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Abstract

Treatments of central nervous system (CNS) diseases remains a real challenge for
modern medicine due to the difficulty to cross the blood-brain barrier (BBB).
Regenerative treatments based on increasing the differentiation of neural stem cells
(NSCs) in new neuronal cells could prove interesting for improving the recovery of
stroke patients, if these treatments were able to reach the deep brain structures where
these cells are situated. All-trans retinoic acid (RA) is a promising molecule, able to
increase the differentiation of NSCs. In this thesis, PLGA nanoparticles loaded with RA
for delivery to the NSCs through the BBB were developed using the MicroJet reactor®
(MJR) technology. These nanoparticles were coated with surfactants, polysorbate 80
and poloxamer 188. First, the nanoparticles were loaded with a fluorescent dye and
their protein corona and their ability to cross the BBB were characterized using an in
vitro coculture model. Both formulations were able to be internalized by the endothelial
cells with different uptake profiles depending on their coating, and to be transcytosed
to the abluminal compartment. Next, PLGA nanospheres and nanocapsules coated
with surfactants were produced and loaded with retinoic acid. Nanoparticles with high
encapsulation efficiency could be produced and their release profiles were measured.
However, the nanoparticles showed a high burst release, which could be reduced by

coating the nanocapsules with chitosan.
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Kurzzusammenfassung

Die Behandlung von Erkrankungen des Zentralnervensystems (ZNS) bleibt eine echte
Herausforderung fur die moderne Medizin, da die Blut-Hirn-Schranke (BHS) nur
schwer zu Uberwinden ist. Regenerative Behandlungen, die die Differenzierung von
neuralen Stammzellen (NSZ) in neue neuronale Zellen steigern, kénnten die
Genesung von Schlaganfallpatienten verbessern, falls die Wirkstoffe diese Zellen
erreichen. All-trans-Retinsaure (RS) ist ein vielversprechendes Molekdl, welches die
Differenzierung von NSZ erhdhen kann. In dieser Arbeit wurden RS beladene PLGA-
Nanopartikel (NP) zum Transport des Wirkstoffs durch die BHS mittels MicroJet-
Reaktor® (MJR)-Technologie entwickelt, um die NSZ zu erreichen. Diese NP wurden
mit den Amphiphilen Polysorbat 80 und Poloxamer 188 stabilisiert. Zuerst wurden die
NP mit einem fluoreszierenden Farbstoff beladen und ihre Proteinkorona, sowie ihre
Fahigkeit, die BHS zu passieren, mit Hilfe eines In-vitro-Kokulturmodells
charakterisiert. Beide Formulierungen konnten von den Endothelzellen, je nach
Beschichtung, unterschiedlich gut aufgenommen und zum abluminalen Kompartiment
per Transzytose weitergeleitet werden. Danach wurden Polysorbat- und Poloxamer-
stabilisierte PLGA-Nanosphéren und -Nanokapseln hergestellt und mit RS beladen.
Es konnten NP mit hoher Verkapselungseffizienz hergestellt und deren
Freisetzungsprofile gemessen werden. Allerdings zeigten die NP einen hohen Burst-

Release, der durch Beschichtung mit Chitosan reduziert werden konnte.
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Abbreviation list

acLDL Acetylated low density lipoprotein
ACN Acetonitrile

AMT Adsorptive-mediated transcytosis
API Active pharmaceutical ingredient
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BBB Blood-brain barrier

BLEC Brain-like endothelial cell

CNS Central nervous system

DoE Design of experiments
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Endothelial cell medium supplemented with 5% human
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MicroJet reactor

NaF Sodium fluoroscein

NC Not-coated

NGS Normal goat serum
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PS80 Polysorbate 80
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RMT Receptor-mediated transcytosis
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Introduction

1. Introduction

Part of this chapter has been published in Lombardo, S.M.; Schneider, M.; Tureli, A.E.;
Gunday-Tureli, N. Key for Crossing the BBB with Nanopatrticles: The Rational Design.

Beilstein J. Nanotechnol. 2020, 11, 866—883, doi:10.3762/bjnano.11.72.
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Introduction

1.1 Scientific background
1.1.1 Stroke

According to the World Health Organization, cerebrovascular accidents, or stroke,
were the third leading cause of disability and the second leading cause of death
worldwide in 2019, with over 6 million deaths [1]. This tremendous number will go on
growing in the future due to an aging population, with the rise of life expectancy
worldwide. Ischemic strokes, caused by blockage of cerebral arteries by blood clots,
represent up to 85% of all strokes [2]. Despite its huge impact on society, very few
therapeutic solutions are available to treat this disease. Indeed, acute ischemic stroke
treatment is limited to reperfusion therapy, whose time window is extremely narrow.
Thrombolysis treatment, consisting in intravenous administration of recombinant tissue
plasminogen activator (tPA), can only be administered within 4.5 hours of the symptom
onset [3,4]. As 85% of patients are admitted beyond this time window, very few patients
end up eligible for reperfusion treatment [5]. Treating patients outside this window
could contribute to additional tissue damage and an increased risk of hemorrhagic
transformation (a spectrum of ischemia-related brain hemorrhage), recognized as the
most devastating complication after an ischemic stroke [6,7]. Furthermore, no
regenerative treatments for stroke are currently on the market, to recover the brain
areas damaged by the stroke. Most stroke patients suffer from neurologic damages
and present motor or cognitive disabilities, that can only be improved nowadays by
rehabilitation with limited success [8,9]. Thus, progress in stroke recovery treatment is

needed, making stroke a disease with a huge medical need.
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1.1.2 Neural stem cells

Neural stem cells (NSCs) are the stem cells of the nervous system. During
development they give rise to the entire nervous system. In adults, a small number of
NSCs remain and are mostly quiescent. In adult brains, NSCs are reduced and
become restricted to specific brain regions. In adult rodents, NSCs persist in the
subventricular zone (SVZ) and the subgranular zone (SGZ), which are specialized
niches in which young neurons for the olfactory bulb and hippocampus, respectively,
are generated [10-12]. These NSCs present radial morphology and glial features and
are referred by several names in the literature including radial glial cells, radial cells or

radial astrocytes [13,14].

Ample evidence supports the important roles of NSCs in plasticity, aging, disease, and
regeneration of the nervous system. The self-renewing NSCs can differentiate in new

neuronal cells: neurons, astrocytes and oligodendrocytes (Figure 1).

Self- ’ Neural stem
Renewing / cell

p—
-
>,

NS
Neuron  Astrocyte  Oligodendrocyte

Figure 1: Neural stem cells differentiation pathway [15]
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Because NSCs can differentiate into new neural cells including neurons, the regulation
of their proliferation, differentiation and migration represents a promising
regenerative/therapeutic strategy for Central Nervous System (CNS) diseases,
including stroke. Indeed, the new neuronal cells might replace the necrotic tissue from
stroke lesions and therefore improve stroke recovery. Thus, treating NSCs with pro-
differentiation agent might be a promising treatment for stroke recovery therapy. To
meet this goal, the agent needs to be able to reach the NSCs, and thus to cross the

blood-brain barrier.

1.1.3 The blood-brain barrier

One of the main limitations for the treatment of neurological disorders is the difficulty
to deliver drugs to the brain. Indeed, the brain is surrounded by the blood-brain barrier
(BBB), a selective barrier formed by the endothelial cells of the cerebral microvessels
[16,17]. The surface of the microvessels is the largest interface for blood-brain
exchange with an average of 12 to 18 m? in adults [18]. The BBB is responsible for
maintaining the brain homeostasis by regulating ion and nutrient transport as well as
protecting the brain against neurotoxic molecules [19]. To fulfill its function, the BBB
has a unique anatomy: the brain endothelial cells are joined to one another by tight
junctions and do not present fenestrations [18-21]. The endothelial cells are
surrounded firstly by a discontinuous layer of pericytes and secondly by the basal
lamina, adjacent to the astrocyte feet (Figure 2). Unfortunately, most drugs cannot pass
the BBB through physiological pathways due to the extreme selectivity of the barrier,

which truly restrict systemic therapeutic treatments for most CNS diseases.
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Astrocyte foot

Pericyte

Tight junction

Basal lamina

Endothelial cell

Figure 2: Blood Brain Barrier anatomy [22]

1.1.4 Crossing the BBB

As described in Figure 3, multiple pathways are available to cross the BBB. Their

characteristics are described in the sections below.

Paracellular: Passive I carrier-mediated Receptor- : Adsorptive-
pathway ltransmembranel transport mediated | mediated
| diffusion transcytosis | transcytosis
@ o ! |
@ | | T+
L O | I Q-
1 1

o]
o
=
o O
@

Figure 3: Physiological pathways through the BBB [22]
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1.1.4.1 Paracellular pathway and passive transmembrane diffusion

The tight junctions between the endothelial cells severely limit paracellular pathway of
hydrophilic molecules. Therefore, most molecules have to go through transcellular
pathway to cross the BBB. However, only small lipophilic molecules with a molecular
weight lower than 400 Da and less than 8 hydrogen bonds or small gas molecules (like
CO2 or O2) can freely diffuse through the BBB by transmembrane diffusion [17].
Furthermore, the BBB endothelial cells have a low degree of pinocytic activity, which

again restrains transport of molecules to the brain [16,21,23].

1.1.4.2 Transport proteins: carrier-mediated transport and efflux

proteins

To assure the transport to the brain of specific molecules like nutrients or amino acids,
transport proteins are present on the luminal and basolateral side of the endothelial
cells. For instance, GLUT-1, large neutral amino acid transporters (LAT), nucleoside
transporters and also organic cation and anion transporters have all been reported to
play an important role for sustaining the brain’s high metabolic needs [23-25]. Their
substrates can therefore cross the BBB through carrier-mediated transport. These

carriers are size and stereo selective [26].

Efflux proteins also contribute to maintaining the brain homeostasis by excreting
possible neurotoxic substances. Active Pharmaceutical Ingredients (API) can also be
substrates of these efflux proteins and therefore be excreted by them. Among the efflux
proteins present on the BBB, the most active ones are the P-glycoproteins (P-gp) and

the multidrug resistance proteins (MRP) [23,27,28]. With their ability to transport a large
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variety of compounds, these efflux proteins cause a significant problem for drug

delivery.

1.1.4.3 Receptor-mediated transcytosis

Endogenous molecules which do not have a specific transporter can also reach the
brain through receptor-mediated transcytosis (RMT). The molecule binds to its
receptor on the luminal side of the endothelial cells and endocytosis is initiated. The
receptor-ligand complex is invaginated, which leads to formation of intracellular
transport vesicles. The vesicles can then cross the cell to release the ligand to the
basolateral side of the cell. The receptor is then recycled [29]. Some of the receptors
found on the luminal side of the BBB are: transferrin receptor (TfR), insulin and insulin-
like growth factor receptor, low density lipoprotein receptor (LDLR), low density
lipoprotein receptor-related protein 1 and 2 (LRP1 and LRP2), scavenger receptor
class B type | (SR-B1), leptin receptor, and lactoferrin receptor [26,29]. More recently,
nicotinic acetylcholine receptors (nAChRS) and diphtheria toxin receptor have also

been described [26,30].

1.1.4.4 Adsorptive-mediated transcytosis

Finally, one other potential physiological way to cross the BBB is through adsorptive-
mediated transcytosis (AMT). Whereas RMT need an interaction between a ligand and
a receptor, AMT is a non-specific pathway. Therefore, the binding affinity of AMT is
low, but its binding ability is high, leading to similar transcytosis efficiency as RMT
[31,32]. AMT occurs after an electrostatic interaction between a positively charged

molecule, protein or peptide and the negatively charged luminal membrane of the brain
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endothelial cells. It is an energy, time and concentration dependent process that last a

few minutes, thus relatively slow when compared to carrier-mediated transport [33,34].

1.1.5 Enhancing nanoparticles BBB permeation with surfactant coating

To increase their BBB permeation ability, most nanoparticles are designed to be able
to cross the BBB through transcytosis. To reach this goal, their surfaces have to be

modified: either non-covalently with coating or covalently by functionalization.

Coating nanopatrticles with surfactant was the first used method to enhance their BBB
permeation ability. Indeed, the first reported nanopatrticle system able to cross the BBB
in vivo was developed by Kreuter et al. [35]. In their study, PBCA nanopatrticles coated
with polysorbate 80 (PS80) were able to successfully deliver dalargin, an anti-
nociceptive peptide unable to cross the BBB by itself, in vivo. A significant increase of
the analgesia was measured, showing that PS80-coated PBCA nanoparticles were
able to deliver dalargin through the BBB to the brain. Following this discovery, different
surfactants were tested to coat PBCA nanoparticles [36]. Dalargin-loaded PBCA
nanoparticles were coated with polysorbate 20, 40, 60 and 80, poloxamer 184, 188,
388, 407 and 908, Brij® 35 and Cremophors® EZ and RH. Only PBCA nanoparticles
coated with polysorbates showed a significant analgesic effect, where the highest
effect was obtained for PS80-coated nanoparticles. Further studies showed that PS80
did not cause any toxic effects and did not disrupt the BBB at the dose used [37]. At
the same time, Luck published in his thesis that apolipoprotein E (ApoE) was adsorbed
on the surface of nanoparticles coated with polysorbate 20, 40, 60 or 80 after their
incubation in human plasma [38]. However, ApoE was not adsorbed on uncoated

nanoparticles or nanoparticles coated with poloxamer 338 and 407, Cremophor® EL
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or Cremophor RH40®. Building on this work and to study the mechanism behind the
PBCA nanoparticles transcytosis, dalargin-loaded PBCA nanoparticles were coated
with apolipoproteins A-ll, B, C-II, E and J with or without precoating with PS80 [39] and
the anti-nociceptive effect of dalargin on mice was measured. A significant increase of
the anti-nociceptive effect was noticed for nanopatrticles coated with apolipoproteins B
(ApoB) and E without precoating with PS80, showing that these apolipoproteins
increased BBB crossing of PBCA nanoparticles. Interestingly, the anti-nociceptive
effect of dalargin was even more pronounced for PBCA nanoparticles precoated with
PS80 and overcoated with ApoB and ApoE. In the same study, loperamide-loaded
PBCA nanoparticles coated with PS80 were injected to ApoE-deficient and control
mice. Loperamide anti-nociceptive effect could only be observed on control mice,
showing that apolipoproteins were involved in the BBB crossing mechanism of PS80-
coated PBCA nanoparticles. Thus, it was concluded that PS80-coated nanoparticles
could adsorb apolipoproteins selectively in the blood and cross the BBB through RMT

by interacting with LDL receptors present on the luminal side of brain endothelial cells.

In another study by Kreuter’s team, PBCA nanoparticles loaded with doxorubicin and
coated with either PS80 or poloxamer 188 (P188) could increase survival of rats
implanted with intracranial glioblastoma [40]. Interestingly, P188 coating was also able
to increase the BBB permeation ability of PBCA nanoparticles. However, in their first
study, P188-coated dalargin-loaded PBCA nanopatrticles were not able to increase
significantly dalargin anti-nociceptive effect [36]. Thus, it was proposed that the binding
of doxorubicin led to an alteration of the nanoparticle surface properties that allowed
ApoE and B to be bound. It was then concluded that the BBB permeation ability of
nanoparticles was not only dependent of the surfactant coating but also of the nature

of the nanoparticle core composition, not only of the polymer, but also of the API [41].

-23 -



Introduction

The ability of the surfactants to interact with apolipoproteins was confirmed in another
study by Petri et al., where the efficacy of PBCA nanopatrticles loaded with doxorubicin
and coated with either PS80 or P188 for the treatment of rat intracranial glioblastoma
was investigated [42]. The results showed that, when coated with either PS80 or P188,
the anti-tumor effect of doxorubicin-loaded PBCA nanoparticles was significantly
enhanced. The plasma proteins adsorbed on coated PBCA nanoparticles were
investigated by 2-D PAGE and the results showed that a considerable amount of
apolipoproteins A-l (Apo A-l) were adsorbed on PS80 and P188-coated nanoparticles.
No significant differences of the amount of adsorbed apolipoproteins between PS80

and P188-coated nanoparticles could be observed.

Similar results were observed for PLGA nanopatrticles stabilized with PS80 or P188.
PLGA nanoparticles loaded with either loperamide or doxorubicin were coated with
PS80 or P188 and tested in vivo in rodents [43]. In both cases, P188-coated PLGA
nanoparticles showed the best efficacy over PS80-coated nanoparticles but both
formulations were able to cross the BBB and deliver their cargo. On the other hand, in
another study, 6-Coumarin loaded PLGA nanopatrticles coated with either chitosan or
PS80 showed better crossing ability than P188-coated nanoparticles [44]. This result
seems to be in accordance with Kreuter et al. suggestion that nanoparticles core could
influence the nanoparticles surface properties and therefore their ability to bind with

apolipoproteins in the blood.

