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L’utilisation de la voie nasale dans le cadre d’'un traitement thérapeutique est connue
depuis de nombreuses années. Elle apparait comme une voie d’administration simple
a mettre ceuvre pour le patient de par son aspect non invasif mais également par
'administration aisée pour le patient. De plus, elle convient aussi bien pour une
administration chronique que pour une situation d’urgence lorsque le patient est
inconscient. On peut notamment citer 'administration de benzodiazépines, tel que le

midazolam, afin de maitriser un épisode convulsif chez un patient.

Traditionnellement, I'administration intranasale était essentiellement utilisée afin de
cibler une action locale (par exemple, le traitement d’'un rhume avec un agent
décongestionnant). Par la suite, son application pour une délivrance systémique (par
exemple, le traitement de la migraine par administration de triptans) a été considérée
de plus en plus fréquemment. Toutefois, la délivrance d’'un agent thérapeutique dans
les cavités nasales dans le but d’obtenir une activité systémique reste toujours limitée
comparativement a d’autres voies telles que I'administration orale ou intraveineuse.
En effet, méme si la voie intraveineuse présente plusieurs limitations majeures, tel que
son aspect invasif ou la douleur générée chez le patient, elle reste largement plus
utilisée que la voie intranasale. Ceci s’explique, d’une part par les connaissances qui
étaient jusqu’ici relativement limitées vis-a-vis de cette administration et, d’autre part,
par l'utilisation d’anciens dispositifs médicaux qui ne permettaient pas un contréle
précis, en termes de dose délivrée et de taille de particules générées, lors de

'administration intranasale.

Par la suite, la voie intranasale s’est vue attribuée une troisieme opportunité de
délivrance, a savoir, le ciblage cérébral par la voie « nose-to-brain ». Cette fois, la
cavité nasale a été considérée comme un point d’entrée pour accéder au systéme
nerveux central. En effet, elle fournit un accés direct au cerveau tout en contournant
la barriere hémato-encéphalique, obstacle majeur a la pénétration des agents
thérapeutiques. Par ailleurs, le passage par la cavité nasale permettrait 'administration
de molécules sensibles (par exemple, des biopharmaceutiques) en évitant une

dégradation enzymatique trop importante.

Dans ce contexte, le traitement du syndrome cachectique a été sélectionné comme
cible modéle justifiant une administration « nose-to-brain ». Il s’agit d’'un syndrome
caractérisé par une perte énergétique globale du patient qui résulte notamment d’une
dénutrition, d’'une perte de masse musculaire et d’'un état inflammatoire généralisé

chez celui-ci. Le syndrome cachectique est associé a des pathologies chroniques et
12



induit une aggravation du pronostique. Afin de traiter ce syndrome complexe et
restaurer I'appétit chez ces patients, la ghréline (GHRL) a été choisie comme modele
de principe actif. La GHRL est une hormone peptidique qui présente, entre autres, un
effet orexigéne. Il s’agit donc d’'une molécule biopharmaceutique qui a besoin
d’atteindre ses récepteurs, localisés dans I'hypothalamus, afin d’exercer son effet

thérapeutique.

Dans ce travail, I'objectif est de développer une formulation qui puisse protéger la
GHRL lors de son administration tout en augmentation sa rémanence dans la cavité
nasale afin d’étre efficacement transférée vers le cerveau en favorisant sa diffusion au

travers de I'épithélium nasal olfactif.

Dans un premier temps, la GHRL a été caractérisée, notamment en termes de stabilité
par rapport a la température et au pH, mais également au niveau de sa charge
électrostatique. Ces résultats nous ont aidés a sélectionner la meilleure stratégie de
formulation mais également les conditions de stockage optimales. Une fois cette étape
de préformulation finalisée, il a été décidé de travailler sur la mise au point d’une
formulation liquide. La premiére formulation abordée consistait en des micelles
composées de lipides possédant des groupements hydrophiles polyéthyléne glycol
« DSPE-PEG (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] (ammonium salt) ». Ce type de lipides pégylés
avaient déja montrés dans diverses études scientifiques des propriétés intéressantes
dans le cadre d'une administration intranasale, notamment, en termes de
mucopénétration. En adaptant Iégérement le protocole trouvé dans la littérature, il a
été possible d’obtenir des micelles caractérisées par un diametre moyen adéquat (~15
nm). Les micelles produites ont également montré une bonne aptitude a encapsuler la
GHRL avec un taux d’encapsulation de 98% m/m. Cependant, les micelles de DSPE-
PEG n’ont pas permis d’augmenter la diffusion de la GHRL au travers une couche
épithéliale. Cette étape étant primordiale afin d’obtenir des taux de GHRL satisfaisant
au niveau cérébral, la formulation contenant les micelles de DSPE-PEG a été

abandonnée.

Toujours dans I'esprit de vouloir associer des excipients lipidiques a un polymére plus
hydrophile, une autre stratégie de formulation basée sur des liposomes enrobés de
chitosans a été envisagée. Etant donné que la GHRL présente une charge positive a
pH physiologique, des liposomes de charge négative ont été développés dans le but

d’obtenir un taux d’encapsulation élevé. Tout d’abord, trois types de liposomes ont été
13



produits : anioniques, neutres et cationiques, l'objectif étant de montrer si I'apport
d’'une charge négative aux liposomes permettait d’augmenter le taux de GHRL
encapsulée. En travaillant avec des liposomes anioniques, le taux d’encapsulation a
pu étre augmenté d’un peu plus de 46% par rapport au liposomes cationiques. Afin de
Voir si un lien existait entre la quantité de GHRL encapsulée dans les liposomes et la
guantité de GHRL dégradée en présence d’enzyme, les trois types de liposomes ont
été exposeés a de la trypsine. Suite a I'exposition a I'enzyme, les liposomes anioniques
ont montré une protection enzymatique 4 fois supérieure aux liposomes cationiques.
Ces liposomes anioniques ont également démontré une protection de la GHRL en
présence d’'une carboxylestérase-1, une autre enzyme présentant un mécanisme de
digestion différent de la trypsine. Par la suite, des tests par titration calorimétrique
isotherme ont été réalisés afin de mieux comprendre les mécanismes d’interaction
entre la GHRL et les liposomes anioniques. Cette technique a permis de constater que
les interactions hydrophobes entre les deux composés étaient prédominantes. Jusqu’a
ce stade du développement, les liposomes n’étaient pas associés aux chitosans.
L’enrobage des liposomes anioniques par les chitosans a donc été réalisé et confirmé
suite a une augmentation du diamétre (+48 nm) et de la charge (+6 mV) moyenne,
mais aussi par modification morphologique des liposomes. Cet enrobage avec les
chitosans avait pour but de conférer des propriétés de mucoadhésion a la formulation
liposomale tout en augmentant la diffusion du peptide a travers I'épithélium olfactif.
Ces effets ont été obtenus grace a la charge positive des chitosans qui permet
d’adhérer aux mucines mais aussi grace a leur capacité d’ouvrir les jonctions serrées
présentes au niveau de I'épithélium olfactif. Ces propriétés ont pu étre confirmées en
placant la formulation en présence de mucines solubles. L’enrobage de chitosan a
permis d’augmenter la fixation des liposomes d’une vingtaine de pourcents par rapport
a des non enrobés. De plus, la capacité des chitosans cationiques a assurer un réle
de promoteur d’absorption a été confirmé par des tests de perméabilités cellulaires.
Une fois ces propriétés confirmées, la formulation a été introduites dans deux
dispositifs destinées a 'administration de sprays nasaux liquides, a savoir : le dispositif
VP3 d’Aptar Pharma et le dispositif SP270 de Nemera. La distribution de taille de la
plume produite par chacun des aérosols a été évalué par diffraction laser. Les deux
dispositifs ont été capables de générer un spray composé de gouttelettes supérieures
a 10 um, ce qui était le diamétre limite favorisant 'impaction au niveau de la zone

olfactive plutdt que la diffusion vers des sections postérieures de I'arbre respiratoire.
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Dans la seconde partie du travail, une formulation sous forme de poudre seche a été
produite par atomisation a partir de la forme liquide. L’objectif étant d’augmenter la
stabilité de la GHRL lors du stockage et d’augmenter a la fois la rémanence et la
pénétration du peptide au travers de I'épithélium nasal. Apres optimisation, il a été
possible de produire une poudre composée de particules supérieures a 10 um, tout en
conservant un rendement acceptable. Une faible humidité résiduelle a été confirmée
par thermogravimétrie et la poudre a également montré une haute homogénéité au

niveau de sa teneur en GHRL.

