 dpf animals were treated under hypoxic conditions for 4 hours, injected with EB and in
the next day observed under the confocal microscope. EB stays in circulation complexed with
albumin until it reaches a vessel opening and could leakage through it. Considering that the BBB
opens in different phases as described previously, in section 1.2.2., animals were left in
oxygenated medium overnight to analyze the overall leakage after an induced global ischemic

stroke.

Live images were obtained in wild type (WT) animals under physiologic (normoxia) and global
ischemic conditions (hypoxia) (Figure 22). Using this method, there is a clear reduction of the
background when comparing with fixed animals (Figure 21), once the dye coloration is highly
restricted to brain blood vessels (Figure 22, white arrows). In hypoxia for 4 hours, it was expected

a leakage of EB dye, however, by observing the images, it is not possible to take conclusions
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without quantification. The idea for images quantification passes through the segmentation of
the blood vessels, in a restricted area of the brain and, with that, to determine the average
fluorescent intensity of dye in the brain parenchyma to be able to compare with other conditions.
Despite the necessary optimizations with this method, the aim is to track the path of dendriplexes
into the animal after intravenous injection and determine their leakage into the brain
parenchyma. So, an endogenous staining of blood vessels would be valuable to verify the actual
location of the nanoparticles in the brain (blood vessels or brain parenchyma). According to that,
a zebrafish line with fluorescent labeled blood vessels were used (zebrafish transgenic line
ED141B [126]) (see Supplementary Data, Figure S5). BBB maturation experiments were repeated

with transgenic animals (see Supplementary Data, Figure S6).

Normoxia Hypoxia 2h

Figure 21 — Ex vivo analysis of BBB disruption after oxygen deprivation. Confocal microscope images after
EB (red) injection in 4 dpf animals subjected to normoxic (A) and hypoxic (2h - B) conditions, where white
arrows point brain blood vessels. Scale bar: 100 um

In preliminary tests, we used a positive control to confirm the BBB disruption. There are many
candidates used as coadjutants in brain targeted therapies, which creates a temporary disruption
of the BBB and allow the delivery of therapeutic compounds, such as methamphetamines and
bradykinin [127], [128] Here, one used bradykinin to create a disruption model, as done before
with animal models, including zebrafish larvae [82], [129] to compare with hypoxia treated
animals. Bradykinin is a biologically active compound released by endothelial cells as result of a
metabolic deregulation after ischemic stroke injury, causing TJ disassemble and BBB disruption.

[55], [57]
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Normoxia Hypoxia 4h

Figure 22 — In vivo analysis of BBB disruption after oxygen deprivation. Confocal microscope images after
EB (red) injection in 4 dpf animals subjected to normoxic (A, C) and hypoxic (4h — B, D) conditions. Scale
bar (A and B): 100 um; Scale bar (C and D): 50 um

The difficulties in comparing animals and conditions remains even using the transgenic animals,
as expected (Figure 23). There are many factors that could improve imaging analysis and should
be taken into account. The fish position can give different image outcomes, so it should be
uniformized, which can be done by using zebrafish imaging plates that are able to position
animals for live imaging. Considering that BBB maturation starts at 3 dpf and extends until 10 dpf
[92], in the studied timepoint, there is still lack of TJ expression enabling some BBB extravasation
even in negative control animals, once the dye exclusion is not total. So, experiments should be
performed with animals in later stage of development.