PS80 coating was also successful for PLA-b-PEG nanoparticles [45] but failed for PLA
nanoparticles [46]. PLGA-PEG-PLGA nanoparticles loaded with loperamide and
coated with either PS80 or P188 were compared [47]. Both formulations could cross

the BBB but P188 seemed to permeate more than PS80.
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In conclusion, PS80 is nowadays the gold standard for increasing BBB crossing of
polymeric particles as it was shown to be able to increase apolipoprotein-nanoparticle
interaction on a wide range of polymers without any toxicity to the BBB. However,
alternatives, like P188, exist. Furthermore, the efficacy of the coating is also influenced

by the composition of the nanoparticle core, meaning the polymer and API used.

1.1.6 Influence of size and zeta-potential

It has been shown that surface functionalization or surface coating is the most
important determinant for BBB crossing. For functionalized nanoparticles, size seems
to have little impact and a large variety of nanoparticle sizes has been found able to
cross the BBB, from 12 to 340 nm [22]. Gao and Jiang studied in their publication the
influence of the size of methotrexate-loaded PS80-coated PBCA nanoparticles on their
ability to cross the BBB in vivo [48]. Nanoparticles from size of 70 to 345 nm were
studied. Between 170 and 345 nm, no impact of hanoparticle size on brain delivery of
methotrexate could be observed. Only 70 nm nanoparticles showed a slight increase
in brain delivery. Indeed, it has been proven that endocytosis is a size-dependent
process and that smaller nanoparticles under 100 nm can be endocytosed more easily
by cells [49-51]. Moreover, it has been shown that gold nanoparticles under 15 nm
were able to cross the BBB without any functionalization, probably through
transmembrane or paracellular pathway, whereas gold particles bigger than 50 nm
were not found in the brain [52-54]. Thus, very small particles may cross the BBB more

easily.

Furthermore, after successfully crossing the BBB, size can have an impact on the
diffusion of the nanoparticles through the brain extracellular space (ECS). The ECS is
a well-connected foam-like structure formed from the interstitial space between neural

cells [55,56]. It has been shown to have a wide variety of dimensions from 40 nm to
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700 nm in local expansions, also known as “dead spaces” [55,57]. Thus, small
nanopatrticles can diffuse further in the ECS and therefore deliver their cargo to the
brain more efficiently, whereas bigger particles might get stuck in the narrowest parts

of the ECS.

As already described above, zeta-potential can also have an impact on the BBB
crossing ability of nanoparticles. Nanoparticles expressing positive charges on their
surface can cross the BBB through AMT. However, positively charged nanoparticles
have a faster plasma clearance rate which lower their residence time in brain
microvessels and therefore their brain delivery is reduced [51]. Furthermore, attention
should be given to the toxicity of cationic nanoparticles, as they may alter cell
membranes during adsorption. For instance, cationic gold nanoparticles have been
shown to be 27 times more cytotoxic than their negative counterparts, due to the

disruption of the cell membranes [58-60].

1.1.7 Pegylation

Pegylation of nanoparticles increases their circulation time by granting them “stealth”
properties, thus increasing their residence time in brain microvessels and their brain
delivery [61]. Pegylation alone does not allow nanoparticles to cross the BBB, as it has
been shown in multiple studies [62—65]. However, coating nanoparticles with PEG
allows them to better diffuse through the ECS [66]. Indeed, an important constituent of
the ECS is the extracellular matrix, constituted of proteoglycans, hyaluronan and small
proteins that can interact with nanoparticles and drastically hinder their diffusion [55].
By densely coating 40 and 100 nm fluorescent polystyrene nanoparticles with PEG,

the nanoparticles were able to diffuse through the brain ECS of live mice, thanks to
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PEG limiting the ECS-nanoparticles adhesive interactions, whereas the uncoated
nanoparticles were stuck in the tissue [66]. Interestingly, neither the pristine nor the
pegylated 200 nm nanoparticles could penetrate the brain tissue due to steric
hindrance, confirming the importance of nanopatrticle size for ECS diffusion described
above. Thus, nanoparticles larger than 200 nm are able to cross the BBB but unable

to move on forward and diffuse through the ECS.

1.1.8 Polymeric nanoparticles for brain delivery through the BBB

Polymeric nanoparticles are the most studied nanoparticle system for brain delivery.
They can be produced from synthetic or natural polymers. Polymeric particles can
cross the BBB when coated with surfactants, as described above, or after surface
functionalization. To be used for brain delivery, the polymeric nanoparticles need to be
biodegradable and biocompatible, thus limiting the choice of polymers. As already
discussed above, PBCA nanopatrticles were the first nanoparticles shown able to cross
the BBB [35]. Soon after, PLA and PLGA nanoparticles demonstrated the same
abilities [43]. For example, PLGA nanoparticles loaded with loperamide and
functionalized with glycopeptide g7 or with a mutated form of diphtheria toxin
(CRM197) have been shown to significantly increase the analgesic effect of
loperamide in mice [67]. Furthermore, it was shown that CRM197 allowed the carrier
system to cross the BBB by RMT as well as by up-regulation of caveolin-1 mediated
transport. Investigation on g7-Nanoparticles and CRM197-Nanoparticles tropisms
revealed that both formulations could reach all brain areas without impacting BBB
integrity and accumulated in interneurons. Both PBCA and PLA/PLGA polymers are
biodegradable and biocompatible polymers. However, PLA and PLGA present some

advantages when compared to PBCA: they are FDA-approved and have a slower
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degradation rate than PBCA, allowing for more sustained delivery [68,69]. Some other
polymers have also been used to develop nanoparticles for brain delivery like
polycaprolactone (PCL) [70] or chitosan [71,72] but in less extent than PBCA and
PLA/PLGA nanopatrticles. For instance, enhanced accumulation in in vivo intracranial
glioma mice model of PEG-PCL nanopatrticles functionalized with Angiopep-2 could be
observed by real time fluorescence imaging [70]. Nanoparticles could be observed in
the glioma bed and infiltrating margin, showing that nanoparticles functionalized with
Angiopep-2 could exhibit dual-targeting abilities: first, Angiopep-2 allowed the
nanoparticles to cross the BBB through RMT by recognition of LRPs on the BBB and,
secondly, Angiopep-2 increased the nanoparticles accumulation in glioma cells thanks

to recognition of the LRPs on the glioma cells surface.

1.2 Techniques of interest

1.2.1 Nanoprecipitation

The nanoprecipitation technique is an interesting production method for polymeric
nanoparticles, which does not need any preliminary emulsification steps. This top-
down technique, also called solvent-displacement method, is based on the solubility
properties of the polymer. The polymer must be insoluble in water and soluble in an
organic solvent miscible in water, like acetone, ethanol, tetrahydrofuran (THF) or

dimethyl sulfoxide (DMSO).

First, the polymer is dissolved in the organic solvent, forming the organic phase often
referred to as the “solvent solution”. The polymer solution is then added in a huge
volume of water, which can also contain dissolved surfactant, referred to as the “non-

solvent solution”. The organic solvent, due to its water miscibility, diffuses toward the
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aqueous phase to form an organic solvent/water mixture in which the polymer is no
longer soluble. As the polymer concentration is now over its thermodynamic solubility,
the polymer chains precipitate to form nuclei, which then grow through addition of
polymer chains on top of them, until forming nanoparticles. Finally, the organic solvent
must be eliminated, for instance by evaporation or by dialysis, so that the nanoparticles

can be employed safely for a therapeutic use (Figure 4) [73,74].

B
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Figure 4: Nanoprecipitation method [74]

For nanoparticles to be prepared by nanoprecipitation, the organic solvent, the
aqueous solution and the polymer must be mixed in precise proportions to obtain the
so called “Ouzo effect”, as described on the phase diagram below (Figure 5). The Ouzo
effect is a spontaneous microemulsion phenomenon, based on the phenomenon

observed in Ouzo, a Greek alcoholic drink.
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solute

singlephase spinodalline
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solvent water

Figure 5: Ternary phase diagram showing the proportions of water, organic solvent
and solute (polymer in this case) necessary to obtain nanoparticles through the Ouzo
effect (red region). The continuous line is the equilibrium binodal line that separates
the single-phase region (in solid blue) from the two-phase regions (dotted, striked and
red regions). The dotted line is the spinodal line which separates the domain where
the system evolves by nucleation (blue dots), and the domain where spontaneous

phase separation occurs (yellow stripes) [75].

To be in the Ouzo region, the polymer concentration as well as the organic
solvent/water ratio must be low [75]. In these proportions, independent nanopatrticles
can be obtained. Their size can be controlled through different factors [76]. Indeed, the
diffusion speed of the organic solvent in the aqueous phase directly impacts the
nanoparticle size. The better the organic solvent is miscible with water, the faster it will
diffuse and the smaller the produced nanoparticles will be [77]. The viscosity of the
phases can also impact the diffusion speed of the organic solvent. An excess of

surfactant in the aqueous phase might increase its viscosity and thus hinder the
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organic solvent diffusion and increase the nanoparticle size [78]. The polymer
concentration can impact nanoparticle size in different ways. Increasing the polymer
concentration increases the organic phase viscosity, as well as the number of polymer
chains able to precipitate. Thus, increasing the polymer concentration leads to larger
nanoparticles. Finally, the surfactant concentration; when not in excess, can decrease
nanoparticles size by decreasing the surface tension and by stabilizing the polymer

nuclei, avoiding their agglomeration during the process.

APl are mostly added in the organic phase to encapsulate them. The more hydrophobic
and ultrasaturated the API is in the aqueous phase, the more it will distribute in the
polymeric nuclei during nanoprecipitation and the higher the encapsulation efficiency

will be.

The internal structure of the formed nanoparticles depends on the formulation
composition. Adding oil in the organic phase allows the formation of nanocapsules with

an oily core [79].

1.2.2 MicroJet reactor technology

Due to its simple process, nanoprecipitation method is one of the most popular
nanoparticles production method at laboratory scale. The formed nanoparticles can be
tuned to obtain small size and low polydispersity index. However, the same results are
harder to obtain at large scale, in batch production. To produce small nanoparticles,
the mixture of the organic and aqueous phase should be fast. Furthermore, to obtain
a narrow size distribution, the mixing efficacy should remain constant during the whole
production process, from the first to the last drop of added organic phase. Mixing

homogeneity is easy and quick to obtain with the small volumes at laboratory scale but
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harder to master at industrial volumes, leading to difficulties in scale-up of the
technique [80]. Nanoparticles produced at high scale might then be larger with a larger
size distribution than the nanoparticles developed at laboratory scale. As the
nanoparticle size is a critical quality attribute of the product, such discrepancies can

hinder the development of nanoparticles for commercial use.

To solve this issue, continuous production techniques have been developed, like the
MicroJet reactor® (MJR) technology from MyBiotech GmbH (Figure 6). Instead of
mixing the two phases in a tank, like the batch technique, the phases are added on
opposite sides of a reactor, using pumps. The two jets meet in the middle of the reactor
and mixing occurs in milliseconds, leading to nanoprecipitation. The produced
nanoparticles are immediately ejected by a third opening of the reactor. When using
this system, mixing can be controlled from the beginning to the end of the production
by managing the addition flow rate of the phases [81,82]. The nanopatrticle size can be
tuned by playing with the flow rates, the reactor size, or the temperature. Using a fourth
opening, nitrogen gas can be added in the reactor to help the ejection of the
nanoparticles out of the reactor and maintain the mixing efficiency constant. This
continuous system allows the large scale production of nanoparticles by simply running
the process for longer times and batch size can be easily increased via “number up”,
namely running the microreactors in parallel, facilitating the translation from laboratory

to industrial scale.
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Figure 6: the MicroJet reactor® technology

1.2.3 Nanoparticle release and NanoDis System

One critical quality attribute of nanoparticles is the release kinetics of their loaded API,
which must be characterized. To obtain bio-relevant data, the release must be done in
medium and at a temperature representative of biologic conditions. For parenteral
formulations, phosphate buffered saline (PBS) pH 7.4 is classically accepted as
relevant, due to its osmolarity and pH matching human blood. Furthermore, when
administered in the body, most formulations will be extremely diluted in biological fluid.
To reproduce such conditions, the nanoparticle release must be performed under sink
conditions, where the release is not limited by concentration gradient or by saturation,
and is thus not dependent of the test conditions [83]. To be in sink conditions, the
release should be performed at concentrations at least 3 times below the saturation
concentration of the API in the release medium. Reaching sink conditions for poorly
water-soluble substances can be a struggle, as the concentration needed is often lower

than the quantification limit of the drug. Solubilizing agents like polysorbate 80 or
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sodium dodecyl sulfate (SDS) might then be added in the medium to increase the

solubility of the drug.

API release from polymeric nanoparticles is mostly driven by five mechanisms:
detachment of API adhered to the outer layer, diffusion through the polymer matrix,
membrane controlled diffusion, erosion of nanoparticles matrix or combination of
diffusion and erosion process [84]. Polymeric nanopatrticles are mostly formulated as
sustained released systems, due to the slow degradation of the polymer in aqueous
medium, leading to slow erosion of the polymer matrix. However, one phenomenon
often observed with polymeric nanopatrticles is an initial phase of burst release. Once
diluted under sink conditions, a rapid release of the drug can occur during the first
hours, due to leakage of the API located near the particle surface [85—-87]. The burst
release is then followed by a slower release kinetic of the API, most of the time over

days [86].

Different techniques can be applied to measure the release kinetic of the drug [87,88].
Dialysis is one of the methods used in drug release testing of extended release
nanoparticle formulations, ensuring the physical separation of the nanoparticles from
the sampling compartment [89-92]. The nanoparticles are dispersed in release
medium and filled into a dialysis bag or tube, which acts as the donor compartment.
The bag is stirred in a large volume of release medium —referred to as the acceptor
compartment— which allows the diffusion of the released drug from the donor to the
acceptor compartment due to the concentration difference (Figure 7). The released
drug can then be measured by sampling from the acceptor compartment. Despite
being widely used, dialysis techniques suffer from severe drawbacks such as the
permeation kinetic of the free drug through the dialysis membrane, which often limits

the measured release of the API [93,94]. If the permeation kinetic of the free drug is
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slower than the release rate of the drug, the amount of API found in the acceptor
compartment will not reflect the real release profile of the drug at this time point [95,96].
The limited permeation of the drug through the membrane can also lead to non-sink
conditions inside of the dialysis bag, thus impacting the release profile. The so-called
sink conditions refer to experimental in vitro conditions where the maximum drug
concentration in the bulk fluid should not exceed about 20-30% of the drug’s saturation
concentration in the respective medium [97]. In these conditions, the release from the
particles is not limited by the concentration gradient or by saturation. If free drug
accumulates inside the dialysis bag due to low permeation kinetics, saturation can be
reached, leading to recrystallization and precipitation of the drug, thereby forming a
new drug depot inside the bag instead of free API diffusing towards the acceptor
compartment. Furthermore, due to the lack of agitation inside the bag, adsorption of
excipients or precipitates of drug can easily occur on the membrane, further reducing
the effective surface area for medium exchange and thus impacting the permeation
kinetic and the measured release even more [96]. Based on the aforementioned
reasons, the measured release profile, and especially the profile of the burst release,

are often underestimated when using dialysis techniques.
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Figure 7: Dialysis set-up for nanoparticles release testing

To solve this issue, “sample and separate” methods have been developed. In these
methods, the nanoparticles are directly diluted in the release medium under sink
conditions and stirred. Samples are taken at various time points, nanoparticles and
dissolved API are separated and the dissolved API is quantified [88,96,98]. As no
dialysis membrane is necessary, the release kinetic might be measured more
accurately. To achieve separation, centrifugation, filtration techniques, or centrifugal
ultrafiltration devices can be employed [86,99,100]. Centrifugation techniques are only
applicable for nanoparticles of sufficient density, which can be easily pelleted. As
release can continue during centrifugation time, this technique might not be applicable
for analysis of burst release at short time points. Use of high centrifugation speed might
also lead to disruption of the carriers, and thus force release of the drug [96]. Filtration
techniques can also be employed but selection of the filter must be done keeping in
mind the nanoparticle size distribution, to avoid leakage of the nanoparticles through

the filter [98]. Syringe filters 0.2, 0.1 or 0.02 um can be used to filter the sample but
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clogging or filter breakage may occur. Furthermore, the high mechanical strength
employed to filter the nanoparticle dispersions may also lead to breakage or forced
release of sheer-sensitive nanopatrticles. Using centrifugal ultrafiltration devices can be
an alternative to syringe filters (Figure 8). Lower molecular cut off can be used and
lower mechanical stress can be employed by controlling the centrifugal speed. At high

centrifugal speed, clogging and filter rupture can still occur.