Ensuite, une étude comparative a été réalisée entre les formulations seches et liquide
pour comparer la stabilité de la GHRL lors du stockage a différentes température (4°C
et 25°C), mais aussi leur capacité a fixer des mucines. Dans les deux cas, la poudre
séche a montré de meilleurs résultats. La poudre a ensuite été dispersée en phase
aqueuse pour confirmer que les liposomes enrobés pouvaient étre reconstitué en
conservant leur distribution de taille adéquate (ex : absence d’agglomérats). Dans les
limites de variabilités acceptables, les propriétés physicochimiques initiales des
liposomes ont pu étre conservées aprés reconstitution. De fagon similaire a la
formulation liquide, la poudre a ensuite été chargée dans un dispositif spécifiquement
développé pour cibler la zone olfactive lors d’'une administration intranasale. Le
dispositif « UDS — Unit Dose System (Aptar Pharma) » a montré d’excellentes
propriétés en termes de distribution de taille des particules dans I'aérosol mais aussi
en termes de ciblage de la zone olfactive. Ce dernier aspect, fut étudié au moyen de
« Nasal cast », c’est-a-dire une représentation en 3 dimensions des fosses nasales.
Une fois I'aérosol généré dans cette cavité, il est alors possible de quantifier la quantité
de GHRL déposée dans la zone olfactive. Dans ce cas-ci, la quantité déposée état de
52%, ce qui montre un ciblage efficace en tenant compte de la faible surface

représentée par cet épithélium et de sa difficulté d’accés.

Pour finir, la formulation chargée avec de la GHRL fluorescente a été administrée par
voie intranasale chez la souris. Cette derniere expérience a permis de montrer que la
GHRL pouvait atteindre le cerveau apres administration intranasale de la formulation
et que cette derniére était indispensable pour permettre a ce transfert vers le cerveau
de se faire. L’administration de ce type de biopharmaceutique par voie nose-to-brain
avec cette formulation semble donc étre une alternative intéressante a exploiter.

Cependant, des études complémentaires permettant de quantifier plus précisément
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cetransfert, de mieux définir sa cinétique et aussi d’évaluer l'efficacité du traitement

devraient étre réalisées.
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For many years, the nasal route of administration as part of a therapeutic treatment
has been used. This route of administration is easy to implement, especially due to its
non-invasiveness the ease of administration that it affords for the patient. In addition,
it is suitable for chronic treatment as well as for an emergency situation when the
patient is unconscious. For instance, the administration of benzodiazepines, such as

midazolam, may be done to stop convulsions in a patient.

Traditionally, intranasal administration was mainly borrowed to target a local effect
(e.g. treatment of a cold with a decongestant agent). Subsequently, its application for
systemic delivery (e.g. treatment of migraine with triptans) was more and more
frequently considered. However, the administration of a drug in the nasal cavities for
systemic delivery still remains limited. Indeed, even if the intravenous route has several
major limitations such as its invasiveness or the pain generated during administration,
it remains more widely used than the intranasal route. This can be explained, on the
one hand, by the knowledge that was relatively limited regarding the nasal delivery but
also because of the unavailability of nasal devices allowing precise control of the nasal

administration (i.e. accurate dose delivery, strong deposition in the nasal cavity, etc).

Subsequently, the intranasal route has led to a third therapeutic targeting, namely, the
“‘nose-to-brain pathway”. In that case, the nasal cavity was considered as an
opportunity to access the central nervous system (CNS). Indeed, the nose-to-brain
delivery allows reaching the brain while bypassing the blood-brain barrier which is
known to be a major obstacle to the diffusion of drugs in the CNS. Moreover, the
passage through the nasal cavity would allow the administration of sensitive molecules

(e.g. biopharmaceuticals) while avoiding excessive enzymatic degradation.

Therefore, the nose-to-brain pathway appears to be an attractive route for the delivery
of unstable molecules, requiring an access to the brain to reach their site of action. In
this context, the therapeutic target that has been selected was "cachexia”. It is a
complex metabolic syndrome associated with underlying illness and characterized by
loss of muscle with or without loss of fat mass. It usually results in particular from
undernutrition and a generalized inflammatory state in the patient. In order to treat this
syndrome and to restore the appetite in these patients, the goal was to use ghrelin
(GHRL) as a model drug. GHRL is a peptide hormone that exhibits, among other
effects, an orexigenic action. This biopharmaceutical needs to reach its receptors,
located in the hypothalamus, to exert its therapeutic effect.

18



In this study, the goal was to develop a formulation that was able to protect GHRL
during its nasal administration, while increasing its residence time to promote its

diffusion through the nasal olfactory epithelium.

In the first part of the project, GHRL was mainly characterized in terms of stability (e.g.
temperature and pH), but also in terms of surface charge. These results allowed
selecting the most suitable strategy of formulation as well as the optimal storage
conditions. After these preformulation evaluations, it was decided to work on the
development of a liquid formulation. The first formulation was based on micelles
composed of lipids with polyethylene glycol "DSPE-PEG (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N- [amino (polyethylene glycol) -2000] (ammonium salt)" as
hydrophilic group. This type of pegylated lipids have already shown, in many scientific
studies, interesting properties in the context of intranasal administration, especially in
terms of mucopenetration. With a slight adaptation of the protocol found in the
literature, it was possible to obtain micelles of an adequate size (~15 nm). The micelles
produced also showed good ability to encapsulate GHRL with an encapsulation rate
of 98%, but micelles of DSPE-PEG failed to increase the GHRL diffusion through
epithelial layer. This step is essential in order to obtain high GHRL levels in the brain.
The formulation containing DSPE-PEG micelles has thus been abandoned.

Still in the goal of combining lipid excipients with hydrophilic polymer, another
formulation strategy based on liposomes coated with chitosan has been considered.
Since GHRL has a positive charge at physiological pH, anionic liposomes have been
developed to get a high loading. Three types of liposomes have been produced:
anionic, neutral and cationic. The objective was to evaluate the influence of the
liposomes charge on GHRL encapsulation. By working with anionic liposomes, the
loading could be 46% higher than that obtained from the cationic liposomes. In order
to evaluate a potential relation between the amount of GHRL that was encapsulated in
the liposomes and the amount of GHRL that could potentially be degraded in the
presence of enzyme, the three types of liposomes were exposed to trypsin. Following
enzyme exposure, anionic liposomes showed enzymatic protection 4 times higher than
cationic liposomes. These anionic liposomes have also shown high GHRL protection
in the presence of another enzyme with another mechanism of digestion, namely,
carboxylesterase-1. Subsequently, isothermal titration calorimetry tests were

performed to better understand the interaction mechanisms between GHRL and

19



anionic liposomes. This technique showed that hydrophobic interactions between both

compounds were predominant.

The coating of anionic liposomes by chitosans was performed and confirmed by an
increase of the mean diameter (+48 nm) and charge (+6 mV) as well as by the
modification of the morphology of the liposomes. This coating of liposomes with
chitosans was supposed to confer additional properties to the formulation such as
mucoadhesion and permeation enhancement. These both effects can be obtained
thanks to the positive charge of chitosans which allows adhering to the mucins of the
mucus, on the one hand, and thanks to the opening of the epithelial tight junctions that
enhances drug permeation, on the other hand. The chitosan coating allowed
increasing the fixation of the liposomes to mucins by about twenty percent compared
to uncoated liposomes. In addition, the "absorption promoter" effect of chitosans was
confirmed on cells culture. Then, the formulation was introduced into two distinct nasal
devices intended for the administration of liquid nasal sprays, namely, the VP3 device
from Aptar Pharma and the SP270 device from Nemera. The aerosols produced by
each device allowed generating droplets characterized by a mean diameter higher than
10um, leading to potential satisfactory impaction onto the olfactory region instead of
diffusion throughout posterior region of the nasal cavities.

In the second part of the work, a dry formulation was produced by spray-drying from
the liquid dispersion of coated liposomes. The objective was to increase the stability
of GHRL during storage as well as to enhance its remanence and diffusion through the
olfactory epithelium. The optimized parameters allowed producing a powder
characterized by a mean diameter higher than 10 um with an acceptable yield. The
powder produced exhibited a low residual moisture and showed good homogeneity in
terms of GHRL content.

Then, a comparative study was carried out between the powder and the liquid
formulation to compare the GHRL stability over time during storage at different
temperatures (4°C and 25°C) but also their ability to fix mucins. In both cases, the dry
powder showed better results The powder was also re-dispersed in aqueous phase to
evaluate the ability of the liposomes to be reconstituted without modifying their
physicochemical properties (e.g. size distribution, charges, stability). It was
demonstrated that the majority of the initial properties could be preserved after
reconstitution (i.e. rate of encapsulation). Similarly to the liquid formulation, the powder

was loaded into a specific device developed for the nasal administration of powders
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that allows targeting the olfactory region to optimize the nose-to-brain transfer. The
device, "UDS - Unit Dose System " from Aptar Pharma, has shown excellent properties
in terms of particle size distribution in the aerosol but also in terms of targeting the
olfactory zone. The latest was studied by means of "nasal cast" that is a 3-printed
model of artificial nasal cavities. After impaction in the different cavities of the cast, it
was possible to quantify the amount of GHRL that was deposited in the olfactory zone.
Using our optimized formulation in combination with the device developed by Aptar, it
was shown that 52% of the powder was impacted onto the area corresponding to the
olfactory region. Such data demonstrated the relative difficulty to target this section of

the nasal cavities.