Despite the achieved results and conclusions, the challenge will continue. However, the creation
of a global ischemia model induced by hypoxia in larval zebrafish to use in ischemic stroke studies

seems not to be far.
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Normoxia

Hypoxia 4h

Bradykinin

Figure 23 - In vivo imaging of zebrafish larvae under normoxic, hypoxic conditions and after bradykinin
exposure. Confocal microscope images of the transgenic animal injected with EB (red) after different
treatments: normoxia (A and B), Hypoxia for 4 hours (C and D) and Bradykinin (E and F). A, Cand E: EB (red)
dye in the animal brain area. B, D and F: Merge of EB staining (red) with endogenous staining of blood
vessels (green). Scale bar: 100 um



4.2.2.3. BBB PERMEABILITY TO DENDRIMERS AND DENDRIPLEXES

A preliminary test with dendrimers was done by injecting a PEG-PAMAM-5(6)-ROX solution into
the transgenic vessel labeled animals. However, it was difficult to distinguish the vessel
fluorescence from dendrimer fluorescence due to an organism residual expression of
fluorescence in the same channel as these PAMAM dendrimers. This invalidated the collected
data, as one was not able to identify the nanoparticles due to the fluorescence of the vascular
tissue in the same wave length of the dendrimers (data not shown).

Further experiments should be done changing the fluorescent tracer marker or using the

developed dendrimers complexed with a labelled nucleic acid.
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5.1. INVITROMODEL

The BBB in vitro model was successfully replicated and improvemented regarding OGD treatment
were obtained with significate differences in cell characteristics and barrier tightness.

The PAMAM permeability assay allowed the observation of particles permeating through the
membrane and differences between conditions (normoxia vs hypoxia) could be detected. As
expected, after OGD conditions, the passage of nanoparticles through the BBB is increased, which
is reflected in a higher density of PAMAM in the membrane porous and the astrocyte layer. The
same was expected for our fully biodegradable dendrimer complexed with nucleic acid (the
dendriplexes), however this was not observed. Possibly particles characteristics may have
influenced their dynamic and this should be considered when comparing both results, since these
are from different generations and have distinct organization structures (as they are complexed
with nucleic acids), size and charge densities.

Regarding the dendriplex permeability profile, under different cell stimuli - normoxia and OGD,
the pattern of internalization is different. After OGD, the internalization of nanoparticles
increases due to metabolic mechanisms alterations. It was firstly hypothesized that dendriplexes
could enter endothelial cells by diffusion after OGD treatment due to the compromise of the cell
membrane, however, using early endocytic markers, it was shown an increase in endocytosis.
Dendriplexes diffusion capacity should be further analyzed by adding a positive control which
induces membrane destabilization, for example surfactants, to compare the permeability
profiles.

Despite the dendriplexes uptake by endothelial cells, no particles were detected either on the
astrocyte layer nor on the abluminal side, however it was demonstrated that astrocytes have
ability to internalize dendriplexes. An increased crossing may be achieved by the prolongation of

the assay time, in order to allow endothelial exocytosis and passage through the membrane. The



exocytosis should be also studied in the reversable way, i.e. the recycling of nanoparticles by
returning them to the blood compartment. This process is intended to be further studied by pulse
chase analysis that, succinctly consists in successively exposing the cells to labelled nanoparticles
for a specific period of time followed by exposure to unlabeled nanoparticles and removal of
particles solution to quantify labelled nanoparticles and know what is exocytosed to the luminal
compartment.

Also, the effect of dendriplexes in barrier tightness should be deeply evaluated to check that they
do not disturb the barrier and to confirm the safety of using dendriplexes for ischemic stroke
applications via intravenous route.

After the improvement of the permeability assay, we intend to do triple cultures with the BBB
co-culture and neurons. These last on the well bottom (abluminal side), in order to analyze the
neuronal dendriplex internalization after the passage through the BBB model. Further, a

functional NA will be used and transfection effects will be assessed.

5.2. IN vIivO MODEL

We have established a novel in vivo zebrafish ischemic model on the 4™ dpf. Although hypoxic-
induced in vivo model with zebrafish larvae looks promising for ischemic stroke studies, there are
further experiments to be done to validate this model.

Concerning the stage of BBB maturation, it was clear that at 2 dpf the barrier is not mature and
there is a leakage of the tested dye (EB) into the brain parenchyma, as expected. Whereas, on
the 4" dpf the dye is excluded, although there may be some leakage. Even if this is residual, it
compromised the evaluation of oxygen effects on the BBB. So, in future studies, a longer stage of
maturation should be evaluated under the same conditions, as for example after the 10" dpf,
knowing that the BBB continues to mature until that stage.