== ==

Centrifugation

Figure 8: Centrifugal ultrafiltration set-up for nanopatrticle release testing

The use of tangential flow filtration (TFF), also referred to as cross-flow filtration, can
reduce clogging of the membranes. The nanoparticle dispersion feed is streamed
parallel to the membrane face with one portion passing through the membrane (filtrate
or permeate), whereas the remainder (retentate or concentrate) is circulated back to
the feed reservoir [101]. The cross-flow prevents particle from clogging the membrane
and reduces the sheer force on the nanopatrticles. TFF is an efficient technique for the
purification of nanoparticles and can also be employed for the separation of released

drug from nanopatrticles.
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During the last year, a new device was developed by MyBiotech GmbH in collaboration
with Agilent Technologies, Inc., the NanoDis System. The NanoDis System can be
coupled with a USP Il dissolution apparatus (paddle) to perform automatized
nanoparticle release test by “sample and separate” technique. The nanoparticles are
diluted in sink conditions in the release vessels. With the help of an autosampler,
samples are taken at different time points and filtered through hollow fiber membranes
by TFF. The filtrate containing the release drug can then be analyzed, while the
retentate is circulated back in the vessels (Figure 9). This technique allows for a fast
separation of the nanoparticles and released API, while limiting the risk of clogging or
rupture of the filter membrane. Indeed, the cross flow prevents the formation of filter
cakes on top of the membrane and thus its fouling [102]. As a large selection of
membrane cut off are available, the NanoDis System can be used for the release test
of a variety of nanoparticles. Release kinetics with the NanoDis System are thus more
predictive and reproducible than those obtained using classical dialysis or filtration

techniques.
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Figure 9: the NanoDis System. © Agilent Technologies, Inc. 2020. Reproduced with

permission, courtesy of Agilent Technologies, Inc.
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The goal of this PhD project is to develop poly(ester) nanoparticles able to cross the
blood-brain barrier to deliver drugs to NSCs. The formulation should be able to
increase the NSCs differentiation in new neuronal cells to improve stroke recovery. All-
trans retinoic acid (RA) (Figure 10) has been proven to be an interesting molecule for
stimulating the differentiation of NSCs in neuronal cells, both in vitro and in vivo
[103,104]. RA is a molecule physiologically found in the adult CNS and heavily
implicated in the CNS formation during fetal development [105]. Due to poor solubility
in water (around 0.2 uM [106]), it is impossible to reach therapeutic concentration in
the brain for NSC differentiation when administrating the molecule in solution through
the systemic route, as therapeutic concentration for NSCs differentiation in vitro has
been reported between 100 and 500 nM [107-109]. Loading RA in nanocarriers could
solve this solubility problem and allow for the therapeutic concentration in the brain to
be met. In a study by Santos et al., by delivering RA with the help of nanocarriers,
NSCs differentiation could be obtained at a RA concentration of 4 nM, which was not
possible for the molecule in solution at the same concentration [104]. Thus, loading
nanoparticles with RA could also increase RA cell uptake by NSCs and thus decrease
the necessary therapeutic concentration when compared to the molecule in solution.
In conclusion, loading RA in nanoparticles seems to be a promising method to increase
neuronal differentiation of NSCs. This PhD project will aim to develop a novel approach
to target NSCs by using RA-loaded nanoparticle formulations, which will be able to

diffuse across the BBB to transport drugs, reach NSCs and deliver their payload.
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AR AU COO0H

Figure 10: All-trans retinoic acid

To reduce the time for the nanoparticles to reach the market, only material approved
by health agencies should be used for the production of these new delivery systems.
Thus, targeting the BBB by surface functionalization is not evaluated as an option to
enhance the barrier crossing properties, as it would involve covalent modifications of
the material. Such modifications lead to additional safety and toxicity investigations to
fulfil the regulatory requirements of novel excipients that are time and cost intensive.
Instead, non-covalent BBB targeting was chosen as a strategy to improve the crossing
ability of the nanoparticles: coating of polymeric nanoparticles with surfactant. PLGA,
a poly(ester) polymer approved by the FDA for the parenteral route, was chosen to
produce the nanoparticles. PS80 and P188, also FDA approved surfactants, were
chosen to coat the nanoparticles, based on a literature review. Furthermore, the
nanoparticles were produced using the MJR technology. By controlling the process
parameters, the mixing properties of the solvent and non-solvent solutions can be
optimized to yield reproducible nanoparticles of small size and low polydispersity index

(PDI), at high scale.
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First, nanoparticles loaded with a fluorescent probe were produced and tested on an
in vitro BBB model, to assess their crossing ability through the BBB. Next, PLGA
nanoparticles loaded with RA and coated with surfactants were developed and

characterized.
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permeation

Cell culture and nanoparticle cell tests were performed by Elisa Jimenez Moya at

Université d’Artois, as part of the partnership from the NANOSTEM project.
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3.1 Introduction

PLGA nanopatrticles coated with specific surfactants, polysorbate 80 (PS80) and
poloxamer 188 (P188), have been reported being able to cross the BBB in vivo [43,44].
Studies on PBCA nanoparticles coated with the same surfactants showed that P188
and PS80 allowed the adsorption of apolipoproteins on the surface of the
nanoparticles, and hypothesized that the nanoparticles could then be recognized by
the LDL receptors present on the luminal face of brain endothelial cells [39,40,42].
Furthermore, discrepancies have been noticed where some formulations showed
superior crossing ability when coated with P188 and others with PS80 [22], which might

suggest that both surfactants do not exactly share the same uptake mechanism.

Indeed, once in biological media, nanopatrticles interact with proteins, which will adsorb
on their surface to form the so-called protein corona. The kind of protein corona that
forms around nanoparticles surface depends on the nanoparticles surface properties
(size, shape, composition, surface functional groups and charges), biophysical
properties of the biological medium and the time of interaction [110]. The protein
corona formation is a dynamic process. First, a layer of proteins with high affinity for
the nanoparticles forms quickly by strongly bonding on the nanoparticle surface: this
layer is called the hard corona. Next, proteins with lower affinity adsorb slowly by
protein-protein interaction around the hard corona, forming the soft corona [111]. The
soft corona can be rapidly exchanged or lost following some changes in the biological
media, while the hard corona remains adsorbed, even during biological events like
endocytosis [111,112]. Thus, it is believed that the hard corona gives a new biological
identity to the particles in the biological environment and will determine their

physicochemical behavior and biodistribution [113,114].
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Contrary to surfactant-coated PBCA nanoparticles, the protein corona forming around
surfactant-coated PLGA nanoparticles and the mechanism they use to cross the BBB
have never been investigated, to the best of our knowledge. Thus, in this chapter, we
tried to characterize the protein corona forming around PS80-coated, P188-coated and
not-coated nanoparticles. PS80 and P188-coated nanoparticles were then used for in

vitro BBB permeation studies, where their mechanisms of uptake were investigated.

3.2 Material and Methods
3.2.1 Nanoparticle production and characterization

The nanoparticles were prepared with a solvent solution containing 1% (w/v) of PLGA
Resomer® RG 502 H 50:50 (Evonik, Essen, Germany) with 28 pg/ml of Lumogen F
Red 305® (BASF, Ludwigshafen, Germany) in acetone. The non-solvent solution was
prepared by dissolving either PS80 (Tween® 80 from Merck, Darmstadt, Germany) or
P188 (Kolliphor® P188 from Sigma-Aldrich, Darmstadt, Germany) in water to obtain a
1% (w/v) surfactant solution, or with only water for not-coated (NC) nanopatrticles. The
nanoparticles were produced using a 300 um reactor in a 25°C water bath. The
solvent:non-solvent ratio was 1:2 with a solvent flow rate at 25 ml/min and a non-
solvent flow rate at 50 ml/min (Figure 11). The nanopatrticles coated with PS80, P188

and not-coated were labelled PS80 NP, P188 NP and NC NP respectively.
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Figure 11: MicroJet reactor production of PLGA nanoparticles loaded with Lumogen
F Red 305. Polysorbate 80 (PS80); poloxamer 188 (P188); no surfactants (J).

After this step, the nanoparticles were stirred under the hood covered in aluminum foil
with small holes to evaporate acetone. To wash the excess surfactant and the free
dye, the nanopatrticles were washed using TFF (Figure 12). A MicroKros® hollow fiber
membrane 100 kD, 20 cm? from Repligen (Waltham, USA) was used at a membrane
pressure of 15 psi (1 bar). Clean water was added in the nanoparticle solution at the
same rate as the filtrate was discarded to try to keep the nanopatrticle solution volume,
and thus concentration, constant. The dead volume of the system was taken into
account when measuring the volume of the solution and recovered at the end of the
process. The NC and P188 NP were washed with a volume of water 6 times the volume
of the nanopatrticle suspensions, while the PS80 NP were washed with 12 volumes of

water, to completely remove all non-encapsulated Lumogen.
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Figure 12: Tangential flow filtration set-up. With a peristaltic pump, the nanoparticles
dispersion is filtered through a hollow fiber membrane, adjusting the flow rate to reach
a membrane pressure of 1 bar. The nanoparticles cannot cross the membrane and are
recovered in the retentate, which is circulated back in the nanoparticles’ reservoir. The
free dye, excess of surfactant or free polymer chains cross through the membrane in
the filtrate and are discarded. Clean water is added with the help of a second pump at
the same flow rate as the filtrate flow rate, to keep the concentration in the nanoparticle
reservoir constant. The process is stopped after recovering either 6 or 12 times the

starting volume of the nanopatrticle dispersion in the filtrate.

After purification by TFF, the nanoparticle size was measured by dynamic light
scattering (DLS), using a Zetasizer ZS90 from Malvern Instruments (Malvern, United-

Kingdom).
3.2.2 Protein corona analysis

3.2.2.1 Size measurement of protein layer

PS80, P188 and NC NP were incubated for 1h30 at 37°C by diluting them 10-fold in
different media: endothelial cell medium (ECM, Sciencell, Carlsbad, USA)
supplemented with 5% (v/v) fetal calf serum (FCS, Sciencell, Carlsbad, USA), 1% (v/v)
endothelial cell growth supplement (Sciencell, Carlsbad, USA) and 0.5% (v/v)

gentamicin (Biochrom AG, Berlin, Germany), this medium was labelled ECM (5%FCS);
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ECM supplemented with 5% (v/v) human serum (obtained from "I'Etablissement
Frangais du Sang” (EFS), following an agreement with Artois University), 1% (v/v)
endothelial cell growth supplement and 0.5% (v/v) gentamicin, labelled ECM (5%HS);
or pure human serum. The size of the nanoparticles and media as control were
measured by DLS after incubation, after dilution in water. Nanoparticles incubated in

water were used as control.

For the nanoparticles incubated in ECM (5%FCS), to wash away the soft corona, the
nanoparticles were centrifuged at 2,400 g for 5 min. The supernatant was removed,
and the nanoparticle pellets were resuspended in distilled water and measured again
by DLS. PS80-NP were also washed one, two or three times by centrifugation at
2,400 g for 3 min. The nanoparticles incubated in ECM (5%HS) and human serum
were also measured after washing by centrifugation: the nanoparticles were
centrifuged at 13,000 g for 45 min, their supernatants were discarded, and the pellets

were redispersed with distilled water.

3.2.2.2 BCA assay

BCA assay was performed on PS80 and P188 NP incubated for 1h30 at 37°C after
dilution 10-fold in pure human serum. After incubation, the nanoparticles were washed
either one, two or three times by centrifugation to remove the soft corona and the free
proteins from the serum. The nanoparticles were centrifuged at 14,000 g for 45
minutes. The supernatants were discarded and the pellets were redispersed in water
by sonication and vortexing. The washed nanoparticles-protein corona complexes
were analyzed with a QuantiPro™ BCA protein assay kit (Sigma-Aldrich, Darmstadt,

Germany) to quantify the amount of proteins in each sample, using a linearity curve
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made with human serum albumin (Sigma-Aldrich) as reference. In a 96-well plate, 150
pl of sample and 150 pl of reagent were added and the plate was incubated at 60°C
for 1 hour. The plate absorbance was then read at 562 nm with a Tecan™ plate reader
(Mannedorf, Switzerland). Nanopatrticles incubated in water and centrifuged the same

way were used as negative control.

3.2.2.3 SDS-PAGE

SDS-PAGE was also performed to characterize nanoparticle protein corona, following
a protocol described by Docter et al. [115]. After incubation for 1h30, 37°C, in human
serum or ECM (5%HS), the nanoparticles were washed 3 times with PBS pH 7.4 by
centrifugation at 13,000 g for 30 min, to isolate the nanoparticle-protein complexes.
Next, the nanopatrticle pellets were redispersed in SDS-PAGE sample buffer (prepared
at 3X and diluted by 3 in water before use, 3X buffer contains 62.5 mM Tris base, 10%
(v/v) glycerol, 2% (w/v) SDS, 50 mM dithiothreitol and 0.01 % (w/v) bromophenol blue
salt) and boiled for 5 min at 95°C, to denaturate the proteins. The samples were
centrifuged again at 13,000 g for 30 min and the supernatants, containing the desorbed
proteins from the protein corona, were recovered for analysis. Controls were prepared
by diluting pure human serum by 100 and ECM (5%HS) by 5 in SDS sample buffer, to
reach approximately 600-800 pg/ml of proteins (human serum has a mean protein
concentration of 60-80 mg/ml), and boiling them 5 min at 95°C. The samples were
prepared in triplicates. 20 ul of each sample were deposed on a 12% (w/v) Tris-Glycine
SDS gel and separated at 13 mA per gel, in SDS running buffer (3 g Tris, 14.4 g glycine,
10 ml 10% (w/v) SDS in 1 | of distilled water). The gels were stained overnight with
Coomasie blue (BioRad, Feldkirchen, Germany) and then destained for 4 hours in 10%

(v/iv) MeOH, 10% (v/v) glacial acetic acid in distilled water. On each gel, a protein
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ladder PageRuler™ Plus Prestained (10-250 kDa) from Thermo Scientific (Waltham,

USA) was run.

3.2.3 Human in vitro BBB coculture models

Human in vitro BBB coculture models experiments were performed at NanoSTEM

project partner Université d’Artois by Elisa Jimenez Moya.

Human BBB in vitro models were produced using human brain-like endothelial cells
(BLECS), derived from CD34*hematopoietic stem cells isolated from human umbilical
cord blood according to the method described by Pedroso et al. [116]. The protocol
was approved by the French Ministry of Higher Education and Research (reference:
CODECOH DC2011-1321) and the sample collection was obtained under the written
and informed consent from the donor’s parent of umbilical cord blood, in accordance
with the French Legislation. Once isolated from umbilical cord blood, CD34+-cells were
differentiated in vitro into endothelial cells (ECs) using endothelial cell growth medium
(EGM; Lonza Walkersville, MD, USA) containing 50 ng/mL vascular endothelial growth
factor (PeproTech, Rocky Hill, USA) and 20% fetal calf serum (FCS; Sigma Aldrich, St
Louis, USA). BLECs were obtained after non-contact coculture with brain pericytes

(PCs) [117,118], using Transwell® (TW) systems.

Different TW system formats were used to develop the human BBB in vitro models in
this study. A miniaturized and automated model in 96 multiwell system was used for
nanoparticle screening at different concentrations and time-points [119]. This model
was developed as a replicate from a well-established and patented model from
Cecchelli et al. [120]. Moreover, the original model in 12 TW format in a syngeneic form

was used for the nanoparticles’ uptake and transport experiments. The miniaturized
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model was developed in 96 multiwell insert systems (Falcon, Corning Life science,
Massachusetts, USA. Plates 1 um Polyethylene Terephthalate (PET); 0.0804 cm? cell
growth surface area) as a coculture with bovine pericytes [117] by automated seeding
of 15,000 PCs per well, and 18,000 ECs per filter, using a Multiflo robot (BioTek
Instruments, Winooski, USA), while the syngeneic original model was developed in 12
TW plates (Corning, New York, USA. Plates 0.4 and 3 um Polycarbonate (PC) filters;
1.12 cm? cell growth surface area) as a coculture with human pericytes provided by
Professor Takashi Kanda's group (Department of Neurology and Clinical
Neuroscience, Yamaguchi University Graduate School of Medicine, Ube, Japan) [118].

The cells were seeded by hand 50,000 PCs per well, and 80,000 ECs per filter.

To produce the human coculture BBB models, brain PCs were seeded on bottom well
plates coated with pig gelatin (2 mg/L; Sciencell, Carlsbad, USA) for bovine PCs, and
with rat tail type | collagen for human PCs (10 pg/cm?; Corning, New York, USA) in
ECM (5%FCS) medium. The cells were incubated during 3h at 37 °C. Next, CD34*-
derived ECs were seeded on TW inserts coated with Matrigel™ diluted by 1/48 (v/v)
(BD Biosciences, San Jose, USA) and immediately cocultured with brain PCs seeded
on the bottom wells of the plates. However, to generate the coculture model in 3 pm
porosity filter, the 80,000 CD34*-derived ECs were seeded on TW inserts one week
before their coculture with the PCs [121]. The medium was renewed every 2 days. On
day 5 of coculture, 24 hours before incubation with the nanoparticles, ECM (5%FCS)
was substituted by ECM (5%HS). After 6 days of coculture with brain pericytes, the
BBB endothelial cells acquired the BBB phenotype (named brain-like endothelial cells

(BLECS) at that stage) and were used for the following experiments.
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3.2.4 BBB integrity evaluation after nanoparticles treatment

BBB integrity evaluation after nanopatrticles treatment experiments were performed at

Université d’Artois by Elisa Jimenez Moya.