Finally, the formulation loaded with fluorescent GHRL was intranasally administered in
mice. It was demonstrated that GHRL could reach the brain after intranasal
administration of the formulation and that the formulation was essential to allow this

transfer to the brain.

The administration of such biopharmaceutical by nose-to-brain with this formulation
seems to be an interesting alternative to exploit. However, additional studies to quantify
this transfer more precisely, to better define its kinetics and also to evaluate the efficacy

of the treatment should be carried out.
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IV.INTRODUCTION
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1. A challenging delivery

In the body, the brain is surrounded by a protective layer, called the "blood-brain
barrier" (BBB) which provides an effective barrier to the entry of external compounds.
The BBB can therefore be considered as a real anatomical advantage. However, if we
consider the brain in the optic of a treatment development, this barrier represents a
major obstacle to the diffusion of effective treatments to the brain.

In this context, the nose-to-brain administration appears as a very interesting
alternative because it would offer a direct access to the brain from the nasal cavity
while bypassing the BBB. Moreover, the nasal administration does not involve any
invasive step during administration which makes it more convenient than other
conventional administrations such as the parenteral administration. It is also an
attractive pathway for the brain delivery of large molecules and sensitive drugs such
as biopharmaceuticals. Indeed, the nose-to-brain avoids hepatic first-pass effect and
other gastro-intestinal degradations (e.g. gastric acid conditions).

This passage, even if it appears very attractive on paper, represents a real challenge.
Indeed, the nose tends to eliminate the external contaminants from the nasal cavity
and the residence time of the drug in the nose must therefore be increased. In addition,
if drugs with high molecular weight are administered, their diffusion through the nasal
barrier must be enhanced. These last two factors can be overcome thanks to an
appropriate formulation development.

Finally, the amount of formulation deposited in the olfactory region of the nose should
be maximized as it is the main place where the transfer to the brain takes place. This
can be achieved by a suitable combination nasal device / aerosol generation.

These points thus represent the main challenges addressed in this thesis.

2. Anatomy of the nasal cavity

The human nasal cavity is characterized by a total surface of 180 cm?, a volume of 15
mL associated to a length of 12 - 14 cm and a slightly acid environment (pH range =
5.5 - 6.5)%2. Such large area is due to the presence of both microvilli and tortuous
structures called « turbinates ». The nasal cavity is divided in two sections by a partition
called «the septum ». Each section includes three distinct regions called : the

vestibule, the respiratory mucosa and the olfactory mucosa (Fig. 1)3.
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Figure 1. Anatomy of the human nasal cavity (NALT: Nasopharynx-associated

lymphatic tissue) (reproduced with authorization)*

The human nose is responsible of three physiological functions, namely, breathing,

olfaction and protection.

The nose ensures the warming of the external air which is made possible by the supply
of arterial blood from the maxillary artery®. It also provides its hydration during
breathing due to the presence of the respiratory mucosa that is spread over the
majority of the nasal surface (80-90%) for a thickness of 0.3-5 mm®’. Every day, the

nose filtrates about 12,000 litres of air from the external environment®.

The respiratory mucosa is constituted by three principal cell families. The goblet cells,
which represents 5 — 15% of the total cell population, produce the nasal mucus. The
columnar cells can be ciliated or not on their apical side. When ciliated, the cilia are 5—
10 um long and have a thickness of 250 nm’. They are beating towards the
nasopharynx that is located at the back of the nasal cavity. All columnar cells have
microvilli which contribute to the large surface of contact of the nasal cavity with the
external environment. Finally, basal cells constitute the main continuous structure of
the respiratory mucosa®. These cells are undifferentiated cells than can thus be

considered as stem cells for generating other cell types.

The olfactory function is provided by the olfactory mucosa which is located in the upper
part of the nose (Fig. 1), below the cribriform plate and behind the nostrils (7 cm)°.
This olfactory region represents only a limited part of the total human nasal surface
(10 cm?)!L, The area occupied by this mucosa is strongly species dependent. For

instance, rats have a much more developed sense of smell thanks to the large surface
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occupied by their olfactory mucosa (50% of the total surface versus < 10% in
humans)!2. Because of its isolated location in the nasal cavity but also due to the
presence of a thin opening (1.5 mm) which restricts its access in the nasal cavity, the
olfactory mucosa is a very well insulated area of the nose?C. Its vascularization is
ensured by branches of internal maxillary artery (mainly sphenopalatine) and also
branches oh ophthalmic artery (anterior and posterior ethmoidal arteries). In the
olfactory mucosa are described 4 types of cells, namely: the olfactory cells, the

supporting cells or sustentacular cells, the basal cells and the glandular cells.

The olfactory cells characterized by long non-motile cilia which are not involved in the
clearance of the mucus?®. These cells are able to trap the olfactory molecules to
transfer the signal to the olfactory bulb of the brain via their axons. The supporting
cells, or sustentacular cells, are the most represented cells in the olfactory epithelium.
They are involved in maintaining the ionic balance for allowing optimal olfaction and
they also constitute a support for the olfactory epithelium®2. The basal cells here have
the same role as in the respiratory mucosa: they represent a stock of stem cells that
can differentiate into other cell types (e.g. sustentacular cells or olfactory neurons
cells)??. Finally, the glandular cells (integrated in Bowman’s glands) are also

represented and they are involved in the mucus production 1314,

The olfactory mucosa consists of two main layers, namely: the olfactory epithelium and
the lamina propria (Fig. 2). The lamina propria, the deepest layer of the olfactory

mucosa, contains olfactory nerves fascicles and Bowman’s glands.
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Figure 2. Structure of the human olfactory mucosa®®
The presence of yellow pigments located in these Bowman’s glands makes the

olfactory mucosa easy to distinguish from the rest of the nose'. Bowman's glands
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secrete a specific type of mucin that makes olfactory molecules more available to
olfactory cells. Below the lamina propria is located the cribriform plate. It is a perforated
bone through which the fibers of the olfactory nerves pass. This olfactory region allows
a direct access to the CNS as it is the only place of the body where the brain has a
direct physical connection to the external environment?’.

The nose is also one of the first protection of the organism against microorganisms
and pollutants from the external environment. The nose is responsible of the filtration
of the entering air involves a defense mechanism called the « muco-ciliary clearance »
for cleaning the nose from undesired elements, once trapped in the mucus. The muco-
ciliary clearance is a treadmill system that involves the synergic action of both cilia and
mucus. Inhaled substances are first impacted on the nasal mucus and the latter is then
swept by the cilia towards the rhinopharynx in order to be cleaned*®. For instance, the
nose is able stop 95% of particles that have a mean diameter from 15 um&. The nasal
mucus is composed of 95% of water, 2% of mucins (the major glycoprotein of the
mucus), 1% of salts and 1% of various proteins (e.g. albumin, lysozymes) and 1% of
lipids®®. The mucus is displaced by the nasal cilia at a rate of 5 mm/min and it’s turnover
is about 15-20 min?°. Nasal cilia from the respiratory mucosa have a length of about
2-4 um® and cover about 15 to 20% of the total surface of the nasal cavity. Their
synergic movement, oriented towards the nasopharynx, is performed with a beating

frequency of 1000 beats per minute!’2L,

In addition to this physical defense mechanism, the nose has also its own metabolic
system that is involved in the degradation of xenobiotics. For instance, CYP 450, a
superfamily of mono-oxygenase, is well represented in the nasal mucosa??. There is
also the presence of immunoglobulins (e.g. Ig-A and Ig-G) that are involved in the
labelling and neutralization of antigens?324. Lysozymes are also found in nasal
secretions. They are lytic enzymes active in acidic conditions and responsible of the
degradation of peptidoglycans, a major component of gram positive bacteria®.