Also, the live imaging revealed a great improvement in background fluorescence associated to
fixation. However, the method should be uniformized to obtain comparable images with larvae
at the same position. This could be useful in 1) real time tracking of particles, 2) evaluation of
different parameters, such as bioaccumulation in the brain and 3) blood clearance.

Upon the establishment of this in vivo model, dendriplex permeation through the BBB shall be
tested in the blood vessel transgenic animals, to assess particle position in the brain area (brain
parenchyma or blood vessels). In this study there are many challenges to overcome such as the
particle labelling using a NA, which seemed weak in in vitro detection. Other labeling methods

are being developed in the lab in order to have the dendrimer labelled instead of the NA. Also,
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there is ongoing work in targeting particles to neurons, which theoretically will improve the
uptake into the brain.

Furthermore, studies should be done concerning animal behavior during and after the treatment
as well as after the particle injection. Behavior studies are usually done in animal models when
assessing CNS therapies, since behavior phenotypes reflects alterations in normal CNS
physiology. Collecting them, treatment and therapy effectiveness may be inferred by assessing
behavior parameters such as motion profile and distance traveled. [130]—[132]

There are many emerging studies concerning toxicity drug screening throughout the use of the
zebrafish as its main platform. [80], [81] So, a set of assays could be developed to use the model
not only for biodistribution studies but also toxicity in vivo analysis.

Concerning the advantages of the zebrafish larvae and the obtained results, an ischemic model
is a promising tool for our neuroprotection therapies after ischemic stroke. It will may reduce the
distance between promising therapies to actual effective clinical therapies by an economical and

simple in vivo screening.
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SECTION 3.2.1.

2 dpf

4 dpf

Figure S1 — BBB maturation analysis after adding EB (0.1% (m/v)) in the swimming medium. In vivo images
of 2 and 4 dpf zebrafish under a fluorescence stereomicroscope. A and C: EB (red) channel; B and D:
Brightfield merged with EB channel. Scale bar: 250 um
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Figure S2 — Preliminary oximeter measurements of the hypoxic chamber. Oxygen levels in the hypoxia
chamber by using different bubbling times (5, 10 and 15 min) and two methods of medium extraction from

the chamber to the oximeter: with a needle and a syringe (timepoint 0 min) and after opening the lid and
carefully with a pipette (timepoints 2 and 5 min).



2 dpf
Without injection

Evans blue injection

4 dpf
Without injection

Evans blue injection

Figure S3 — BBB maturation analysis after injecting EB in the pericardial site. In vivo images of 2 and 4 dpf
zebrafish under a fluorescence stereomicroscope with and without EB injection. A, C, E and G: EB (red)
channel; B, D, F and H: Brightfield merged with EB channel. Scale bar: 250 um
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SECTION 3.2.2.2.

Hypoxia 9 min Normoxia

Hypoxia 15 min

Figure S4 — Short hypoxia effects in BBB tightness in zebrafish larvae. Ex vivo images of zebrafish larvae
subjected to normoxia — A, B and different hypoxia times (9 — C, D and 15 min — E, F) and after Eb injection
under a stereomicroscope. A, C and E: EB (red) channel; B, D and F: Brightfield merged with EB channel.

Scale bar: 250 um
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Figure S5 - In vivo imaging of the transgenic animal with blood vessels stained. Confocal microscope

images of the transgenic animal without treatment in Evans blue channel (A) and EB and green channel

(B). Scale bar: 100 um

2 dpf

4 dpf

Figure S6 — BBB maturation analysis of endogenous blood vessels labeled zebrafish. In vivo images of 2 and

4 dpf after EB injection. A and C: EB channel; B and D: Blood vessels fluorescence merged with EB channel.
Scale bar: 100 um