The BLECs physical integrity was evaluated by measuring the diffusion of the integrity
marker sodium fluorescein (NaF; Sigma Aldrich, Darmstadt, Germany), a small
hydrophilic molecule which poorly crosses the intact BBB. Human BBB miniaturized
models were used for the evaluation of the impact of the nanoparticles on the BBB
integrity, at different concentrations and time-points. The nanoparticles were diluted in
ECM (5%HS) to reach a concentration of 5, 10, 25, 50, and 100 pg/ml of nanoparticles.
The nanoparticles were added in the luminal compartment of the BLECs inserts and
incubated during 3, 6, and 24 hours at 37°C. BLECs incubated in ECM (5%HS) without
nanoparticles for 24h were used as negative control. As positive control of BBB
disruption, a neurotoxic compound, Rotenone (Sigma Aldrich, Darmstadt, Germany),
was also incubated during 24h [119,122]. At the end of the incubation time, the BLECs
physical integrity was evaluated by measuring NaF diffusion. To do so, the BLECs
inserts were transferred into new 96 TW systems (Falcon HTS 96 square well; Corning
Life science, Massachusetts, USA) containing 300 ul of Ringer-HEPES (RH) buffer
(150 mM NacCl, 5.2 mM KClI, 2.2 mM CacCl2, 0.2 mM MgCI2-6H20, 6 mM NaHCO3, 5
mM HEPES, 2.8 mM glucose; pH 7.4) per well which constituted the abluminal
compartment. The cell culture medium from the BLECs inserts containing
nanoparticles dilution was removed, and 70 pl of RH solution containing 1 uM NaF (the
integrity marker) were added in the upper (luminal) compartment. RH was used to
avoid any interference of the cell phenol red media with NaF. The cells were incubated
at 37°C for 1 hour. Next, aliquots from the lower and upper compartments were

collected, as well as from the stock solution at time zero. Their fluorescence at
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excitation/emission wavelength 490/525 nm was measured using a fluorimeter
(Synergy H1; BioTek, Winooski, VT, USA) in a 96-well plate. The endothelial
permeability coefficient (Pe) of NaF was calculated in cm/min. The clearance principle
was used to obtain a concentration-independent index of transport. Briefly, the mean
volume cleared was plotted against time, and the slope was estimated by linear
regression. The permeability values of the inserts (PSf, for inserts with a Matrigel
coating only) and the inserts plus BLECs (PSt, for inserts with Matrigel coating and

cells) were taken into consideration by applying Equation 1:
1/PSe = 1/PSt — 1/PSf (1)

To obtain the endothelial permeability coefficient (Pe, in cm/min), the permeability
value (PSe) corresponding to the endothelium alone was then divided by the insert
porous membrane surface area (S) (S= 0.0804 cm? cell growth surface area for 96 TW

system, or S=1.12 cm?, for 12 TW plates) (Equation 2).

Pe = PSe/S (2)

3.2.5 Cell visualization by confocal microscopy

This part was performed partly at Université d’Artois by Elisa Jimenez Moya. Only the

CLSM imaging from 3.2.5.4 was performed at Saarland University by Sonia Lombardo.

3.2.5.1 Cell fixation

BLECs were fixed on their inserts and PCs were fixed on the bottom wells using
paraformaldehyde 10% (PFA; Sigma-Aldrich, Darmstadt, Germany) for 10 minutes.
Then, the cells were washed 3 times during 5 minutes with calcium and magnesium-

free phosphate buffered saline (PBS-CMF).

-B53 -



Nanoparticles for in vitro BBB permeation

3.2.5.2 Immunocytochemistry

After cell fixation, permeabilization was done with Triton 0.1% (w/v) (Sigma-Aldrich,
Darmstadt, Germany) and the cells were again washed 3 times during 5 minutes with
PBS-CMF. Cells were incubated with SEA BLOCK blocking buffer (Thermo Fisher
Scientific; Massachusetts, USA) for 30 minutes. BLECs were incubated away from light
for 1h at room temperature with primary antibodies against zonula occludens-1 (ZO-1)
(Invitrogen; Thermo Fisher Scientific; Massachusetts, USA), diluted by a factor of 200
in PBS-CMF supplemented with 2% (v/v) normal goat serum (NGS). After three
washing steps with 2%NGS-PBS-CMF, BLECs were incubated with secondary
antibodies for 30 min at room temperature using goat anti-rabbit Alexa Fluor 488
(Invitrogen, Massachusetts, USA; dilution: 1/500 in 2%NGS-PBS-CMF). Nuclei were
stained using Hoechst reagent (Sigma-Aldrich, Darmstadt, Germany) diluted 1,000
times in the same secondary antibody solution. Finally, the cells were washed 3 times
during 5 minutes with PBS-CMF. Filters with BLECs for miniaturized model were
directly placed in the microscope, while 12 TW inserts were cut and mounted on a
glass slide under a coverslip. Stained preparations were observed with an
ImageXpress Micro Confocal High-Content Imaging System (Molecular devices, San
Jose, CA, USA), using blue DAPI filter (excitation/emission wavelength 358/461 nm)
for nuclei, green fluorescein isothiocyanate (FITC) filter (excitation/emission
wavelength 480/530 nm) for ZO-1. Images were processed in MetaXpress software

version 6.5.2 (2018, Molecular Devices, LLC, San Jose, CA, USA).
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3.2.5.3 Visualization of nanoparticles

Human BBB miniaturized model was used for the visualization of the nanoparticles of
different concentrations at incubation time-points. Thus, the nanopatrticles were diluted
in ECM (5%HS) at concentrations of 5, 10, 25, 50 and 100 pg/ml of nanoparticles. The
nanoparticles were added in the luminal compartment of the BLECs inserts and
incubated during 3, 6, and 24 hours at 37°C. At the end of the nanoparticles incubation
time, BLECs inserts were rinsed 5 times with cold RH, and fixed as described above.
Nuclei were stained using Hoechst reagent diluted by 1,000 in 2%NGS-PBS-CMF for
15 min at room temperature, away from light. Inserts with BLECs from the miniaturized
96 TW systems were placed directly on the microscope, visualizing the BLECs from
the abluminal face. Nanoparticles were observed using a red Texas Red filter
(excitation/emission wavelength 580/620 nm); and nuclei using a blue DAPI filter
(excitation/emission wavelength 358/461 nm) using ImageXpress Micro Confocal
High-Content Imaging System (Molecular devices, San Jose, CA, USA). Images were
processed in MetaXpress software version 6.5.2 (2018, Molecular Devices, LLC, San

Jose, CA, USA).

3.2.5.4 Early endosomes staining for nanoparticles colocalization

study

For nanoparticles colocalization study, 12 TW models (0.4 um filters) were used. After
the end of the 30 min incubation period, BLECs inserts were rinsed 5 times with cold
RH, and cells were fixed as described above. Primary antibodies against early
endosome vesicles (EEA-1) (Invitrogen, Massachusetts, USA) diluted by 100 in

2%NGS-PBS-CMF were incubated for 2h at room temperature, away from light. After
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three washing steps in 2%NGS-PBS-CMF, the samples were incubated with
secondary antibodies for 30 min at room temperature (goat anti-rabbit Alexa Fluor 488,
Invitrogen, Massachusetts, USA,; dilution: 1/500 in 2%NGS-PBS-CMF). Finally, the
cells were washed again three times for 5 minutes with PBS-CMF. Filters were cut and
mounted on a glass slide with a drop of DAPI mounting medium (Thermo Fisher
Scientific; Massachusetts, USA) under a coverslip. BLECs were observed from the
luminal face. Stained preparations were observed by confocal microscopy using a
Zeiss Axio Observer LSM 710 Scanning Module coupled with ZEN 2 (blue edition)
software (Zeiss, Jena, Germany). The nanoparticles were visualized with an
excitation/emission wavelength 561/629 nm, detection range 603-656 nm. The EEA-1
stained with Alexa Fluor 488 was visualized with an excitation/emission wavelength
488/525 nm, detection range 496-554 nm. The nuclei stained with DAPI were
visualized with an excitation/emission wavelength 405/459 nm, detection range 410-

507 nm.

3.2.6 Nanoparticles uptake and internalization mechanisms
3.2.6.1 Nanoparticles uptake studies

For nanoparticles uptake studies, both miniaturized and 12 TW models (0.4 pm filters)
were used. After incubation time was reached BLECs inserts were rinsed 5 times with
cold RH in order to remove the nanoparticles not internalized stucking on the cell
surfaces. Then, cells were lysed using RIPA buffer (Pierce™, Thermo Scientific,
Massachusetts, USA). Aliquots of 25 pl (for 96 TW systems) and 200 pl (for 12 TW
model) were collected from each insert. Fluorescence analysis was done in a black

color 96-well plates (Thermo Scientific, Massachusetts, USA) at sensitivity 110,
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excitation/emission wavelength 578/613 nm, using a Synergy™ H1 fluorimeter (BioTek

Instruments, Winooski, VT, USA).

3.2.6.2 Nanoparticles co-incubation with other molecules

Human BBB model in 12 TW plates (0.4 um filters) were used in this experiment. To
evaluate a possible receptor competition, nanoparticles were diluted at 10 pg/ml in
ECM (5%HS) and were mixed with either Alexa Fluor 488 acetylated low density
lipoproteins (acLDL) (Fisher Scientific, New Hampshire, USA) or Bodipy™™ low
density lipoproteins (LDL) (Fisher Scientific, New Hampshire, USA), both molecules
internalized by receptor-mediated endocytosis [123]. Instead of acLDL and LDL, the
nanoparticles were also incubated with Inulin-FITC (Sigma Aldrich, Merck KGaA
Darmstadt, Germany), a molecule with non-specific vesicular transport, [124,125], at
15 pg/ml. Molecule-nanoparticle mixtures were added on BLECs and incubated for 1
hour at 37°C. Cells incubated with nanoparticles only were used as uptake control.

Nanoparticles cell uptake was measured as described above.

3.2.6.3 Cell metabolism experiments

This experiment was performed using human BBB model in 12 TW plates (0.4 pm
filters). BLECs were pre-incubated at 4°C for 90 minutes to stop their metabolism.
Then, the nanoparticles were diluted to 10 pg/mlin ECM (5%HS), added to the luminal
compartment, and incubated for 1 hour at 4°C. Nanoparticles cell uptake was
measured as described above. Inulin-FITC, used as negative control, was incubated
at a concentration of 15 pg/ml, and Alexa Fluor 488 acLDL at 15 pg/ml as positive

control.
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3.2.6.4 Inhibitors of transport

Both formats, the miniaturized BBB model and the 12 TW model, were used for these
experiments. A set of transport inhibitors were tested to assess their effects on
endocytic transport [126-128]. Preliminary tests of a wide concentration range of
inhibitors (from Sigma Aldrich, Merck KGaA Darmstadt, Germany, except for FCCP
(Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone) purchased from Abcam,
Cambridge MA, USA) were done, to assess their toxic impact on the BLECs. After
optimization, BLECs were pre-incubated for 45 min at 37°C with the following
inhibitors: FCCP at 20 uM, inhibitor of ATP dependent active transport; filipin 1l at 5
Hg/ml and genistein at 30 pg/ml, both inhibitors of caveolae endocytic routes; dynasore
hydrate at 400 uM and chlorpromazine hydrochloride at 20 pg/ml, both inhibitors of
clathrin-mediated endocytosis; 5-(N,N-dimethyl)amiloride hydrochloride
(dimethylamiloride) at 60 pM and cytochalasin D at 1 pM, both inhibitors of
macropinocytosis. All inhibitors were diluted in ECM (5%HS). Next, nanopatrticles were
added in the luminal compartment at 10 pg/ml and incubated for 1 hour. Nanopatrticles

cell uptake was measured as described above.

3.2.7 Nanoparticles crossing through BLECs

Crossing studies were performed using the 12 TW format (3 pm filters) as previously
described [121]. One day before the experiment, ECM (5%FCS) was substituted for
ECM (5%HS) phenol red-free (PRF) (ref. 1001-prf; Sciencell, Carlsbad, USA)
(ECM (5%HS)-PRF), in order to facilitate nanoparticles detection within the cell
medium. Then, nanoparticles were diluted to 10 pg/mlin ECM (5%HS)-PRF and added

to the luminal compartment and incubated for 3, 6 and 24 hours. At the end of the
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incubation times, aliquots from the luminal (L) and abluminal (A) compartments were
taken, as well as samples from the initial dilution (t0). Fluorescence was measured in
a black color 96-well plate (Thermo Scientific, Massachusetts, USA) at sensitivity 110,
excitation/emission wavelength 578/613 nm, using a Synergy™ H1 fluorimeter (BioTek
Instruments, Winooski, USA). The background emitted by the medium was subtracted
and the percentage of crossing (Equation 3) and nanopatrticles recovery (Equation 4)

were calculated using the following equations:

%Crossing =100 x (Quantity A (tx) + Initial Quantity (t0)) (3)

%Recovery=100 x (Quantity A (tx) + Quantity L (tx)) + Initial Quantity (t0)  (4)

3.3 Results and discussion
3.3.1 Nanoparticle production and characterization

PLGA nanoparticles, coated with PS80 (PS80 NP) or P188 (P188 NP) or not-coated
(NC NP), labelled with a fluorescent probe Lumogen F Red 305®, were prepared using
the MJR technology. All nanoparticle formulations, with and without surfactant coating,
had sizes close to 65 nm and negative zeta potential due to the carboxylic acid end
groups of PLGA (Table 1). Using the MJR technology allowed the formation of small
nanoparticles with low PDI, easy to upscale for industrial production. The formulations
were tailored to obtain nanoparticles lower than 100 nm, as it has been reported that
small nanoparticles could be endocytosed more easily by the brain endothelial cells
and then further diffuse through the brain extracellular space [48,66]. These
formulations could therefore be promising delivery systems for the brain, able to be
produced at large scale and to efficiently deliver cargo through the BBB without need
of functionalization.
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Table 1: Nanoparticles size and zeta potential (n=3)

Zeta Potential

| Size (nm) PDI (mV)
Nanoparticles
Mean SD Mean SD Mean SD
PS80 NP 65.9 1.7 0.14 0.01 -29.1 1.7
P188 NP 63.0 0.3 0.14 0.04 -32.4 3.9
NC NP 64.1 1.8 0.15 0.01 -38.5 1.1

During purification by TFF, no Lumogen was seen in the filtrate of P188 NP and NC
NP, while the filtrate of PS80 NP was pink, revealing that Lumogen was not completely
loaded inside of the nanoparticles. PS80 probably formed micelles loaded with
Lumogen, which decreased the loading of the dye inside of the particles. Purifying the
PS80 nanopatrticles with 12 times their starting volume allowed the complete removal
of the micelles from the formulation, while only 6 volumes were necessary for P188

and NC nanoparticles, to simply remove excess of surfactant or free polymer.

3.3.2 Protein corona analysis
3.3.2.1 Size measurement

First, the protein corona forming around the nanoparticles was studied by DLS after
incubation in ECM supplemented with either FCS or human serum, or in pure human

serum.

Incubation in ECM (5%FCS): ECM (5%FCS) alone did not show any particles when

measured by DLS and therefore did not interfere with nanoparticle size measurements.
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All nanoparticle sizes increased significantly after incubation in ECM (5%FCS),
probably due to the formation of a protein corona around the nanoparticles (Figure 13).
PS80 NP size increased by 258 nm, from 66 nm to 324 nm after incubation in cell
medium, P188 NP by around 70 nm and NC NP by 44 nm. Both surfactant-coated
nanopatrticles had a significant higher size increase than NC NP. Furthermore, PS80
NP size increased significantly more than P188 NP. Thus, the nanoparticles seemed
to have different protein corona profile forming around them in ECM (5%FCS), where
PS80 NP might have the thickest protein layer. The PDI of the all the nanoparticles
incubated in ECM (5%FCS) increased slightly from 0.1-0.2 in water to 0.2-0.3 in cell

medium, but did not show differences between formulations.

PS80 NP
_ P188 NP
350 NC NP

R/ N\

T
Water ECM(5%FCS)

o] \

Nanoparticles

Figure 13: Protein corona size analysis after incubation in ECM (5%FCS). A.
Nanoparticles size after incubation in water or in ECM (5%FCS). Independent two-
samples t-test, **p-value< 0.0005, n=3; B. Nanoparticles size difference between
incubation in ECM (5%FCS) and water. One-way ANOVA followed by Tukey test, ***p-
value< 0.0005, n=3.
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The next step was to try to observe the hard corona. For this purpose, the soft corona
composed of unspecific proteins interacting lightly with the nanoparticles had to be
remove. To wash away the soft corona, the nanoparticles were centrifuged and
redispersed in water. If the soft corona was removed, nanoparticle size was expected
to decrease. The nanoparticles incubated in water did not sediment at the mild
centrifugation speed used whereas the nanoparticles incubated in ECM (5%FCS)
could be pelleted. The supernatants were removed, and the nanoparticle pellets were
resuspended in distilled water. P188 and NC NP size increased greatly after this
washing step, probably due to agglomeration during centrifugation. Even at the mildest
centrifugation conditions possible (1,900 g, 5 min), agglomeration still occurred. It was
therefore impossible to observe the hard corona of these formulations (Figure 14). Only
PS80 NP did not agglomerate during centrifugation. However, no size decrease that
would indicate the removal of the soft corona could be observed, suggesting that this

washing process might not be strong enough to remove the soft corona.