This defensive function appears to be essential to the body while any modification of
its proper functioning may lead to various pathologies (e.g. chronic rhino-sinusitis)?6.
The administration of intranasal formulations containing excipients, such as
mucoadhesive agents, may also have deleterious effects on the nasal clearance
mechanism, potentially inducing a higher vulnerability of the organism against external

pathogens.
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In addition to the mucociliary clearance and its metabolic activity, intercellular
connections between nasal epithelial cells which are called “tight junctions” are
characterized by a specific permeability that will depend on the properties of the
molecule. Tight junctions consist of a complex of various proteins which interact with
each other but also with the membrane and the cytoskeleton?®. It is known that
molecules with diameter larger than 3.6 A will diffuse in a very limited way while
molecules larger than 15 A will not be able to pass through?’. In this context, it was
suggested that the permeation of molecules with a molecular weight equal or larger

than 1000 Da is very limited which justifies the use of absorption enhancers?®.
3. The nose-to-brain transport

A few decades ago, the nasal administration was limited to the local delivery of drugs.
The main therapeutics administered were corticosteroids and antihistamines for the
management of rhinosinusitis or nasal decongestants for cold®®. It is the best choice
for the treatment of nasal diseases as it provides a rapid onset of action while avoiding
systemic side effects (thanks to the local delivery allowing better targeting). Many
examples of nasal marketed products with local effects are already commercialized
(e.g. Nasonex® (Schering-Plough, New Jersey, USA) containing mometasone or
Beconase® (GlaxoSmithKline, Middlesex, UK) containing beclometasone).
Next to local effects, the systemic delivery of molecules via the nasal cavity was
exploited. Such therapeutics include analgesics (e.g. morphine), cardiovascular drugs
(e.g. propanolol), hormones (e.g. progesterone, insulin, calcitonin), anti-inflammatory
drugs (e.g. ketorolac), antimigraine drugs (triptans) and antiviral drugs (e.g.

acyclovir)?.

Moreover, the nasal cavity has also been considered as a potential immunization site
for vaccines administration as it is the first site of the body to be exposed to inhaled
antigens®%3l, For instance, both preclinical and clinical studies have already
emphasized satisfactory immune responses following the nasal administration of
inactivated influenza vaccine®?33, The influenza vaccines Flumist® (brand name
“Fluenz Tetra” in Europe) from AstraZeneca (Cambridge, UK) and Nasovac® from
Serum Institute of India (Pune, India) have been approved by regulatory agencies in
USA and India, in 2003 and 2010, respectively34.

More recently, the nasal cavity has been considered as a gateway to access the brain.
This new route of administration, called "nose-to-brain" delivery, offers many
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advantages over other ways of delivery such as non-invasiveness and reduced first-
pass effect. In vivo studies have already been focused on the nose-to-brain transfer of
various drugs such as peptide hormones®®, opioids®, antiviral agents®’,
antidepressants3® and many others in order to better understand the route borrowed

by such molecules.

Indeed, this route allows the transfer of a drug directly from the nose to the brain
without having to cross over the blood-brain barrier (BBB) which is known to avoid the
access of xenobiotics to the brain due to the presence of efflux pumps such as P-
glycoproteins®. The diffusion of administered drugs from the nose to the brain can be
done through the olfactory region (intra- or peri-neuronal) or through both olfactory and

respiratory regions (thanks to the presence of trigeminal nerves'’).

3.1 Direct transfer: trigeminal nerve and olfactory pathways

The trigeminal nerve innervates both olfactory mucosa and respiratory mucosa?’. It
makes the connection between the nasal mucosa, the pons and olfactory bulbs of the
brain'’. More precisely, trigeminal nerve accesses the brain through two distinct points
of entry: 1) via the foramen near the cerebral pons and 2) via the cribriform plate of the
ethmoid bone near the olfactory region (Eig. 3). Trigeminal nerve is one of the largest
cranial nerve which is present in both sides of the head. Each trigeminal nerve is
subdivided into three distinct branches, namely: the ophthalmic branch (V1), the
maxillary branch (V2) and the mandibular branch (V3). The maxillary and ophthalmic
branches are the most concerned by the nose-to-brain transfer as they have
projections in the nasal cavity®. The transport of therapeutic molecules may be done

intra- or peri-neuronally.
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Figure 3. lllustration of the trigeminal pathway allowing a direct nose-to-brain

transfer4?

The first study that clearly highlighted the trigeminal route was performed by Thorne et
al. in rats. The experiment involved the nasal administration of Insulin-Like Growth
Factor labelled with radio iodine 125. After nasal administration, radioactivity was
recovered in the following regions: trigeminal branches, olfactory bulb, the pons and

the transfer was taking place along both olfactory and trigeminal nerves®®.

The olfactory pathway takes place via the olfactory neurons located onto the surface
of the olfactory mucosa. These neurons may provide a direct access to the brain and,
more precisely, to the olfactory bulb and the cerebrospinal fluid (Eig. 4)*'. The axons
are linked to the olfactory bulb by passing through the cribriform plate?. Similarly to
the trigeminal pathway, the transport can be intraneuronal (slow transfer that can take

a few hours) or perineuronal (fast transfer that can take a few minutes)?®.

For intraneuronal transport, an internalization of the drug is taking place by pinocytosis
or endocytosis. The drug is then transferred by axonal transport to the olfactory bulb
to be subsequently transported to other regions of the brain. The diameter of olfactory
axons being limited in the range of 0.1 - 0.7 um, entities to be transferred should not
exceed a mean diameter of 0.7 um*2. For the extraneuronal transport, the drug crosses
the olfactory epithelium and is thus transferred to the brain passing by the perineuronal
space. The transport across the olfactory epithelium involves transcellular (mainly

through sustentacular cells)'” or paracellular mechanisms?©.
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Figure 4. lllustration of the olfactory pathway with the different uptake mechanisms*°
The transcellular transport rather concerns lipophilic molecules (e.g. naloxone,
buprenorphine, testosterone and propranolol)*3 with a diffusion rate that is correlated
to its lipophilicity?’. The drug is then captured by the cerebrospinal fluid or the CNS.

When the drug diffuses through the paracellular pathway, it has to diffuse through the
tight junctions of the olfactory epithelium between sustentacular cells and olfactory
neurons!’. This access is mainly limited by the molecular weight of drugs (that will
directly influence the diffusion rate) and concerns rather hydrophilic molecules (e.g.
metoprolol)*3. Such transport is thus positively influenced by excipients that have the
ability to open the tight junctions (e.g. chitosan)#. It was already observed in rat models
that high molecular weight and protein drugs can borrow such epithelial transfer (e.qg.
insulin, nerve growth factor, vasoactive intestinal peptide)*-4’. The intraneuronal
transfer has been reported as being much slower than the extraneuronal transport2,
The potential transfer of a drug via both pathways (intra- and extraneuronal) is still
possible but difficult to predict.
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3.2 Indirect transfer

In addition to direct transfer, the access to the brain can also be performed due to the
high vascularization of the respiratory mucosa. The main limitation of this transport is
that it does not allow bypassing the BBB“°. Indeed, the presence of both tight junctions
and efflux pumps make it an efficient barrier for accessing the brain. This systemic
route concerns rather lipophilic molecules of low molecular weight which pass
transcellularly'®. On the other side, hydrophilic drugs (e.g. peptides and proteins) that
borrow paracellular passages are characterized by a lower bioavailability that is directly
linked to their molecular weight®°.

Therefore, this pathway involves the passage through the BBB while associating the
high metabolism (renal and hepatic). There is also a lack of selectivity with respect to
the targeted organ with potential higher risks of side effects®.

It is also important to notice alternatives to nose-to-brain delivery allow reaching the
brain while circumventing the BBB (e.g. intracerebral administration). However, such
techniques are strongly invasive and represent an important risk of toxic effect as they

make the brain more accessible for potential microorganisms4°.

3.3 Selection of the pathway of delivery

A defined drug can diffuse through a specific nose-to-brain pathway depending on
multiple parameters such as the drug properties (e.g. polarity) and the formulation
intrinsic properties (e.g. particles size or absorption enhancers)®05!, Despite the
difficulty to predict the road followed by a molecule, it is well described that intra-
neuronal and intracellular routes via the olfactory epithelium are not the priority access
roads®?. Indeed, many drugs were recovered in the brain a few minutes after nasal
administration which is rather suggesting the predominance of an extracellular
transport via the olfactory mucosa®2. Indeed, it is known that the extracellular transports

provide a faster transport to the brain than intracellular and axonal pathways.

The physico-chemical properties of the drug being hardly difficult to adapt, a relevant
way to select a pathway or, more precisely, to avoid an undesired one, is the targeted

delivery in specific nasal anatomic sites through the formulation.
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4. Nasal formulations

4.1 Liquid formulations

Liguid nasal formulations include aqueous solutions, suspensions (commonly
encountered with corticosteroids) and micro- or nanoemulsions®3. Usually, the volume
of solution/suspension which may be delivered is in the range25-150 pL and is limited
to a maximal volume of 200 pL>*. The nasal delivery of larger amount of liquid was

correlated to high formulation losses by flowing towards the back of the nasal cavity®®.

The major disadvantages of liquid formulations are a fast elimination from the nasal
cavity due to a rapid clearance, the need of preservatives (which can potentially be
toxic for the nasal mucosa) for a long-term storage and the necessity to deliver large
volumes to reach the therapeutic concentrations. In addition, the liquid formulation can
be problematic for the administration of biopharmaceuticals because of their important
instability in liquid phase®. However, medicines that are extemporaneously
reconstituted are now developed with under powder-state formulation in which a
defined volume of solvent is added when the patient has to use the therapeutic. Such
formulations allows avoiding the use of preservatives in the formulation and early drug

degradations in the aqueous phase®’.