Before centrifugation
B Atter centrifugation

PS80 NP P188 NP NC NP

Figure 14: Nanoparticles size after incubation in ECM (5%FCS), before and after
centrifugation (n=3).
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In another experiment, to see if the soft corona could be removed with more washing
steps, PS80 NP were incubated and then centrifuged and washed once, twice or thrice

at 2,400 g for 3 minutes. The nanopatrticle size was measured and compared (Figure

15).
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Centrifugation cycles

Figure 15: PS80 NP size after incubation in ECM (5%FCS), depending on number of
centrifugation cycles (n=3).

Up to two centrifugation/washing steps, the nanoparticle size remained unchanged,
whereas after three washing steps, agglomeration occurred. Thus, a maximum of two
washing cycles could be applied on PS80 NP, which did not lead to a size decrease of
the nanopatrticles. The mild washing conditions used were possibly not strong enough
to remove the soft corona from the particles. However, stronger centrifugation force
could not be applied, to avoid agglomeration of the nanoparticles. Another explanation
for the lack of size decrease could be that the size difference between the soft and
hard corona was too small and could not be detected by DLS. Moreover, the dilution

in water of the samples before their measurement by DLS might have also led to the
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disruption of the soft corona. Then, only the hard corona could be measured, thus

explaining the lack of size difference after washing.

Incubation in ECM (5%HS) and pure human serum: human serum and
ECM (5%HS) were diluted the same way as the nanoparticles and measured by DLS,
as controls. Both media had particle sizes of their own with high PDI, which gave too
much background for accurate measurement of the nanoparticle size. Indeed, after
incubation, the nanoparticles had high particle size, close to the one of the medium
alone, with high PDI over 0.4 in ECM (5%HS) and over 0.7 in human serum (Figure
16). Probably, the high content in proteins in human serum led to proteins
agglomerates which could be measured by DLS and thus interfere with the

measurements of the nanoparticles.

It was therefore attempted to wash the nanopatrticles by centrifugation, to isolate the
nanoparticles from the media. The nanoparticles incubated in ECM (5%HS) could not
be redispersed without agglomeration after centrifugation, even at the mildest settings.
Thus, the nanoparticles could not be isolated from the medium and their nanoparticle
size could not be accurately measured. The nanoparticles incubated in pure human
serum could be pelleted by centrifugation and resuspended in water twice before
starting agglomerating. The nanoparticles after one washing step showed still
presence of the serum background, whereas after the second washing step, a
monomodal distribution could be obtained. The nanoparticles size increased compared
to nanoparticles incubated in water, but no significant difference in nanoparticle size
could be observed between the three formulations (Figure 17). The nanoparticle size

in human serum after washing was significantly smaller than in ECM (5%FCS) for P188
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and PS80 NP, especially for PS80 NP. This difference could be explained by the

difference in composition of both media, in the type of proteins and their quantity.
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Figure 16: Nanopatrticles size and PDI after incubation in ECM (5%HS) or pure human
serum. As control, ECM (5%HS) and pure human serum without nanoparticles

(labelled medium) were also measured (n=3 for nanoparticles, n=1 for medium).
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Figure 17: A. Nanoparticles size and PDI after incubation in human serum, washed
by two centrifugation cycles in water. ns= not significant, one-way ANOVA p-
value>0.05, n=3. B. Size comparison of nanoparticles after incubation in
ECM (5%FCS) and human serum, washed by two centrifugation cycles. Two samples

t-tests, **p-value<0.005, *p-value<0.05, n=3.

3.3.2.2 BCA assay

The nanoparticles incubated in human serum were washed by centrifugation, isolated
and the amount of protein adsorbed on their surface were quantified by BCA assay
(Figure 18). Nanoparticles incubated in water and centrifuged the same way were used
as negative control and did not show any absorbance. PS80 and P188 NP pellets could

be redispersed by vortexing and sonication in water.
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Centrifugation cycles
Figure 18: Protein concentration of protein-nanoparticle complexes after incubation in
human serum for 1h30, depending on nanoparticle formulation and centrifugation

steps. ns= not significant, independent two samples t-tests, p-value>0.05, n=3.

Centrifugation removed part of the free proteins from the medium and the proteins
adsorbed on the surface of the particles, until reaching a concentration of around 50
pg/ml for PS80 and P188 NP after three centrifugation cycles. No significant difference
could be observed between the amount of protein adsorbed on PS80 and P188 NP, at
all washing steps. Hence, PS80-NP and P188-NP seems to have similar amount of
proteins adsorbed on their surface after incubation 1h30 in human serum, confirming

what was observed with DLS, where no size difference could be seen.

3.3.2.3 SDS-PAGE analysis

After incubation in pure human serum or in ECM (5%HS), the nanoparticles were

washed and their protein corona were desorbed and denaturated, isolated and
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analyzed by SDS-PAGE (Figure 19). No differences could be observed in the protein
corona profiles of the three formulations after incubation in both media. Compared to
the diluted media, the protein corona of the nanoparticles contained less albumin (70
kD). Furthermore, their protein corona seemed to be enriched in low molecular weight
proteins, between 35 and 25 kD, which could correspond to the molecular weight of
apolipoproteins A-1 and E (28 and 34 kD respectively). Nanoparticles incubated in pure
human serum had a protein corona composition close to the one observed in
ECM (5%HS) but enriched in high molecular weight proteins around 70-100 kD. The
lack of differences observed between the formulations and between the media could
come from the poor resolution of SDS-PAGE, which might not be precise enough to

reveal slight differences in composition between the protein corona profiles.
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Figure 19: SDS-PAGE gels of proteins desorbed from the nanoparticle surfaces after

incubation in either pure human serum or ECM (5%HS).
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To summarize the protein corona studies performed in this chapter, except during DLS
analysis of nanoparticles incubated in ECM (5%FCS), no differences could be seen
between the protein corona profile of NC, PS80 and P188 nanoparticles. Maybe the
techniques employed here were not precise enough to detect small changes in the
protein corona in complex medium containing human serum. Otherwise, in
ECM (5%FCS), it seemed that PS80 nanoparticles had the largest protein corona,

compared to NC and P188 nanoparticles.

3.3.3 Human BBB in vitro models development

To study the nanoparticles crossing through the brain endothelial cells and uptake
mechanism, a patented and well established human BBB in vitro model [119,120],
based on CD34" stem cells-derived endothelial cells (CD34*-ECs) co-cultivated with
brain pericytes [117,118] was used. In addition, for this nanoparticle interaction study
with the BLECSs, the fetal calf serum used as a supplement in the cell medium was
replaced by human serum 24 hours before performing nanoparticles assays (Figure
20.A), since it has been shown that nanoparticles interact not only with the cells but
also with components present in the media, like the serum proteins to form their protein
corona [129]. This corona is believed to have a huge effect on the biodistribution of
nanoparticles by impacting the cell recognition of the formulation [110,130]. Hence, to
obtain results that could be more easily translated to human blood in vivo, the fetal calf
serum classically used in the cell medium was substituted 24 hours before experiments
with human serum, to work with a nanoparticle protein corona profile closer to the one
expected to form in human blood. Hence, after a coculture of 6 days, the BBB
phenotype of the CD34*-ECs was validated by the presence of zonula occludens-1

(Z0O-1) expression, a protein involved in the tight junctions and located continuously at
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the edge of these cells (Figure 20.B). Moreover, the impact of the change in serum
composition on the BLECs layer integrity was controlled using NaF, an integrity marker.
No significant differences were found between the models supplemented with FCS or
HS. Hence, FCS could be replaced by HS without inducing disruption of BBB

properties during the experimental conditions.
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Figure 20: Human BBB in vitro model characteristics and conformation. A. Human in
vitro BBB model cell culture protocol. Two days after cell thawing in ECM (5%FCS),
brain-like endothelial cells (BLECs) were cultured on the luminal side of the insertin a
non-contact coculture with brain pericytes (PCs), seeded on the plates, the abluminal
side of the setup. First medium refresh was done 2 days after the coculture setting.
Then, 24h before nanoparticles studies, a second medium refresh was done using
ECM supplemented with 5% human serum. B. After 6 days of coculture, BLECs were
visualized by immunostaining of zonula occludens-1 (ZO-1), a protein involved in the
tight junctions (scale bar = 50 um). Endothelial permeability coefficient (Pe) to sodium
fluorescein (PeNaF) of the coculture model supplemented with ECM (5%FCS) as
control, or with ECM (5%HS). ns = not significant. unpaired t-test, p-value>0.05, n=6;
N=2.
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3.3.4 BBB integrity evaluation after nanoparticles treatment

By using the BBB miniaturized system, the evaluation of nanoparticles interaction
within BLECs depending on concentrations and time was performed. The BBB integrity
was evaluated by calculating the permeability coefficient of the integrity marker NaF
after incubation with nanoparticles from 5 to 100 pg/ml, for 3, 6 and 24 hours. Filters
without nanoparticles treatment incubated during 24h acted as negative control.
Rotenone, a neurotoxic compound, was incubated for 24h and used as a BBB
breakdown control. No significant differences in the BLECs permeability to the integrity
marker (PeNaF) between the control (no nanoparticles) and both nanoparticles
formulation, PS80 and P188 NP over the different concentrations and time-points
studied could be observed (Figure 21). The BBB tightness integrity was not impacted,
hence nanoparticles treatment did not show toxicity in the range of concentrations and
time points tested up to 100 pg/ml and 24h incubation. Therefore, PLGA nanoparticles
demonstrated good biocompatibility with the BBB model, as no BBB integrity disruption
could be observed at a maximum concentration of 100 pg/ml up to 24h of incubation

time.
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Figure 21: Endothelial cell permeability coefficient (Pe) values of NaF after incubation
with nanoparticles. A. Evaluation of BBB integrity after P188 NP incubation. B.
Evaluation of BBB integrity after PS80 NP incubation. Unpaired t-tests versus negative
control were performed, *p-value<0.05, ns = not significant. Control and samples n=5,

N=2 independent experiments; Rotenone (n=2, N=2).
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3.3.5 Evaluation of PS80 and P188 coated PLGA nanoparticles transport
pathway

3.3.5.1 Nanoparticles internalization and visualization within

BLECs

By using the automated ImageXpress Micro Confocal High-Content Imaging System,
both formulations could be seen in the cell cytoplasm of BLECs at different
concentrations (5 to 100 pg/ml) and incubation times (3, 6 and 24h) (Figure 22),
meaning that both surfactant-coated PLGA nanopatrticles could be internalized by the
BLECs. From visual inspection, NPs seemed to present two different profiles. Due to
fluorescence saturation in concentration above 50 pg/ml and after 24h of incubation,
guantitative information cannot be extracted. However, P188 NP uptake seemed to be
faster than PS80 NP, whose uptake seemed less dependent on time and

concentration.
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Figure 22: Confocal images of nanoparticles within the BLECs at different
concentrations and incubation times. A. BLECs incubated with P188 NP. B. BLECs
incubated with PS80 NP. Both nanopatrticles visualized as red dots, cell nuclei staining

in blue. Scale bar = 25 pm.
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3.3.5.2 Nanoparticles uptake profile

The uptake profiles of the formulations were also evaluated at low concentrations and
short time, by cell lyses. BLECs were incubated with the nanoparticles, lysed, and the
fluorescence intensity of the loaded dye was quantified (Figure 23). First, the
nanoparticles uptake was studied depending on their concentration, from 5 to 25 pg/ml
to avoid fluorescence saturation within the BLECs, for 90 minutes. The formulations
showed again two different profiles. After 90 min of incubation, P188 NP was uptaken
in significantly higher quantities than PS80 NP by the BLECs, at 10 and 25 pg/ml
(Figure 23.A). Moreover, P188 NP uptake increased with nanoparticles concentrations
and incubation time after 60 minutes (Figure 23.B). Meanwhile, PS80 NP uptake was
not impacted by incubation time or by concentration, the uptake seemed to be already
maximal at the lowest concentration and time tested, around 3%. However, P188 NP

could be uptaken more readily by the BLECs up to 30% at 25 pug/ml, after 90 min.
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Figure 23: A. Nanoparticles uptake within the BLECs depending on nanoparticles
concentration after 90 min of incubation. B. Nanoparticles uptake depending on
incubation time, at 10 pg/ml. Samples n=3 per condition. Statistical analyses
performed by two-way ANOVA, multiple comparisons test. Data expressed in mean

percentage *+ SD. ns = not significant, p-value> 0.05; *p-value< 0.05, **p-value< 0.005.
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3.3.5.3 Uptake process: metabolic activity

In a temperature dependent experiment, a significant decrease of 70-80% in
nanoparticles uptake could be observed when cell metabolism was decreased by
incubating the cells at 4°C (Figure 24.A). Thus, both formulations internalization
pathways were significantly reduced. Acetylated low density lipoproteins (acLDL) a
protein uptaken by receptor-mediated endocytosis through scavenger receptor B type
1 (SR-B1) was used as a positive control. AcLDL uptake was also significantly
decreased, whereas inulin uptake, a molecule with non-specific transport used as
negative control, did not show any significant differences between 4°C and 37°C.
Moreover, when an ATP synthesis inhibitor, FCCP, was added in the cell medium for
both nanoparticle formulations, a significant decrease of 50% in nanoparticles uptake
could also be observed (Figure 24.B). Thus, both formulation uptake mechanisms were

active transport-dependent.

3.3.5.4 Nanoparticles co-incubation with LDL, acLDL and inulin

To check whether LDL or acLDL could compete with the surfactant coated PLGA
nanoparticles or promote their uptake, both formulations were co-incubated with LDL,
acLDL, and inulin used as negative control. Nanoparticles uptake was measured
(Figure 24.C). A significant decrease in nanoparticles uptake by more than 50% for
both PS80 and P188 NP was observed when co-incubated with acLDL, in addition to
a slight but not significant decrease when co-incubated with LDL. No significant
decrease in uptake was observed when the nanoparticles were co-incubated with
inulin. Thus, a clear specific receptor competition between acLDL and the

nanoparticles seemed to occur, in addition to a slight interference with LDL receptors.
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Figure 24: Nanopatrticles receptor-mediated active transport. A. Nanoparticles uptake
under temperature decreased conditions. Percentage of inulin, acLDL and
nanoparticles uptake after 1 hour of incubation at 37°C and 4°C. Multiple t-tests, **p-
value< 0.005 and ns = not significant. Inulin and acLDL replicates in n=3; Nanoparticles
n=6, N=2 independent experiments. B. Nanoparticles uptake under active transport
inhibition. Percentage of nanoparticles uptake after 1 hour incubation, with FCCP (ATP
inhibitor) pre-incubated 45 min, plus 1h inulin, acLDL and nanoparticles incubation.
Control = molecules/nanoparticles uptake without FCCP. Multiple t-test, **p-
value<0.005 and ns = not significant. Inulin and acLDL n=3; Nanoparticles n=11, N=4
independent experiments. C. Nanoparticles co-incubation with LDL, acLDL, and inulin.
Relative percentage of nanoparticles uptake in co-incubation with the molecules,
compared to control (nanoparticles only), after incubation 1 hour in ECM (5%HS).

Multiple t-test, *p-value< 0.05, n=4; N=2 independent experiments.

3.3.5.5 Response to metabolic inhibitors of distinct vesicular

endocytotic pathways

The nanoparticles internalization pathways were studied by testing a range of selected
inhibitors involved in different metabolic internalization routes in the BLECSs. Inhibitors

for caveolae (filipin Ill and genistein), clathrin (dynasore and chlorpromazine) and
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macropinocytosis (cytochalasin D, and dimethylamiloride) pathways were tested
(Figure 25.A). Their non-toxic impact over the BLECs of the inhibitors was previously
studied (data not shown). While a decrease of P188 NP uptake could be observed with
genistein and chlorpromazine, no significant differences were found for any of the
inhibitors. However, a significant decrease of the uptake could be observed for PS80
NP, with filipin 1ll and chlorpromazine, at 67% from control. Thus, the nanoparticles
seemed to internalize using both caveolae and clathrin-mediated endocytosis

pathways.

3.3.5.6 Colocalization with early endosomes

To study whether nanoparticles were internalized through a vesicular endocytosis
pathway and localized within the BLECs cytoplasm, immunostaining against early
endosomes vesicles (EEA-1) was performed after incubating the BLECs with P188 NP
and PS80 NP independently for 30 min and 1h. P188 and PS80 NP could be seen
mostly colocalized with EEA-1 or close to each other, visible by the superposition of
green and red color, sometimes yielding yellow pixels (Figure 25.B). The presence of
nanoparticles colocated with EEA-1 indicates that the nanoparticles followed the

endocytosis metabolic process of the BLECs.
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Figure 25: Endocytosis routes. A. Endocytosis routes inhibitors. Percentage of P188
NP and PS80 NP uptake, when a set of caveolae, clathrin and macropinocytosis
pathway inhibitors were present in the cell media, after 1 hour incubation. One-way
ANOVA (multiple comparisons), *p-value< 0.05; ns = not significant. n=11 replicates;
N=4 independent experiments. B. Nanoparticles colocalization with early endosome
vesicles. Nuclei stained in blue with DAPI, P188 and PS80 NP red fluorescent dots,

with EEA-1 vesicles stained green. Initial images scale bar = 20 um, zoom images

scale bar =5 pm.

In summary, nanoparticles uptakes were temperature and ATP-dependent and
showed significant competition with acLDL. The uptake was also sensitive to the
presence of LDL. Thus, results suggested that nanoparticles might be uptaken by

endocytosis, through similar receptors as acLDL, which have been reported to be
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uptaken by SR-BI, following the clathrin receptor-mediated endocytosis pathway, and
possibly by LDLR too, following the caveolae receptor-mediated endocytosis route
[123,131-133]. Moreover, the results obtained with the inhibitor studies showed a
significant decrease of PS80 NP uptake when using clathrin and caveolae-dependent
pathways inhibitors, as well as a slight but not significant decrease of P188 NP uptake.
The low effect of the inhibitors on P188 NP could however be explained by the high
uptake of this formulation. As the inhibitors are tested independently, the inhibition of
one route did not inhibit the others, which might then hide the significant decrease in
nanoparticles uptake through a single inhibited route. Thus, the nanoparticles might be
uptaken by the cells through multiple pathways, as also observed with the BBB uptake
of silica nanoparticles and glycopeptide PLGA nanoparticles [127,134]. In addition, the
presence of serum in the cell medium has been reported to hinder the effect of
inhibitors [114]. However, performing these experiments without serum was not
possible as it would have modified the protein corona forming around the
nanoparticles. The modification of the protein corona might then have an impact on

their internalization pathways and thus lead to results impossible to translate in vivo.

3.3.6 Evaluation of P188 and PS80 NP crossing through BLECs

Nanoparticles were incubated in the luminal compartment of BLECs at 10 pug/ml for 3,
6 and 24h. The amount of nanoparticles in the abluminal compartment after the end of
the incubation time was quantified by fluorometry and the percentage of crossing
through the BBB was calculated. Both nanoformulations could be found in the
abluminal compartment, showing the ability of the nanoparticles to cross through the
BBB endothelium (Figure 26.A). Both formulations showed a similar transport profile

at 3 and 6h of incubation, of 1.5-2% of crossing. However, at 24h, PS80 NP showed a
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significantly higher transport percentage of 3% (0.3 pug/ml), compared to P188 NP

transport percentage which stayed stable around 1.5-2%.

The percentage of nanoparticles recovery was assessed. Nanoparticles recovery
decreased with increasing incubation time (Figure 26.B). For both formulations, less
than 100% recovery was obtained, with a significant decrease for both formulations
after 24h incubation. This loss could be due to a higher uptake of nanoparticles than
the amount of particles able to undergo transcytosis to the brain (abluminal)
compartment. Thus, some nanoparticles were still sequestered inside the BLECs, or

degraded inside the cells, and thus could not be recovered.
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Figure 26: A. Percentage of nanoparticles crossing across the human BLECs. P188
NP and PS80 NP were incubated during 3, 6 and 24 hours at concentrations 10 pg/ml.
B. Percentage of nanoparticles recovery at different incubation time. Statistical
analyses performed by two-way ANOVA, following Sidak’s multiple comparisons test,

*p-value< 0.05, **p-value< 0.005, ***p-value< 0.0005. Samples n=6, in N=2

independent experiments.

Thus, the two formulations were able to be released by the BLECs towards the brain
compartment. Even though P188 NP were uptaken in higher quantities than PS80 NP,
most of them were not able to cross the cell layer. Indeed, it is likely that only a fraction
of the uptaken nanoparticles was able to be transcytosed through the BLECs to reach

the abluminal compartment, while the remaining nanoparticles might be meant to be
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degraded. In addition, the low percentage of crossing observed could suggest that the
concentration studied of 10 pg/ml was already too high, saturating the crossing
mechanism pathway. However, lower concentrations could not be studied as they
would have required working under the detection limit of the nanoparticles

fluorescence.

3.4 Conclusions

Hence, in this chapter, the interaction of the PLGA nanoparticles coated with PS80 or
P188, produced using the MicroJet reactor® technology, with BLECs have been
analyzed using a well-established in vitro coculture human BBB models. Despite not
finding differences in their protein corona when incubated in human serum with the
technique used in this study, the nanoparticles showed different uptake and crossing
profiles. Both surfactant-coated PLGA nanoparticles presented a good biocompatibility
with the BLECs at a maximum concentration tested of 100 pg/ml. Both formulations
were internalized in the BLECs, showing different uptake profiles: P188 NP presented
a higher and faster uptake than PS80 NP. Moreover, the nanoparticles seemed to be
uptaken by the cells through receptor-mediated endocytosis, by presenting a
significant competition with acLDL, and a slight competition with LDL, suggesting a
possible interaction with the same receptors. The nanoparticles might then be
internalized using clathrin and caveolae endocytic routes, being localized afterwards
in the early endosomes vesicles. Both nanoformulations were released afterwards by
the BLECs in the brain compartment in the same range, despite the significantly higher
and faster uptake found for P188 NP compared to PS80 NP. However, PS80 NP

presented the highest release percentage after 24h incubation.
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4. Nanoparticles loaded with retinoic

acid

Part of this chapter has been published in Lombardo, S.M.; Gunday Ttreli, N.; Koch,
M.; Schneider, M.; Tureli, A.E. Reliable Release Testing for Nanoparticles with the
NanoDis System, an Innovative Sample and Separate Technique. International

Journal of Pharmaceutics 2021, 609, 121215, doi:10.1016/j.ijjpharm.2021.121215
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4.1 Introduction

All-trans retinoic acid (RA) is a derivative of vitamin A and has proven to be an
interesting molecule for stimulating the differentiation of neural stem cells (NSCs) into
new neuronal cells, both in vitro and in vivo [103,104]. Because NSCs can differentiate
into new neural cells, including neurons, the regulation of their proliferation,
differentiation and migration represents a promising regenerative and therapeutic
strategy for central nervous system (CNS) diseases, like strokes or neurodegenerative
diseases, such as Alzheimer’s disease. Loading nanoparticles with RA could increase

RA cell uptake by NSCs and thus prove valuable in therapeutic applications.

For RA to reach NSCs in therapeutic concentration, RA needs to be loaded inside
nanoparticles able to cross the BBB. Thus, in this project surfactant-coated PLGA
nanoparticles loaded with RA were developed. Two different nanoparticle types were
developed: nanospheres and nanocapsules. Nanospheres are composed of a full
matrix of polymer, while nanocapsules have an oily core surrounded by a polymer
membrane. The formulations were optimized using design of experiments (DoE), either
to optimize the formulation composition or the production parameters with the MJR
technology. The size, PDI and encapsulation efficiency (EE) of the produced patrticles

were studied.

Next, the release kinetics of the nanopatrticle formulations were investigated. Indeed,
PLGA nanoparticles have been reported to have controlled and extended release
properties thanks to their slow degradation kinetic. However, these formulations often
suffer from burst release, wherein a large amount of the encapsulated drug is released
within the first hours due to leakage of the API (Active Pharmaceutical Ingredient)
located close to the particle surface [85,135]. A high burst release can lead to a toxic
effect if the drug concentration exceeds the therapeutic window and must therefore be
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well characterized. Also, for the nanoparticles to be an efficient delivery system for RA,
their cargo should not be released before the particles have crossed the BBB and

reached the NSCs.

Until now there has been no standardized technique for release testing of extended
release nanoparticle systems. Current dissolution methodologies suffer from the
inefficient separation of nanoparticles from the dissolution medium, independent of the
equipment used for the dissolution studies. In this chapter, two different techniques
were used and compared. Indeed, release testing of the nanoparticles was performed
using an innovative sample and separate method coupling a USP Il dissolution

apparatus with TFF, the NanoDis System, as well as a classical dialysis method.

In summary, PLGA nanospheres and nanocapsules loaded with RA were developed

and their release kinetics were studied.

4.2 Material and Methods
4.2.1 Nanospheres loaded with retinoic acid
4.2.1.1 Design of experiments

A design of experiments (DoE) was performed to optimize the MJR production of a
chosen nanoparticle formulation of PLGA nanospheres, with a solvent solution
composed of 1% (w/v) PLGA Resomer® RG 502 H 50:50 (Evonik, Essen, Germany),
0.5% (wl/v) all-trans retinoic acid Acros Organics (Geel, Belgium) in acetone, and a
non-solvent solution composed of 1% (w/v) PS80 (Tween® 80, Merck, Darmstadt,
Germany), at a solvent:non-solvent ratio of 1:5. The reactor used was 300 um. The
factors studied were the pump flow rates (10 to 40 ml/min for the non-solvent solution

pump, and 2 to 8 ml/min for the solvent solution pump, keeping the ratio at 1:5), N2
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pressure (0 to 1 bar), and the temperature (25 to 40°C). The responses were
nanoparticles hydrodynamic size and PDI, encapsulation efficiency and drug loading.
A Box-Behnken design was performed, with 17 runs including 5 center points, and the
results were analyzed using Design-Expert® 11 (Stat-Ease) software. The
nanoparticles size and PDI were measured by DLS, using a Zetasizer ZS90 from
Malvern Instruments (Malvern, United-Kingdom). To calculate the encapsulation
efficiency, an indirect method was performed. The nanoparticles were centrifuged at
13,000 g for 45 min and the supernatants were diluted in acetonitriie (ACN) and
measured by HPLC-UV at 350 nm (Hitachi Elite LaChrom® equipped with Chromaster
5410 UV Detector, VWR, Darmstadt Germany). A Waters® (Eschborn, Germany) X
Bridge Shield 3.5 um RP18 150x4.6 mm column was used, with a gradient method

(Table 2), at 1.5 ml/min.

Table 1: Retinoic acid HPLC assay method gradient

Mobile Phase A (%) Mobile Phase B (%)
0

Time (min) 0.2 ml glacial acetic acid in 900 ml
100% ACN
HPLC water
0 40 60
25 40 60
13.5 20 80
13.6 40 60
15 40 60

The encapsulation efficiency of RA was calculated following Equation 5.

RA concentration in supernatant

EE (%) = 100 — (

x 100) (5)

initial RA concentration
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To measure RA loading, 1 ml of nanoparticles were centrifuged in weighted
Eppendorfs at 13,000 g for 45 min. The supernatants were discarded and the pellets
were dried at 50°C for 2 hours, in a drying oven. The Eppendorfs were then weighed
and the dried pellets weight calculated. The pellets were redispersed and dissolved in
1 ml ACN and their RA content was measured by HPLC-UV, using the method

described above. RA loading was calculated using Equation 6.

RA weight in pellet

Loading (% w/w) = X 100 (6)

Total pellet weight

4.2.1.2 Nanospheres release

Nanospheres were prepared benchtop by nanoprecipitation with different amounts of
PLGA and RA dissolved in acetone (the solvent solution) (Table 2). The non-solvent
solution was composed of 1% (w/v) PS80 in water. While stirring the non-solvent
solution at 500 rpm, the solvent solution was added slowly and continuously, to reach
a solvent:non-solvent ratio of 1:5. Acetone was evaporated by stirring the nanoparticles
under the hood. The nanoparticles were then washed by TFF with 12 volumes of water
at 15 psi (~1 bar) through a Spectrum® 300 kD MicroKros hollow fiber membrane from
Repligen. Their size and PDI were measured by DLS. The nanospheres release was
tested using the NanoDis System. The nanospheres were diluted in PBS pH 7.4
supplemented with PS80 1% (w/v) to 10 pug/ml of RA to be in sink conditions. The
nanospheres were stirred at 50 rpm at 37°C and automatically sampled and filtered
through Spectrum® 500 kD MicroKros hollow fiber membranes from Repligen. The
filtrates were measured by UV spectrophotometry at 345 nm (spectrophotometer UV-
1600PC, VWR, Darmstadt, Germany) and the RA concentration was calculated using

a calibration curve in PBS pH 7.4 supplemented with PS80 1% (w/v).
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Table 2: Composition of solvent solution of RA-loaded nanospheres

Nanospheres PLGA to drug PLGA concentration RA concentration
ratio (mg/ml) (mg/ml)
10/5 10 5
20/5 20 5
20/2.5 20 2.5

4.2.2 Nanocapsules loaded with retinoic acid
4.2.2.1 Retinoic acid solubility in oils

Different oils were tested. 1 mg of retinoic acid was stirred in 2 ml of either oleic acid
(PanReac AppliChem, Darmstadt, Germany), castor oil (Alfa Aesar, Kandel,
Germany), soybean oil (Société Industrielle des Oléagineux, Saint-Laurent-Blangy,
France) or Miglyol® 812 (medium-chain triglycerides, Caelo, Hilden, Germany). After
3 hours stirring, the oily dispersions were centrifuged at 13,000 g for 15 min. The
supernatants were recovered, diluted in ACN and their RA concentration was
determined by UV spectrophotometry at 355 nm, using an already established

calibration curve in ACN.

4.2.2.2 Design of experiment of benchtop oleic acid nanocapsules

PLGA nanocapsules were first prepared benchtop. Their composition was optimized
using a Box-Behnken DoE, with 17 runs including 5 center points. PLGA concentration
(3 to 10 mg/ml), oleic acid concentration (3 to 15 mg/ml) and RA concentration (20 to
300 pg/ml) were chosen as factors, and nanoparticles hydrodynamic size, PDI and
encapsulation efficiency as responses. The results were analyzed using Design-
Expert® 11 software. Briefly, the solvent solution was prepared by dissolving PLGA,
oleic acid and RA in acetone. A 1% (w/v) PS80 solution was used as non-solvent

solution. While stirring 10 ml of non-solvent solution, 5 ml of solvent solution was added
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slowly and continuously. Acetone was evaporated under the hood and the
nanoparticles size was measured by DLS. Nanocapsules were centrifuged for 5 min
at 1,000 g through Nanosep® Centrifugal devices with Omega™ membrane (MPES)
300 kD from Pall Laboratory purchased from VWR (Darmstadt, Germany). The filtrates
were measured with a spectrophotometer UV-1600PC from VWR (Darmstadt,
Germany) at 355 nm. The EE was calculated using Equation 5. If no RA could be
measured in the filtrate, the encapsulation efficiency (EE) was estimated based on the

detection limit of RA in water with 1% (w/v) PS80 (0.1 pg/ml) using Equation 7.

EE > 100 — 01[ng/mll x 100 @)

total RA concentration [pg/ml]

4.2.2.3 MJR production of nanocapsules

Nanocapsules were produced using the MJR technology at different flow rates while
keeping the formulation constant. The solvent solution was composed of 1% (w/v)
PLGA Resomer RG 502H, 1.5% (w/v) oleic acid and 0.03% (w/v) RA in acetone. The
non-solvent solution was composed of 1% (w/v) PS80 in water and the solvent:non-
solvent ratio was kept constant at 1:2. A 300 um reactor was used, in a 25°C water
bath. The nanoparticle size and PDI were measured by DLS immediately after

production.

4.2.2.4 Nanocapsules with P188 and Span

The nanocapsules were prepared benchtop with different amount of Span 80 (sorbitan
monooleate, Guangdong Runhua Chemistry Co, Guangdong, China). Their solvent
solutions were composed of 0.3% (w/v) PLGA Resomer RG 502H, 0.9% (w/v) oleic
acid, 0.03% (w/v) RA and various concentration of Span 80 in acetone. The non-

solvent solution was composed of 1% (w/v) PS80 or P188 in water. While stirring 5 ml
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of the non-solvent solution, 2.5 ml of solvent solution were added. The nanocapsules

size and PDI were measured immediately by DLS.

4.2.2.5 Chitosan coated nanocapsules

The nanocapsules were prepared benchtop with different amount of chitosan (50-190
kDa, Sigma-Aldrich). Their solvent solutions were composed of 0.3% (w/v) PLGA
Resomer RG 502H, 0.9% (w/v) oleic acid, 0.03% (w/v) RA. The non-solvent solution
was composed of 1% (w/v) PS80, various concentrations of chitosan and acetic acid
2% (v/v) in water. While stirring 5 ml of the non-solvent solution, 2.5 ml of solvent
solution were added. The nanocapsules size and PDI were measured immediately by

DLS.