In contrast, liquid formulations are very suitable for the treatment of chronical
pathologies where dryness of the nasal mucosa is a part of the symptoms®8. To
formulate nasal liquid dosage forms, some conventional excipients classes are

frequently used:

- pH adjuster / buffer: the pH selected for the formulation can potentially influence both

drug dissolution/absorption, drug stability and nasal mucosa integrity. For a defined pH
and depending on the administered drug, the molecule can be ionized or unionized.
For an optimal permeation through the nasal mucosa, the drug should ideally be in a
unionized form. Additionally, the nasal cavity is characterized by a pH ranged from 4.5
to 6.5 and any deviation out of this range may involve deleterious effects. Indeed, too
acidic conditions imply an acceleration of the mucociliary clearance, whereas basic
conditions may cause the inactivation of lysozymes. Lysozymes play an essential role
in the defense against microorganisms and their inactivation results in an increased
vulnerability of the nasal cavity against pathogens®*.
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- Solubilizers: The use of solvents and co-solvents provide an increase of the drug
solubility which may lead to a higher bioavailability. However, care must be taken with
the amounts of co-solvents added. Indeed, co-solvents may strongly influence the
tonicity of the formulation and make it incompatible with in vivo administration. Among
the main solvent families that are used, the following can be cited: alcohol, glycols or

glycerides. Co-solvents can eventually be replaced by surfactants or cyclodextrins®%:0,

- Preservatives: many nasal liquid formulations can potentially be contaminated by

microbiological agents due to the presence of water and the repeated contacts
between the nasal device and the nasal mucosa. Therefore, it is required to ensure the
microbiological stability of the treatment throughout its period of use. This explains why
preservatives are often added. Among the compounds that are frequently found in
nasal liquid formulations, parabens, benzoic alcohol, benzalkonium chloride, EDTA
and phenyl ethyl alcohol may be listed®®.

- Antioxidants: for molecules that are subject to oxidation, the addition of antioxidants
may be needed. Classical agents are the following: sodium bisulfite, sodium
metabisulfite, tocopherol and butylated hydroxytoluene®°.

- Humectants: In some very specific conditions (e.g. nasal chronic diseases), the
hydration of the nasal mucosa can be affected. It may be valuable to deliver agents
that will help restore this state of hydration. These agents are called humectants (e.g.

glycerol, sorbitol and mannitol).

- Gelling / thickening agent: such kind of agents can provide extended residence time

of the formulation in the nasal cavity (e.g. sodium carboxymethyl cellulose,
hydroxypropyl cellulose). By reducing the rate at which the formulation is cleaned from

the nasal cavity, the drug has more time to diffuse through the nasal mucosa.

- Other _excipients: There is a variety of other excipients that can enhance the drug

absorption through the nasal mucosa. They are part of a more pushed formulation
development. Among them, penetration enhancers, mucoadhesive agents or enzyme

inhibitors may be found.

Actually, nasal liquid pharmaceuticals are still predominant on the nasal market with

powder forms that still remain less frequent®®.
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4.2 Powder formulations

The development of a nasal powder rather than a liquid formulation can provide some
benefits such as a higher drug stability during storage of the dosage form or the
avoidance of both preservatives and cold conditions for shipping and storage®. This
makes even more sense when the administration of protein or peptide is envisaged®®.
Powders also make possible to administer larger amounts of drug®. Moreover,
permeation in the nasal cavity was found to be increased with the use of dry formulation
63-65  This point was confirmed by Tanaka et al. when comparing the dissolution of a
drug between oral and nasal administrations®2. They highlighted the fact that nasal
administration involves the dissolution in a very small volume of liquid (nasal fluid).
This very limited volume of dissolution created a highly drug concentrated medium that
is correlated to a high diffusion rate.

In addition, powders are characterized by a prolonged residence time in the nasal
cavity in comparison to liquids which offers more opportunity for the drug to be
transferred through the nasal mucosa®®. Regarding excipient, the composition is
usually very simple and it was also reported that some kinds of absorption enhancers
(e.g. chitosan derivatives) offered a higher transmucosal bioavailability when delivered
as powder®’. However, nasal powders can still be marketed with the active drug alone
or with excipients. For example, Rhinocort® Turbuhaler® from AstraZeneca only
contains budesonide powder without any additional carrier or absorption enhancer. In
contrast, Teijin Puvlizer Rhinocort® contains beclomethasone dipropionate dispersed
in a mixture of hydroxypropylcellulose carrier particles and lubricants (stearate

magnesium and stearic acid)®8.

On the other hand, the development of a dry-powder formulation presents additional
issues such as the production of a powder with reproducible and homogeneous drug
content and patrticle size characteristics. Other powder-specific parameters such as
density, residual moisture and electrostatic charges can strongly influence and modify
the physical behavior of the final formulation. Nevertheless, even if liquid formulations
still represent the majority of nasal medicines, studies conducting the development of
nasal powders are increasing in number%-7°, Up to now, most nasal powders that are
available in the market contain corticosteroids for rhinitis management. Some example
of nasal marketed products containing corticosteroids can be cited, namely: Rhinocort®
turbuhaler® (AstraZeneca, London, UK) containing budesonide, in Europe, or Teijin
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Rhinocort® (Teijin, Tokyo, Japan) loaded with beclomethasone dipropionate and
Erizas® (Nippon Shnyaku, Kyoto, Japan) loaded with dexamethasone cipecilate, in
Japan. These local nasal powders are intended to the treatment of seasonal allergic,
perennial and vasomotor rhinitis but also for the treatment of nasal polyps. Considering
the entire nasal market with powders, an example of marketed product with systemic
passage can also be described: "Onzetra Xsail®" that was out-licensed from Optinose
AS (Oslo, Norway) to Avanir Pharmaceuticals Inc. (Aliso Viejo, CA, USA). The nasal
medicine is loaded with sumatriptan for the treatment of migraine. It has been approved
in 2016 by the FDA™L.

Unfortunately, the number of studies considering the development of nasal powders
for the delivery of biopharmaceuticals still remains limited’>73. Indeed, the nasal
delivery of a peptide in the powder form would provide lower drug degradation during
storage, higher diffusion through the mucosa and reduced enzymatic degradation (due
to the higher drug concentration on the mucosa and the subsequent activity saturation

of local enzymes).

4.3 Other formulations

A third alternative when developing nasal dosage forms may be the use of semi-solid
formulation which may include gels, creams and ointments. A very particular system
which is based on “in situ” gelling formulations was widely studied for nasal
administration. Such system is characterized by an initial low viscosity that permits an
easy application by spraying or dripping in the nose. Once in the nasal cavity, the
viscosity of the formulation increased thanks to a phase transition which allows
prolonging the residence time onto the mucosa. Such formulation strategy makes
possible to improve the bioavailability of an administered drug while reducing the
doses administered, which results in an increase of the patient safety’®. The
mechanisms that induce the swelling of the polymer are based on triggering factors
that are specific of the physiological environment of the nose’®. Three main categories
of in situ gelling polymers can be found, namely, the pH dependent polymers (e.g.
carbopol), the temperature dependent polymers (e.g. poloxamer 407 or xyloglucans)
and, finally, the ionic dependent polymers (e.g. gellan gum)’®77. For instance, such
formulations were evaluated for the nasal administration of lamotrigine, loratadine or

sodium cromoglycate with promising results -2,
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5. Formulation strategies to enhance the nose-to-brain

delivery

Regardless of the targeted administration (local, systemic, nose-to-brain), the efficacy
of the nasal treatment will depend on 4 parameters: the physicochemical properties of
the drug (e.g. the molecular weight); the characteristics of the formulation (e.g. the
viscosity); physiological factors of the nasal cavity (e.g. enzymatic activity) and the
specifications of the device (e.g. shape of the nozzle).

Nasal permeation may be increased with the addition of absorption enhancers (Tab.
1). Such absorption enhancers may be co-administered with the drug or administered
as nanoparticles which combines both drug and excipients (e.g. polymer-coated
nanoparticles)®. It must be noticed that such strategies may also be used to increase
the permeation of nasal therapeutics for systemic transfer and are therefore not limited

to nose-to-brain applications.

Table 1. Main categories of absorption enhancers used for nasal drug delivery

(adapted from Merkus et al. and Swatantra et al., 2011)5°82

Categories Examples Mechanisms

Sodium laurylsulfate
(anionic) Modification of the

Surfactants o -
epithelial permeability
Polysorbate (non-ionic).
ey
Bile salts glycodeoxycholate

membrane permeability,

Sodium glycocholate mucolytic effect

Interaction with the nasal
Cyclodextrins a, B, y cyclodextrins membrane and opening of
the tight junctions

Oleic acid Disruption of the
Fatty acids _ _ membrane, solubilisation
Lauric acid of the phospholipids

Electrostatic interaction
with anionic residues
present on mucosa
surface

Cationic compounds Poly-L-arginine
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Electrostatic interaction
with anionic residues and

Cationic polymers Chitosans . .
Poly opening of the tight
junctions
Carbopol Diminution of the nasal
Bioadhesive compounds clearance, opening of the
Starch tight junctions
Sodium Solubilization of the

Fusidates . ) mucus, formation of
taurodihydrofusidate .
micelles

Decrease of the mucus
viscosity, opening of the
Co-polymer block Poloxamer tight junctions and
interactions with lipid
membrane

Next to permeation enhancers, other excipients are commonly used to improve the

efficacy of nasal treatments.