4.2.3 Release testing of nanocapsules loaded with retinoic acid
4.2.3.1 Nanocapsules production

The nanocapsules were produced with a continuous nanoprecipitation method in a
confined chamber. Two formulations, P188 benchtop and PS80 benchtop, were
produced benchtop by simply adding the solvent solutions in the non-solvent solutions
under stirring. PLGA, oleic acid, retinoic acid and Span 80 dissolved in acetone were
used as solvent solution (Table 3). Polysorbate 80 (PS80) or poloxamer 188 (P188)
were dissolved in water to form the non-solvent solution. A solvent:non-solvent ratio of
1:2 was used for the production of the nanocapsules. To produce nanocapsules coated
with chitosan, the same technique was used but chitosan was added in the non-solvent
solution, dissolved in water with 1% v/v of acetic acid. The particles produced with this
extra-layer of chitosan were labelled P188-C and PS80-C for nanocapsules coated
with P188 and PS80 respectively. One formulation coated with chitosan and PS80 was

prepared with higher amount of PLGA and oil and was labelled PS80-C high. The
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particles were purified by TFF using a 300 kD mPES Spectrum® MicroKros hollow
fiber filter from Repligen (Waltham, USA) at 15 psi (~1 bar), with 6 volumes of water,
or acetic acid 1% v/v in water for chitosan-coated nanocapsules. Their size and zeta
potential were measured by dynamic light scattering (DLS) with a Zetasizer NanoZS

90 from Malvern Instruments (Malvern, UK).

Table 3: Solvent and non-solvent solutions composition for nanocapsules

preparation
Solvent solution Non-solvent solution
Oleic Span  Retinoic _
NC PLGA _ _ Surfactant Surfactant Chitosan
acid 80 acid
(% wiv) type (% wiv) (% wiv)
(Y whv) (Ywlv) (% wlv)
Poloxamer
P188 1.0 15 0.5 0.03 1.0 0
188
P188 Poloxamer
1.0 15 0.5 0.03 1.0 0
benchtop 188
Polysorbate
PS80 1.0 1.5 0.5 0.03 1.0 0
80
PS80 Polysorbate
1.0 1.5 0.5 0.03 1.0 0
benchtop 80
Poloxamer
pP188-C 0.3 0.9 0 0.03 1.0 0.05
188
Polysorbate
PS80-C 0.3 0.9 0 0.03 1.0 0.05
80
PS80-C Polysorbate
_ 1.0 15 0 0.03 1.0 0.05
high 80

4.2.3.2 Cryo-TEM imaging

Cryo-TEM imaging of the P188 nanocapsules was conducted by placing a 3 pL droplet
of the aqueous solution on a S147-4 holey carbon film (Plano, Germany) before blotting

the liquid droplet to a thin film for 2s and plunging into undercooled liquid ethane at T

-91 -



Nanopatrticles loaded with retinoic acid

= 108 K using a Gatan (Pleasonton, USA) CP3 cryo plunger. The vitrified samples
were transferred under liquid nitrogen to a Gatan model 914 cryo-TEM holder and
imaged at T=100 K using a JEOL (Akishima, Japan) JEM-2100 LaB6 TEM operating
at an accelerating voltage of 200 kV under low-dose conditions. TEM micrographs
were obtained using a Gatan Orius SC1000 CCD camera and an acquisition time of 4

seconds.

4.2.3.3 Encapsulation efficiency

The nanocapsules were centrifuged for 5 min at 1,000 g through Nanosep® Centrifugal
devices with Omega™ membrane (MPES) 300 kD from Pall Laboratory purchased
from VWR (Darmstadt, Germany). The filtrates were measured with a
spectrophotometer UV-1600PC from VWR (Darmstadt, Germany) at 345 nm. No RA
could be measured in the filtrate, so the encapsulation efficiency (EE) was estimated

based on the detection limit of RA in water with 1% (w/v) PS80 using Equation 7.

4.2.3.4 RA solubility in release media

To measure RA solubility, 1 mg of RA was stirred in 2 ml of release medium for 24h at
20°C. Samples were taken at 3 and 24h. The sample suspensions were centrifuged
for 15 min at 16,000 g and the supernatants were measured with a UV
spectrophotometer at 345 nm for PBS-PS80 media and 355 nm for PBS-SDS media.
RA concentration was calculated from calibration curves in either PBS-PS80 or PBS-

SDS.

4.2.3.5 Release testing

4.2.3.5.1 NanoDis method
To measure the nanocapsules release profile, a USP Il dissolution apparatus 708-DS

coupled with a NanoDis System and an 850-DS Sampling Station from Agilent (Santa
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Clara, USA) was used. The nanopatrticles were diluted to reach 5 pg/ml of retinoic acid
in the vessel and reach sink conditions in 750 ml of PBS-PS80 or PBS-SDS. The
NanoDis System was fitted with 500 kD mPES Spectrum® MicroKros hollow fiber
filters from Repligen. The dispersions were stirred at 50 rpm at 37°C. At chosen time
points, the suspension was automatically filtered through the filters by TFF. The
filtrates were collected and the retentates were circulated back into the vessels (Figure
1). Control of the lag time of filtration and permeation of the dissolved API were done
with RA dissolved in release medium to check the permeation of free RA through the
filters. The filtrates were measured with a UV spectrophotometer at 345 nm for PBS-
PS80 and 355 nm for PBS-SDS. RA concentration was calculated from calibration
curves in either PBS-PS80 or PBS-SDS. The release percentage was calculated using

Equation 8.

RA concentration in the filtrate

NanoDis release percentage = %X 100 (8)

Total RA concentration in the medium

4.2.3.5.2 Dialysis method
The P188-span nanocapsules were diluted to reach 20 pg/ml of RA in release medium,
either PBS-PS80 or PBS-SDS, to ensure sink conditions. 10 ml of the suspension was
placed inside a 10 ml 300 kD cellulose ester Float-A-Lyzer® from Repligen. The tubes
were stirred at 150 rpm in 150 ml of release medium at 37°C in a drying oven. At
chosen time points, 300 ul of medium from the acceptor compartment was sampled
and replaced with 300 pl of fresh medium. At 6, 24 and 30h, the complete medium
from the acceptor compartment was replaced with fresh medium. The samples were
measured with a UV spectrophotometer at 345 nm for PBS-PS80 and 355 nm for PBS-
SDS. RA concentration was calculated from calibration curves in either PBS-PS80 or

PBS-SDS. The release percentage was calculated using Equation 9.
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8 . RA amount in the acceptor compartment
Dialysis release percentage =

x 100  (9)

RA amount in the donor compartment at t0

4.3 Results and discussion

4.3.1 Nanospheres loaded with retinoic acid
4.3.1.1 Design of experiment of MJR production

To study the impact of the MJR set up on a chosen nanosphere formulation loaded
with retinoic acid, a design of experiments was performed, using a Box-Behnken
design (Figure 27 and Table 4). All responses were fitted on various models. Their fits
were confirmed with an ANOVA: all of the responses had significant fit and not
significant lack of fit. The size values were analyzed using a 2FI model, whose R2 was
0.9474. PDI values fitted on a linear model, with a R? of 0.8149. EE values fitted on a
linear model with a R? of 0.8116. Finally, the loading values fitted on a 2FI model with

a R2 of 0.9886.

Flow rate and gas had a significant impact on the nanoparticles characteristics, acting
in opposite way on the nanoparticle size, PDI and loading. Increasing flow rate
increased nanoparticle size, decreased PDI and increased loading, while the opposite
was true for the gas flow. Temperature only had an impact on RA loading: increasing
temperature decreased loading. All the obtained encapsulation efficiency values were
very close to one another (between 94 and 96%). Thus, EE did not seem to strongly
depend on any of the factors, as can be seen by the small coefficients calculated. As
the desired nanoparticles had to have small particle sizes, PDI under 0.2 and a high
RA loading, a solution with a maximum desirability of 0.722 was found for a formulation
produced with a non-solvent flow rate at 10 ml/min (with a corresponding solvent flow

rate of 2 ml/min), at 25°C and no gas pressure. The predicted values for this
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formulation were a size of 304 nm, PDI of 0.138, EE of 95% and loading of 38% (w/w).
The predicted best formulation was produced and characterized: the nanospheres
produced had a smaller hydrodynamic size than expected, of 287 nm with a PDI of

0.27. The encapsulation efficiency and loading were as predicted 97% and 37% (w/w).

However, with this configuration, it was not possible to obtain nanoparticles smaller
than 300 nm, which is not optimal for BBB crossing, as particles smaller than 100 nm

have been shown to cross more easily.

-95-



Nanopatrticles loaded with retinoic acid

Size (nm) PDI

40

37

w
=4

®

o o+ [ o]

31

Temperature (°C)

28

Temperature (°C)

[
[=2)

[Prediction 0 137845

25

25

10 16 22 28 34 40 10 16 22 28 34 40
Non-solvent flow rate (ml/min) Non-solvent flow rate (ml/min)
Encapsulation efficiency (%) Loading (% wiw)

40

« ® 4

Temperature (°C)

Temperature (°C)

34 40 10 16 22 28 34 40
Non-solvent flow rate (ml/min) Non-solvent flow rate (ml/min)

Desirability

Temperature (°C)

10 16 22 28 34 40
Non-solvent flow rate (ml/min)

Figure 27: Summary of Box-Behnken design of MJR production of nanospheres
loaded with retinoic acid. Rainbow graphs show the impact of temperature and flow
rates on desirability, size, PDI, encapsulation efficiency and loading, with gas pressure

at 0 bar. The color scale varies from blue (smallest values) to red (highest values).
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Table 4: Box-Behnken design coefficient table of MJR production of nanospheres

loaded with retinoic acid. p-value < 0.05

Intercept F|O\(NA ;ate (‘g’) Gas ng:)ssure AB AC BC
seaves cooum]ume] oo aees] o] zoon
PDI 0.1768| -0.0450| 0.0118 0.0712 &\\\\\\\\\\\\\\?&\\\\\\\\\\\\T&\\\\\\\\\\\\?
p-values 0.0166| 0.418 0.0003 “&“
E;\;%iunf)egs 00232| 00024 02131 .
o) 32.50 8.49|  -5.62 807| 191 -061| -0.61
p-values - <0.0001| <0.0001|  <0.0001| 0.0117| 0.3396| 0.4467

4.3.1.2 Nanospheres release

Nanospheres were produced benchtop with different concentrations of PLGA (10 or
20 mg/ml in solvent solution) and retinoic acid (5 or 2.5 mg/ml in solvent solution). Their
size and PDI were measured after purification (Table 5). The nanospheres sizes were
in a range of 300-350 nm, with a PDI < 0.2 for 10/5 and 20/5 nanospheres, and <0.5

for 20/2.5.

Table 5: Benchtop RA-loaded nanospheres size and PDI

Nanospheres

PLGA to drug ratio Size (nm) °b!
10/5 342.1 0.105
20/5 323.4 0.198
20/2.5 305.7 0.485

The release kinetics of the nanospheres was then tested using the NanoDis System
(Figure 28). After 15 min, a high burst release was observed for all formulations,

reaching 83% after one hour for 20/2.5 nanospheres and 97% for 10/5 and 20/2.5. The
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burst release of the nanospheres could be slightly reduced by increasing the amount

of PLGA in the formulation but remained high.
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Figure 28: NanoDis release of PLGA nanospheres loaded with retinoic acid. Different

formulations were produced with different concentrations of PLGA and of retinoic acid,

labelled “PLGA concentration [mg/mlI]/RA concentration [mg/ml]” in the solvent

solution.

Furthermore, stability issues were noticed with nanospheres. The nanospheres

precipitated over time, leading to a size increase of the nanopatrticles. These problems

of high burst release and of colloidal stability drove us to develop another type of

nanoparticles, PLGA nanocapsules. Indeed, their oily core might lead to better

encapsulation of RA in the core of the particles, instead of loading on their surface,

thus prompting a better extended release kinetic.
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4.3.2 Nanocapsules loaded with retinoic acid
4.3.2.1 Retinoic acid solubility in oils

Before starting producing nanocapsules, RA solubility in oil was assessed to select the
best oil for the formulation. RA had a solubility of 10.5 mg/ml in oleic acid, 5.9 mg/ml

in castor oil, 2.8 mg/ml in Miglyol and 1.5 mg/ml in soybean oil.

As a result, oleic acid seemed to be the best candidate for nanocapsules formulation.

4.3.2.2 DoE of oleic acid nanocapsules

To better understand the impact of the formulation parameters on the nanoparticles
properties, a design of experiments was performed with a Box-Behnken design. The
nanoparticles were produced benchtop and characterized for size, PDI and

encapsulation efficiency.

The data were fitted with various models and their fit were confirmed with an ANOVA.
All the models used had significant fit with not significant lack-of-fit. Size values fitted
on a reduced quadratic model, with a R of 0.9548. PDI values fitted on a linear model,
with a R2 of 0.7308. Finally, encapsulation efficiency fitted on reduced quadratic model

with a R2 of 0.9794.

As can be seen from Figure 29 and Table 6, PLGA concentration and oleic acid
concentrations had significant impact on size and PDI, while retinoic acid concentration
had no significant effect on the responses studied. Increasing PLGA and oil
concentration increased nanocapsules sizes. Increasing PLGA concentration reduced
PDI, while increasing oil concentration had an opposite effect. Indeed, it seems that
increasing the oily core of nanocapsules might destabilize the formulation. Concerning
EE, only oleic acid has a significant impact on this response, where EE increased with

oleic acid concentration.
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The optimal formulation had to have a high PLGA concentration, to obtain controlled

release, as well as a high RA concentration and a high EE to obtain high RA loading.

As all the nanocapsules produced had small sizes under 200 nm and acceptable PDI,

these responses were not taken into account in the desirability calculation. Desirability

of 1 was obtained for a large variety of formulations, as visible on Figure 29.
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Figure 29: Summary of Box-Behnken design of benchtop production of nanocapsules

loaded with retinoic acid. Rainbow graphs show the impact of oleic acid and PLGA

concentration on desirability, size, PDI and encapsulation efficiency, with a RA

concentration fixed at 300 pg/ml. The color scale varies from blue (smallest values) to

red (highest values).
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Table 6: Box-Behnken design coefficient table of benchtop production of

nanocapsules loaded with retinoic acid. p-value< 0.05

Intercept| PLGA (A) Olei(%;" cid Ss(z)lxg:]térzg)]_
Size (hm) 136.63 19.55 12.66 3,67
pvalues | | <0.0001| <0.0001 0,0818
PDI 0.1982 -0.0237 0.0268 0,0033
p-values “ 0.0018 0.0006 0,5852
EE (%) 99.14 -0.90 29.55 2,84
p-values “ 0.5786| < 0.0001 0,0941

-29.24

< 0.0001

To confirm the models, nanocapsules were prepared benchtop by mixing 5 ml of a

solvent solution of 6.8 ug/ml PLGA, 8.7 ug/ml oleic acid and 300 pg/ml RA in acetone,

with 10 ml of 1% (w/v) PS80 in water. The nanocapsules had a size (148 nm), PDI

(0.19) and EE (>99.9%) in the predicted range (predicted values 142 nm, PDI 0.20 and

EE >99.9%), confirming the models.

4.3.2.3 MJR production of nanocapsules

First, nanocapsules were produced using different flow rates to find the optimal

process parameters for their production, while keeping their composition constant

(Figure 30).

- 101 -



Nanopatrticles loaded with retinoic acid

150 - 0.16
140
130 4 40.14
120 :
110 ] 4012
100 010
—~ 90 1
g 80 ] —
g ] 40.08 E
8 70 |
¥ 60 J0.06
50 ]
40 : 10.04
30 —=— Size| |
20 4 —eo— PDI Jd0.02
10 4 ]
0 : : : : : : : 0.00
30 40 50 60

Non-solvent flow rate (ml/min)

Figure 30: Nanocapsules size and PDI produced using the MicroJet reactor
technology, at different non-solvent flow rates, keeping the solvent:non-solvent flow
rates ratio at 1:2 (n=1). The nanocapsules were produced with a solvent solution
containing 1% (w/v) PLGA, 1.5% (w/v) oleic acid and 0.03% (w/v) retinoic acid, and a

non-solvent solution of 1% (w/v) PS80.

The nanocapsules size varied from 148 nm to a minimum of 108 nm, obtained with a
non-solvent flow rate of 50 ml/min and a corresponding solvent flow rate of 25 ml/min.
All the nanocapsules produced had an acceptable PDI below 0.2. Thus, the 25/50

ml/min configuration was kept for the production of the RA-loaded nanocapsules.

4.3.2.4 Nanocapsules with P188 and Span 80

To increase the stability of the oily core and to help reducing burst release, Span 80
(sorbitan monooleate) was added to the formulation in the solvent solution. The
nanocapsules were produced with P188 or with PS80 in the non-solvent solution. The
formulations were produced benchtop with different amount of Span 80 (Figure 31).

The nanocapsules produced with P188 were larger than the PS80 nanocapsules by
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around 100 nm. The PDI of the formulations were all under 0.20 for the P188 and under
0.25 for the PS80 nanocapsules. Span 80 concentration increased slightly the size of
the P188 nanocapsules, from 202 to 236 nm, and had a larger impact on PS80
nanocapsules size, which increased from 88 to 144 nm. Despite the size increase, the
formulations prepared with 5 mg/ml of Span 80 were selected for release testing,

hoping that Span 80 would improve the nanocapsules release properties.
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Figure 31: Nanocapsules size and PDI depending on Span 80 concentration, (n=1).
The nanocapsules were produced benchtop with a solvent solution containing 0.3%
(w/v) PLGA, 0.9% (w/v) oleic acid, 0.03% (w/v) retinoic acid and varying concentration

of Span 80, and a non-solvent solution of 1% (w/v) of either PS80 or P188.