5.1 Enzymatic inhibitors

Even through nasal delivery avoids the hepatic first-pass effect, various enzyme
families are found in the nasal cavity. Indeed, the presence of peptidase, protease,
phase | and phase Il enzymes has been reported and their presence may interfere with
the delivery of numerous therapeutics. For instance, it has been reported that the
activity of CYP 450 in the olfactory epithelium was even higher than in the liver?2.
Therefore, the incorporation of enzyme inhibitors in nasal formulations may be
advisable. Different enzyme inhibitors were tested for nasal application such as
peptidase inhibitors (e.g. bestatin and comostate amylase) and trypsin inhibitors (e.g.
aprotinin and leupeptin)®. The concomitant nasal administration of salmon calcitonin

with comostate amylase, aprotinin or leupeptin induced hypocalcaemia in rats8+25.
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5.2 Mucoadhesive and mucopenetrating agents

The mucociliary clearance is represented throughout the nose but some particularities
can be observed between the different nasal regions. Indeed, although the olfactory
mucosa is characterized by the presence of static cilia, the cleaning mechanism is still
effective but rather works on basis of the gravity and the sustained production of mucus
from the Bowman’s glands®. Therefore, the use of mucoadhesive agents may be
justified and needed to extend the drug residence time in the olfactory region of the

nose.

In this context, numerous studies have been carried out to ascertain the utility of using
mucoadhesive agents to maximize the nose-to-brain transfer. In order to illustrate this
aspect, it has been shown that a combination of pectin and chitosan can reduce the
olfactory clearance®’. Moreover, the use of a combination chitosan / hydroxypropyl B-
cyclodextrins in solution provided a higher diffusion of buspirone towards the brain in
comparison with a non-adhesive solution®”:88, The use of mucoadhesive excipients

appears as an effective tool to maximize the transfer to the brain.

Special attention should be paid to chitosan and its derivatives, which represent one
of the most commonly used category of mucoadhesive agents in nasal formulations.
Chitosans are biocompatible derivatives obtained by deacetylation of chitin. The
mucoadhesion takes place via an electrostatic interaction between the cationic
polymer with its amino groups and the anionic charges of sialic acid residues present
at the surface of mucins in the nasal mucus®. In addition to this mucoadhesion,
chitosans present absorption enhancer properties as they can open the epithelial tight
junctions which results in an easier diffusion of the drug through the paracellular

pathway®°.

There are numerous chitosan derivatives which may be selected according to the
desired pharmaceutical application. Indeed, chitosan can be obtained in a very wide
range of deacetylation degrees (40 - 98%) and molecular weights, namely: low
molecular weight < 50 kDa, medium molecular weight 50 - 150 kDa or large molecular
weights > 150 kDa®!. Conventional chitosans (Fig. 5) are insoluble at neutral or basic
pH while acidic conditions allow the protonation of its amino groups (pKa 6.3) and its

solubilization. Moreover, chitosan derivatives have been subject to a multitude of
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chemical modifications to modulate their properties. For instance, N-trimethyl chitosan

allows the solubilisation of the polymer at physiological pH®2.

For nose-to-brain delivery, chitosans have been formulated in a multitude of
therapeutic preparations (e.g. solutions®’, suspensions®, in situ gel®, micro-
emulsion®®, nanoparticles®® and microspheres®’). When polystyrene nanoparticles
were coated with chitosan, it was shown that chitosan provided stronger interaction
with the porcine olfactory mucosa in comparison with uncoated nanoparticles. It was
also concluded that, by increasing the cationic charge of the polymer, the mucus

retention time was prolonged®.

/ H H OH H H

Figure 5. Chemical structure of conventional chitosans with N-acetyl-glucosamine

and D-glucosamine units®®

If particle adhesion is an essential condition, diffusion of the therapeutic molecule
through the mucus may be a limiting factor for passage to the brain. Indeed, the mucus
can act as a kind of barrier and it is described as a double-mechanism filter'®. The
first mechanism works like a sieve that prevents too large molecules to diffuse. The
second mechanism is based on interactions with the particle surface and will let them
diffuse according to their charge and polarity. It is generally observed that by
developing small nanocarriers coated with a neutral polymer such as polyethylene
glycol, it is possible to increase the diffusion through the mucus®. The explanation of
the mucopenetration would come from the combination of small entities (i.e.
nanoparticles), that easily diffuse, with a polymer, that prevents any interactions with

the mucus.

5.3 Permeability enhancement

For achieving an efficient nose-to-brain delivery, the nasal epithelium can sometimes

be a limiting step to the diffusion of therapeutic molecules. Permeation enhancers can
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increase the diffusion of a drug by various mechanisms involving an alteration of the

epithelium integrity or by increasing the mucus fluidity (Tab. 1).

For instance, a group of absorption enhancers works by opening the epithelium tight
junctions that thus make the diffusion easier. The use of such excipient is very relevant
for increasing the diffusion of molecules that borrow a paracellular transport. In this
group are found, among others, chitosans and the amphiphilic Poloxamer® 188 (a
block co-polymer with a low molecular weight consisted of hydrophobic
polyoxypropylene oxide linked with hydrophilic polyethylene oxide chains). Poloxamer®
188 has been widely studied in nose-to-brain delivery. Its enhancing effect (Tab. 1)was
attributed to its elastic behaviour, its ability to decrease the mucus viscosity and its

capacity of altering both epithelial lipid membrane and tight junctions0%.102,

Some excipients belonging to this family have already been mentioned in other

categories as they present multiple properties (e.g. chitosan).

5.4 Lipid based systems

In 2009, the very first experiments that assessed the nose-to-brain delivery of a protein
with a lipid-based nanosystem was performed by Migliore et al.1% This was the starting
point for the delivery of other biopharmaceuticals through the nose-to-brain pathway
with lipid-based systems. The use of lipid-based systems may be useful when working
with hydrophobic drugs at high concentrations or for improving their diffusion through
the nasal barrier'%4. The following lipid-based systems have been already described:

microemulsion, solid lipid nanoparticles (SLN) and liposomes.

It was shown that the brain diffusion of tacrine for Alzheimer treatment was higher in
both mucoadhesive and non-mucoadhesive microemulsions than after nasal

administration of a tacrine solution0s,

The nose-to-brain delivery of risperidone loaded in SLN was also investigated for the
management of psychotic disorders!®, It was observed that the nasal delivery of SLN
provided higher risperidone levels in mice brains compared to intravenous

administration of the same formulation.

Liposomal suspensions were also shown to improve the diffusion of anti-schizophrenic

agents in the brain after nasal administration in micel%’.
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It is also possible to confer extra mucoadhesive / absorption enhancing properties to
the formulation by associating lipid-based systems with other excipients. For instance,
by working with anionic lipids, it is possible to combine them with cationic excipients to

get modular physicochemical properties of the final dosage form?*°8,

5.5 Cell penetrating peptide

When the diffusion of a drug has to be increased, there are other possibilities than the
use of conventional absorption enhancers. Indeed, very promising results have been
collected following the nasal delivery of formulations loaded with cell penetrating
peptides (CPPs). CPPs work by enhancing the uptake of the drug administered thanks
to their ability to enter the cells'®®. Generally, CPP’s are about 5-40 amino acids
residues long and can be obtained either in a synthetic or natural manner (e.g. natural
viral proteins)!'?. CPPs increase the drug diffusion by inducing a translocation in the
cell membrane. The pathway borrowed (energy dependent or independent) will
depend on the nature of the drug, the nature of the CPP and the family of cells to be
crossed. CPPs were shown to diffuse through a panel of physiological barriers found
in the retina, the neurons, the skin, the intestine and the brain!!. Three distinct families
of CPPs have been described with cationic, hydrophobic and amphipathic CPP.

Among them, the low molecular weight protamine (LMWP) is an example of CPP that
was assessed for the nose-to-brain delivery of nanoparticles*?. LMWP was coupled
to PEG-PLA nanoparticles for the delivery of coumarin-6 in rats. Higher levels of
coumarin-6 were recovered in the brain after nasal administration when the
nanoparticles were grafted with LMWP. Another study demonstrated that higher levels
of different proteins (bovine serum albumin, peroxidase and 3-galactosidase) could be
achieved in the brain following a nasal administration thanks to the conjugation with
LMWPL Therefore, it is proven that, by adding LMWP in nose-to-brain formulations,

higher drug levels can be reached in the brain.