4.3.2.5 Chitosan-coated nanocapsules

To try to improve the release properties of the nanocapsules in another way, the
particles were coated with an extra layer of chitosan. Indeed, coating particle with
chitosan has been shown to reduce the particles burst release [86,136]. Chitosan was

added in the non-solvent solution and the nanocapsules were prepared by benchtop
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nanoprecipitation. Acetic acid also had to be added to dissolve chitosan in water. The
chitosan-coated nanocapsules were first prepared benchtop with different amounts of
chitosan. To act as control, the nanocapsules were also prepared without chitosan,
with and without acetic acid in the solvent solution. The nanocapsules sizes, PDI and
zeta potentials were measured by DLS (Figure 32). Adding acetic acid in the
formulation alone doubled the nanocapsules size (from 98 to 197 nm). Chitosan
coating increased the nanocapsules size even more, to 227, 235 and 266 nm for 0.5,
1 and 2 mg/ml of chitosan respectively. Increasing the amount of chitosan in the
formulation increased the size of the particles. The nanocapsules had acceptable PDI
under 0.3. When coating the capsules with chitosan, the zeta potentials of the
nanocapsules became positive (~30 mV). Indeed, chitosan is a positively charged
polymer at acidic pH. When adding acetic acid to the formulation without chitosan, the
zeta potential of the PLGA nanocapsules increased from -35 mV to close to neutral at
-8 mV. Indeed, as the pH of the solution was close to PLGA pKa, the polymer lost its
negative charges due to its carboxyl groups. The lower surface charge fostered
agglomeration, explaining the size increase of the nanocapsules in acetic acid. As
small particle sizes are more favorable for BBB crossing, the nanocapsules coating

with 0.5 mg/ml of chitosan were chosen as the best formulation.
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Figure 32: Nanocapsules sizes and PDI (A) and zeta potentials (B) after coating with
chitosan (n=1). The nanocapsules were prepared with acetic acid (AA) in their non-

solvent solution to dissolve chitosan, except for 0 mg/ml where no AA was used.

4.3.3 Release testing of nanocapsules loaded with retinoic acid

Nanocapsules prepared benchtop or with the MicroJet reactor, coated with either PS80
or P188, and with and without chitosan coating were prepared and their release was
measured. First, a classical dialysis method and the NanoDis System were compared
to select the best method for the release testing of our particles. Finally, the NanoDis

System was used to measure the burst release of the different formulations.

4.3.3.1 Nanocapsules characterization

The PLGA nanocapsules were produced with the MJR technology or benchtop.
Depending on the formulations, nanocapsules of different sizes were produced.
Particles with size from 120 to 422 nm were produced, with a polydispersity index (PDI)

from 0.09 to 0.32 (Table 7). The nanocapsules prepared benchtop had larger sizes
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than the ones prepared with the MJR technology despite having the same composition,
due to differences in mixing properties. When comparing P188 and PS80
nanocapsules, PS80 nanocapsules had the smallest size (120.7 nm against 185.7
nm). As coating the particles with chitosan increased their size PLGA and oleic acid
concentrations were reduced from 1 and 1.5% (w/v) to produce the chitosan-coated
nanocapsules with a concentration of 0.3 and 0.9% (w/v) respectively, labelled PS80-
C and P188-C. This was done to keep nanoparticles’ size in a comparable range to
non-coated particles. Reducing PLGA and oil concentrations allowed the production of
254.4 nm for P188-C nanocapsules and 137.2 nm for PS80-C nanocapsules,
respectively. When keeping the PLGA and oleic acid concentrations at 1 and 1.5%
(w/v) (PS80-C high), the chitosan-coated particles had a large size of over 400 nm.
The nanocapsules had negative zeta potentials around -40 mV, except when coated
with chitosan, where their zeta potentials turned positive to values between 25 and 30

mV.

Table 7: Sizes, PDI and zeta potentials of PLGA nanocapsules

Nanocapsules Size (nm) PDI Zeta potential (mV)
P188 185.7 0.18 -42.1
P188 benchtop 251.7 0.10 -52.4
PS80 120.7 0.23 -38.5
PS80 benchtop 189.0 0.25 -49.1
P188-C 254 .4 0.09 25.5
PS80-C 137.2 0.32 30.4
PS80-C high 422.8 0.17 28.4

The encapsulation efficiency for all formulations was higher than 99%. This high
encapsulation efficiency was possible due to the oleic acid core inside the

nanocapsules. After several rinse cycles of the nanocapsules by TFF, the retinoic
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concentration of the nanocapsules stayed stable, confirming the high encapsulation
efficiency of the nanocapsules. The size, PDI, and count rate of the particles were

unchanged after TFF purification.

The P188 nanocapsules were imaged by cryo-TEM (Figure 33). The particles were
spherical and seemed to be smaller and have a larger polydispersity than what was
measured by DLS, with diameters ranging from 20 to 130 nm. This size difference is

to be expected as the hydrodynamic shell is not measured here by TEM.

Figure 33: Cryo-TEM micrograph of P188 nanocapsules

4.3.3.2 Solubility in release media

Retinoic acid is a very hydrophobic molecule. Due to its poor solubility in water (<1
pg/ml), sink conditions for the tested concentrations could not be reached in PBS
(Phosphate Buffered Saline). Surfactants had to be added to increase RA solubility in
PBS pH 7.4. To do so, polysorbate 80 or SDS were added to PBS at 0.5% (w/v). The

surfactants increased RA solubility after 3h of stirring, in PBS-PS80 and PBS-SDS to
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92.3 = 3.6 ug/ml and 84.6 £ 0.4 ug/ml respectively. RA solubility stayed constant after
24h of stirring and was measured to be 92.5 + 2.1 pg/ml and 85.8 £ 2.9 ug/ml in PBS-

PS80 and PBS-SDS respectively.

4.3.3.3 Dialysis release

The release from the nanocapsules was tested by dialysis. Free RA dissolved in
release medium was used as control to assess the permeation kinetic of RA through
the dialysis membrane. Two release media were compared: PBS pH 7.4 supplemented
with either polysorbate 80 or SDS. The permeation kinetic of RA through the
membrane was slow, despite testing membranes with different MW cut-offs. A high
MWCO dialysis membrane of 300 kDa was used, as when a lower MWCO (14 kD)
dialysis membrane was used, dissolved RA was not able to not cross the membrane
even after 48h of stirring. It is very likely that the added surfactants formed micelles
loading RA which prevented permeation of RA across the membrane despite the
MWCO being, at least theoretically, sufficient for the permeation of this small molecule

(Mwra = 300.44 g/mol).

In PBS-SDS and when using RA by itself, release took place over a time span of 30
hours (Figure 34). In PBS-PS80 media, only 85% of the full RA amount passed the
membrane towards the acceptor compartment after 48h. The longer release time in
PS80 might again be due to the formation of PS80-micelles around RA, which inhibited
the permeation of the RA molecule through the membrane. There was no significant
difference between the release profiles of RA encapsulated in PLGA and RA dissolved
alone in the donor compartment, showing that the kinetic is controlled solely by the

membrane permeation rather than the carriers. The release profile measured was
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therefore not representative of the actual release happening inside the dialysis tube.
These results could have easily been misinterpreted if not for the control of the

permeation kinetics of the free drug.
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Figure 34: Release profile of P188 nanocapsules (NC) and dissolved retinoic acid

(RA) in PBS-PS80 and PBS-SDS by dialysis. NC (n=3) and RA (n=1)

4.3.3.4 NanoDis release

To determine the filter efficiency and the lag phase between the time the API is
released and the time the API is found in the filtrate, a control sample of RA dissolved
in release medium was used (Figure 35.A). When using 500 kD filters, RA dissolved
in medium could cross the filters after the first time point at a rate of 87% in PBS-PS80
and 82% in PBS-SDS. In PBS-PS80, 97% of the initial RA amount was found in the
filtrate after the third time point (45 min) while in PBS-SDS, the crossing percentage

remained stable at 80%. RA therefore demonstrated the ability to cross the hollow fiber
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filters in higher amount when dissolved in PBS-PS80 than in PBS-SDS, probably due

to mild interaction between SDS and the filters.
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Figure 35: A. Crossing of dissolved RA in PBS-PS80 and PBS-SDS through hollow
fiber filters (n=3); B. Comparison of release profile of P188 nanocapsules measured

by dialysis or using the NanoDis System in PBS-PS80 and PBS-SDS (n=3).

Next, P188 nanocapsules were tested for drug release in the same release media at
sink conditions. Release profiles using the NanoDis System were compared to the
ones obtained by dialysis (Figure 35.B). A high burst release of 80% and 60% after 1h
in PBS-PS80 and PBS-SDS respectively was observed with the NanoDis System,
while only 5% and 15% release were measured by the dialysis method. With the
NanoDis set-up, release was not limited by the permeation kinetic of the dialysis
membrane, which allowed a much more accurate measurement of the burst release of
the particles. The burst release of the nanocapsules was severely underestimated

when using dialysis, particularly at short time points.
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The measured release profile in PBS-SDS with the NanoDis System reached lower
values than in PBS-PS80 at the same time, likely due to the interaction of RA micelles
in SDS with the filters, as observed with the dissolved RA control. After 6 hours, the
measured dialysis release in PBS-SDS became higher than the one measured with
the NanoDis. Thus, the selection of the release medium and its interaction with the
filters should be carefully assessed before performing release experiments with the
NanoDis System, as any interactions of media also impact the measured release
profile of the nanocapsules and lead to an underestimation of the burst release,

although less drastic than with the dialysis method.

The release profiles of different formulations with or without chitosan were measured
using PBS-PS80 (Figure 36) as media. The particles prepared with either P188 or
PS80 had similar release profiles with a high burst release of 85% after 1h. When the
nanocapsules were coated with chitosan, burst release was markedly reduced to 50%
for both particles prepared with PS80 or P188. As chitosan is positively charged, ionic
interaction with retinoic acid — whose carboxylic group is negatively charged at neutral
pH (pKa 4.76) — facilitates the control of the burst release. Increasing the amount of
PLGA and olil in the chitosan-coated nanocapsule formulations decreased the burst
release to 40% (PS80-C high). Increasing the polymer and oil contents resulted in a
longer diffusion path for RA, due to the increase in size of the particles, and thereby
decreased the burst release. Furthermore, increasing the PLGA and oil amount in the
formulation increased the nanocapsules size, thus decreasing the surface/volume
ratio. With a lower amount of RA exposed at the surface of the particles, a lower
amount of RA could immediately dissolve in the medium, leading to a lower burst
release. This reduction of burst release was also observed with the benchtop

nanocapsules. Indeed, the formulations prepared benchtop, with similar compositions
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but with larger size than their continuous-prepared counterparts, had a slightly lower
burst release of 71% and 64% after 1h, reaching 79% and 72% after 24h, for P188
and PS80 benchtop nanocapsules respectively. Thus, diffusion seemed to have a
slight impact in reducing the burst release. However, simply increasing the particles
size, to even larger size than the nanocapsules coated with chitosan for PS80
nanocapsules, did not allow a reduction of the burst release to the same range as the
nanocapsules coated with chitosan. Thus, the coating with chitosan seemed to be the
driving force of the burst release reduction, rather than pure increase of the diffusion

path.
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Figure 36: Release profile of PLGA nanocapsules in PBS-PS80 using the NanoDis

System (n=3).

Reduction of the burst release from nanocapsules was therefore possible by coating
them with chitosan. However, this change in surface charges might cause change in

the protein corona forming around the particles, as the protein corona composition has
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been reported to be sensitive to size and charges [129]. The particles developed here
were coated with surfactants to cross the BBB by receptor-mediated transcytosis,
thanks to their protein corona composition enriched in apolipoproteins. Once coated
with chitosan, the nanocapsules become positively charge and might then cross the
BBB by adsorption-mediated transcytosis rather than by receptor-mediated
transcytosis as initially planned. Furthermore, it was possible to further reduce the
burst release of chitosan-coated nanocapsules by increasing their size. Larger
particles might have more difficulty crossing the BBB by endocytosis. In conclusion, a
compromise should be found between the parameters of the formulation to reduce
burst release to a minimum while still conserving the ability of the nanocapsules to

cross the BBB to deliver their cargo to the brain.

4.4 Conclusion

In conclusion, PLGA nanospheres and nanocapsules loaded with retinoic acid were
produced with the MJR technology. The formulations could be optimized to have high
EE. However, the nanospheres precipitated over time and had large sizes which could
hinder BBB crossing. Nanocapsules had smaller size and better colloidal stability. The
release kinetics of the particles were assessed with the NanoDis System, which
allowed a better characterization of the burst release of the particles than the classical
dialysis method. The nanospheres and nanocapsules had high burst release, which
could be reduced by coating the nanocapsules with chitosan. However, this coating
might have an impact on the BBB crossing abilities of the nanoparticles, which should
be assessed in further studies. If these particles then prove able to cross the BBB by
adsorptive-mediated transcytosis, they could be interesting formulation for the delivery
of retinoic acid to NSCs.
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Treatments of central nervous system (CNS) diseases remains a real challenge for
modern medicine due to the difficulty to cross the blood-brain barrier (BBB).
Regenerative treatments based on increasing the proliferation of neural stem cells
(NSCs) and their differentiation in new neuronal cells could prove interesting for
improving the recovery of stroke patients, if these treatments were able to reach the
deep brain structures where these cells are situated. All-trans retinoic acid (RA) is a
promising molecule, which has been shown able to increase the differentiation of NSCs
[105]. This molecule is physiologically present in the adult human CNS, but in a lower
amount than needed to exercise its regenerative action. Its low solubility in water
impedes its simple intravenous administration. Thus, loading this drug in nanoparticles
able to cross the BBB seemed a good solution. Inside the large variety of nanoparticles
developed to cross the BBB, PLGA nanoparticles coated with surfactants, polysorbate
80 (PS80) or poloxamer 188 (P188), are interesting, due to their ease of production,

good biocompatibility and the FDA acceptance of their materials.

Hence, in this thesis, valuable information on the development of PLGA nanopatrticles
loaded with RA and coated with surfactants for delivery to the NSCs through the BBB

were obtained.

PLGA nanopatrticles were developed using the MicroJet reactor® (MJR) technology.
These nanopatrticles were coated with surfactants, PS80 and P188, and first loaded
with a fluorescent dye, to characterize their in vitro interactions with a BBB model.
Small nanoparticles under 100 nm could be produced in a reproducible manner, easy
to number-up. In vitro experiments showed that the nanoparticles could be
endocytosed by the brain-like endothelial cells by receptor-mediated endocytosis,
probably partly through the LDLR. The nanopatrticles were also found in the abluminal

compartment of the model, showing their ability to be transcytosed by the endothelial
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cells. PS80 and P188 nanoparticles had slightly different uptake profiles, suggesting
that their interaction with the cells were conditioned by their surfactant coating, and
probably the different protein coronas forming around them. However, this hypothesis
could not be confirmed by performing protein corona characterization in cell medium
containing human serum, or in human serum alone. Indeed, the techniques used were
not specific enough to differentiate between the coronas forming on the formulations
without coating or coated with P188 or PS80. Initially, deeper studies to characterize
the protein corona using fluorescent and circular dichroism spectroscopy and LC/MS-
MS had been planned with an external partner in Zagreb (Croatia) at the Institute for
Medical Research and Occupational Health, but could not be performed due to COVID-
19 interferences. A better understanding of the qualitative composition of the protein
corona forming around the nanoparticles might have helped better understand their

differences in uptake profile in vitro.

In a second part, the nanoparticles were loaded with RA. First, nanospheres were
produced with the MJR technology but their sizes were too big for efficient BBB
crossing and their release kinetics showed a high burst release. To solve this issue,
nanocapsules were produced with an oily core of oleic acid. The produced
nanocapsules had lower size and high encapsulation efficiency. However, the addition
of oleic acid alone did not reduce the burst release of the particles. The nanocapsules
were coated with chitosan, which helped reduced the burst release of the
nanocapsules. Indeed, as chitosan is positively charged, RA which is negatively
charged at neutral pH might interact more with the chitosan coating of the particles,
thus preventing its fast release. However, coating the nanocapsules with chitosan
modifies the surface properties of the particles, giving them a positive zeta potential.

This surface modification implies that a different protein corona might form around the
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particles once in the blood, which might not be as enriched in apolipoproteins than the
particles simply coated with surfactants. Nevertheless, the positive charges of the
particles might allow them to cross the BBB by adsorptive-mediated transcytosis
instead of receptor-mediated transcytosis, as first planned. This hypothesis would
need to be tested by additional protein corona studies as well as in vitro studies. If
these particles are shown able to cross the BBB, they could then be very interesting
for the delivery of retinoic acid to the brain, thanks to their high loading and their ease
of production. Next, these nanoparticles would need to be tested on NSCs to check
their ability to induce their differentiation in new neuronal cells and their toxicity.
Following these experiments, the RA content in the formulation will need to be
optimized to insure correct release properties with low burst release, low cell toxicity

(on the BBB endothelial cells as well as on NSCs) and efficient NSCs differentiation.
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