5.6 Targeted interactions

Another strategy for optimizing a nasal formulation is the use of excipients which have
particular affinities for a biological compound that is well-represented in the nose. For

instance, lectins are proteins isolated from plants (e.g. tomatoes or wheat germ) that
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have affinities for glycan. These sugar groups are present on the surface of biological
tissues such as the olfactory mucosa of the nose. The combination of a drug with
lectins allows improving the targeting of the olfactory area for a potential nose-to-brain

transfer.

Among all the lectins available, wheat germ agglutinin (WGA) have been deeply
assessed for nose-to-brain delivery?’. This lectin has a propensity to bind both sialic
acid and glucosamine residues which are strongly represented in the nasal mucosa.
Therefore, the co-administration of WGA with various molecules (e.g. coumarin,
vasoactive intestinal peptide) allowed achieving higher concentrations in the olfactory
bulb, cerebrum and cerebellum in rats*3-115, |t was also highlighted that WGA coupled

to horseradish peroxidase could fix sensory olfactory cells of the nasal mucosat'61/,

Other lectins have also been investigated for the nose-to-brain pathway, namely, the
solanum tuberosum lectin, the Ulex europeus agglutinin and the odorranalectin®,
Among them, odorranalectin was described to be less immunogenic derivative than
other lectins'®, For instance, this compound was studied for the treatment of
Parkinson's disease by nose-to-brain delivery. In the form of nanoparticles as well as
in combination with a PEG-PLA mixture, they were able to deliver high concentrations

of urocortin peptide in the brain.

5.7 Deposition in the olfactory reqgion

Even if a formulation has been optimally developed, the amount of drug deposited in
the olfactory region should be maximized to increase its transport to the brain. The
administration of charged particles maybe associated with an electric field to better
guide the particles for the nose-to-brain transfer. Using this method, it was possible to
reduce the drug losses in the anterior part of the nose while increasing the deposition

in the olfactory mucosal?®.

The optimization of the in vivo impaction of a powdered formulation may be also
achieved through specific in vitro evaluation. Atrtificial nasal cavities called “nasal
casts” were used to evaluate the vestibular intubation (releasing the particles in a
precise point of the vestibule), the deep intubation (the nozzle of the nebulizer is placed
below the olfactory mucosa) and the electric guidance deposition (enhancing the

deposition of charged particles in the olfactory region by applying an external electric
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force). The electric guidance resulted in 16% v/v of deposition in the olfactory region

while deep intubation provided only 1% v/v of deposition??0.

It is also possible to deposit more formulation in the olfactory zone thanks to the use
of specific devices. Recently, the number of devices dedicated to the nose-to-brain
delivery has increased due to the growing interest.

6. Nasal devices

Even if both the formulation strategy as well as its properties are predominant for the
nasal delivery, the choice of the medical device is also very crucial. The device
selected will drastically impact the efficacy of the nasal treatment by changing the
amounts of drug deposited in the nasal cavity or by delivering more accurate doses,
for example. It is thus essential to perform characterization tests with the combination
“formulation + device” in order to work on the final therapeutic product. Indeed, some
formulation properties can be modified once loaded in the nasal device. For example,
the aerosol size distribution can differ from the size distribution of the raw formulation
(e.g. if agglomeration issues appear once loaded in the device). As a proper choice of
the device was particularly important in our work, it was decided to describe the
different technologies available to allow a better understanding of the choice of the

devices selected to perform our in vitro evaluation of both dry and liquid formulations.

6.1 Liquid devices

Liguid formulations represent the great majority of the pharmaceuticals dosage forms
available for nasal administration. For the nasal delivery of liquid formulations, the
following devices are available: droplets dispensers, rhinyle catheters or tubes, multi-
doses metered-dose pump sprays, single or duo-dose spray devices and pressurized

systems®3,

Droplets dispenser

This is one of the most traditional and old device used in the nasal field (Eig. 6).
Droplets dispensers are available as unit or multi-doses systems. They present the
advantage of having a low cost production and an easy manufacturing protocol.
However, they present a lot of limitations in terms of microbiological contamination and

dose reproductibility®8.
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Figure 6. Example of nasal droplet dispenser (www.gravis.fr)

These devices are preferably replaced by new pressurized systems or mechanical
spray pumps. Nowadays, droplets devices are limited to the local delivery of drugs
such as corticosteroids. The nasal drop form with single-doses delivery systems still
remains the best choice for the treatment of certain local pathologies such as nasal
polyps where high deposition in the middle meatus is needed'?1.122,

Rhinyle catheters and tubes

This device category is rather used for experimental studies (e.g. preclinical
experimentations) and is not widely represented in the nasal market!?3. However, the
example of desmopressin can still be cited as it is delivered with such device during its
commercialization'?4. The configuration of the device is made with a tip connected to
the nasal cavity while the other extremity is connected to the patient's mouth. The
patient has to blow through the tube in order to propel the formulation in the nose.

Metered spray pumps

This category represents the most common devices present in the nasal market since
a few decades (Eig. 7). They allow the delivery of a defined volume of liquid comprised
in the range 25 - 200 L. At the beginning of their use, these devices required a “prim”
step to initiate the device. However, they may lead to some variabilities during the
administration. Indeed, many parameters such as the actuation force or the shape of

the nozzle may strongly impact the size distribution in the aerosol or the shape of the
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plume!?®. Metered-dose spray pumps usually require the addition of preservatives but
this disadvantage has been overcome thanks to the development of innovative devices
that have ensured microbiological stability without adding preservatives. An example
of such devices is the “Advanced Preservative Free” system developed by Aptar
Pharma and based on a combination of a filtration membrane and a seal

(www.aptar.com).
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Figure 7. lllustration of the metered spray pump used for the delivery of salmon

calcitonin in the product Fortical®

Single or duo-dose spray devices

Sometimes, nasal administration requires the delivery of more accurate doses of drug
(e.g. drugs with narrow therapeutic index). In contrast to metered-dose spray pumps
which are rather designed for chronic treatments, single or duo-dose spray devices

are more relevant when the drug administered is very expensive®2.
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Figure 8. FluMist®, quadrivalent nasal spray flu vaccine from AstraZeneca

(www.flumistquadrivalent.com)

For instance, when the spray devices are used for the delivery of nasal vaccines (Fig.

8) like the influenza vaccine “FluMist®” (www.flumist.com)*26,

Pressurized systems

Previously, the pressurized metered dose inhalers (pMDI, Fig. 9) were loaded with
chlorofluorocarbons (CFC) as propellants for the aerosol generation. Gradually, these
CFC’s have been removed and changed for hydrofluoroalkanes (HFA) due to their
ecological side effects on the ozone layer. Additionally, CFC involved dryness of the
nasal mucosa as well as unpleasant cold effect for the patient during the
administration. Another drawback is the very high velocity of the droplets at the exit of

the device.

Figure 9. lllustration of the pMDI nasal technology from 3M company (www.3m.com)

These major disadvantages were solved by changing CFC for HFA?7128 pMDI also
present a few advantages such as their limited size and their easy transport as well as

the selection of the dose delivered and isolation plus protection of the content!?°,
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6.2 Powder devices

For the nasal delivery of powders, three categories can be described:

Nasal inhalers

Inhaler devices are based on the breath actuation by the patient. The powder is
contained in a blister or in a capsule in a similar way to dry-powder inhalers for lung
delivery (Eig. 10). Before the administration, the blister or capsule is pierced and the
patient inhales the powder which is aerosolized and deposited in the nose.
Administration is similar to the lung delivery with dry powder inhalers excepted that

inhalation is performed through the nose instead of the mouth.

Nasal adapter

=~ o Indicator window
r-
Air inlet
— ~}"!,"»‘
i 1 :z\ Turning grip
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Figure 10. lllustration of the nasal inhaler “Turbuhaler®” (on the left) used for the
delivery of “Rhinocort®” (AstraZeneca) and Rhinocort® products with powder and liquid
devices (metered spray pumps) for the nasal delivery (on the right).

Such devices were developed by companies such as Astra Zeneca

(http://www.astrazeneca.com). They adapted the “Rhinocort Turbuhaler®”, initially

intended to lung delivery, for the nasal delivery of budesonide for the treatment of nasal

polyps.

Nasal powder sprayers

The aerosol is produced following the generation of a positive pressure in a
compressible compartment included in the device. When the positive pressure is
released, the aerosol is generated and the powder is expelled outside of the device.
Several devices from various companies (e.g. the Unit-Dose System “UDS” from Aptar

Pharma, www.pharma.aptar.com, Fig. 11) are based on this principle and consist of

an air-loaded compartment sealed with a membrane. The compartment is then
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compressed and the membrane pierced. Finally, the pressure allows the production of
the aerosol®3. The UDS device is designed to deliver precise amounts of powder but
also liquids. Once used by the patient, it can be discarded as it is a disposable device.

This device has a system of ball / valve that prevents contamination from outside airt?3.

Figure 11. Unit-Dose System (UDS) from Aptar Pharma (www.aptar.pharma.com)

Nasal insufflators

The basic principle of this device involves a connection between the mouth (the
mouthpiece) and the nose (the nosepiece). When the patient expires in the device, the
powder is expelled from the insufflator towards the nasal cavity through the nosepiece.
During expiration, there is a displacement of the soft palate which involves the isolation
of the nasal cavity from the rest of the respiratory tract. This particularity avoids the
loss of significant amounts of powder in the lower respiratory tract (e.g. in the lungs)®s.
A device based on this operation has for example been developed and optimized by

Optinose® (www.optinose.com) with their "Breath powdered Bi-directional™
technology"” (Eig. 12).
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Figure 12. Bi-directional nasal delivery system from Optinose® (www.optinose.com)

The nasal delivery of sumatriptan by using the bi-directionnal™ technology and in the
form of a dry-powder (AVP-825) was compared to its nasal delivery by using a
conventional liquid spray and in the form of a liquid3°. The clinical study reported,
among others, the sumatriptan plasma concentration during 4 hours. It can be
concluded (Eig. 13) that by using the powder-state form combined with this technology,
both faster and higher absorption of the drug were achieved.

1819 —e— AVP-82522mg

16 =@= Sumatriptan liquid nasal spray 20 mg
14 4
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Figure 13. Comparison of sumatriptan plasma concentration-time profile during 4
hours between the powder loaded in the breath-powdered device compared to a

conventional liquid spray (n =20)13?

6.3 Nose-to-brain devices

As previously discussed, the deposition site of the drug in the nasal cavity is one of the

main factors affecting the effectiveness of a nose-to-brain delivery. In addition to the
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inherent design of each device, the deposition, which should be oriented towards very
specific and different areas of the nasal cavity, is greatly dependent on the orientation

of the plume.

Conventional pump spray will rather orientate the deposition in the anterior part of the
nose (nasal valve and vestibule)194132.133 A device that generates a thinner plume will
usually rather deposit in the turbinates!34. For instance, using a conventional metered
dose spray-pump, it was shown that only 2.5% v/v of formulation were deposited in the
olfactory region3®>, Some researchers showed that, with classical droplet dispensers,
it is even possible to deposit satisfactory amounts of drug in the olfactory region®.
Obviously, these observations were collected from studies that characterized their
formulation of interest and the aerosol properties can still vary depending on the

formulation characteristics.

A first example of device dedicated to nose-to-brain delivery is the Vianase® device
(Eig. 14) from Kurve Technology™ (Kurve Technology Inc., Lynnwood, WA, USA). It
combines an electronic atomizer associated to a vortex. This device is developed for
liquid formulations and allows a precise control of the size of the droplets generated in
the aerosol. In clinical studies, this device provided improvements in conditions for

Alzheimer’s patients after a nose-to-brain delivery!36,

Figure 14. Vianase® device from Kurve Technology™ (www.kurvetech.com)

The nasal device developed by Optinose® (Optinose US Inc., Yardley, PA, USA)
previously described in the paragraph “Nasal Insufflators” was also assessed for its
ability to target the olfactory region. An experimental study compared the deposition of
labelled lactose with either the Opt-powder device or with a conventional pump-spray
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(Rexam SP270, Rexam Pharma, France). It appeared that, with the Opt-powder
system, 18% v/v was deposited in the upper part of the nose in contrast to only 2.4%
v/v with the conventional liquid pump-spray*.

Another system providing similar advantages has been proposed by SipNose
(SipNose Ltd. Yokneam, Israel).

Impel NeuroPharma (Impel NeuroPharma Inc., Seattle, WA, USA) also developed a
nose-to-brain device which works with the “Precision Olfactory Deposition™” (POD)
technology. The device implies a propellant gas (HFA) to generate the aerosol. It was
suited for the nasal administration of both powder and liquid formulations. A deposition

of 45% v/v in the upper part of the nose could be achieved with the POD technology*3’.

The UDS devices previously described from Aptar Pharma (Aptar Pharma Inc., Le
Vaudreuil, France) was also presented to be able to target the nose-to-brain pathway.
High deposition (52% v/v) was obtained in nasal casts when a powder formulation was
delivered from the UDS device!%,

7. Potential applications of nose-to-brain delivery

7.1 Neurodegenerative diseases

Among the various existing pathologies, neurodegenerative diseases remain the ideal
target for nose-to-brain medicines'*®. Indeed, the treatment of such pathologies
requires chronical administrations that are easier to implement from the nose-to-brain
delivery due to its non-invasiveness and its direct access to the brain. Therefore, it

provides benefits in terms of efficiency and compliance.

Alzheimer’s disease (AD)

AD is a widespread cause of dementia that is characterized by the presence of amyloid
plaques, cognitive dysfunctions, the loss of cortical neurons and, finally, neurofibrillary
nodes'“®, Up to now, currently therapeutic agents used to treat this pathology are
acetylcholinesterase inhibitors or glutamate neurotransmission blockers. These
molecules are mostly delivered orally, which limits their access to the brain because of
the blood-brain barrier'#t. Unfortunately, these therapeutics only provide limited
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improvements. Such failure explains the need of finding new drugs as well as novel

routes of administration42,

In this context, the nose-to-brain delivery of R-flurbiprofen (R-FP) in mice has provided
very interesting data!*®. The levels of R-FP recovered in the brain after the nasal
administration of R-FP loaded in albumin nanoparticles (301.2 = 36.3 ng/mL, t = 0.5h,
n = 4) were higher than after oral administration of the R-FP solution (117.0 £ 23.9
ng/mL, t = 0.5h, n = 4). In addition, the protection afforded to the cellular mitochondria

was also enhanced after nasal administration.

Insulin is another drug that was deeply studied for its beneficial effects on the memory
and, flowingly, as a potential treatment for AD. The resistance to insulin, the decrease
of the gene expression for insulin receptor and the decrease in circulating insulin levels
in the brain may explain the beneficial effects obtained in patients with AD after insulin
administration44145 A study focused on intranasal administration of insulin in patients
with mild to moderate AD during 4 months has brought improvements in regards to
their cognitive capacities'#>. Another study has assessed the improvement of the
cognitive capacities in 24 patients with early AD. Patients received either the placebo
or insulin by nasal administration. Patients who experimented nose-to-brain delivery
have shown better attention and verbal memory!46. Another study involving 36 patients
with AD has also highlighted memory improvement after nasal insulin delivery in
comparison with the placebo4’.

Obviously, these therapeutic effects may be attributed to both nose-to-brain but also
systemic passages. This is why various strategies have been discussed to better target

the nose-to-brain transfer such as the association with cell-penetrating peptides4®.

Parkinson’s disease (PD)

This degenerative pathology is characterized by a destruction of dopaminergic neurons
located in the substantia nigra'*®. Among the various drugs nasally delivered for PD
management, bromocryptin is a first relevant example. A pre-clinical experimentation
compared the diffusion of bromocryptin loaded-nanoparticles in chitosan after either
nasal or intravenous delivery in mice. The high concentration of bromocryptin
recovered in the brain after 0.5 hour was attributed to the nose-to-brain transfer'®°. The

nose-to-brain transfer also involved a significant increase in dopamine brain levels.
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Other therapeutics have also been proposed for the management of PD by the nasal

route : ropirinol'®?, rasagilin'®? and pramipexol*®3,

7.2 Brain Cancers

The nose-to-brain delivery also represents a great opportunity for the treatment of brain
cancers. Previously, the treatment of such cancers involved the use of highly invasive
administration procedures such as the “convection-enhanced delivery” which delivers
anticancer agents directly to the tumour via catheters through the skull*>*. Moreover,
the use of non-selective drugs involved toxicity against healthy brain tissues and,
subsequently, led to neural damages. Nowadays, research deeply focuses on the

development of more targeted treatments involving non-invasive administration®4,

Among the different types of brain cancers, malignant glioma is the most frequent.
Among the different glioma, the glioblastoma is the most aggressive form and is
correlated to a survival rate below 5% over 5-years'®®, Taking this into consideration,
glioblastoma has been the target of many scientific studies developing nose-to-brain
treatments'®®, For instance, nasal delivery of GRN 163, a telomerase inhibitor,
provided an increase of the median survival in rats from 35 days to 75.5 days*>4. Nose-
to-brain delivery of siRNA targeting the Galectin-1, an overexpressed protein in
glioblastoma, was evaluated by another research group with promising findings°6. By
using the siRNA complexed nanoparticles, they could decrease the expression of
Galectin-1 in both human and murine glioblastoma cells. Moreover, they reduced by
50% the Galectin-1 expression in tumour bearing mice. The combination nose-to-brain

/ tumour targeting could provide a promising treatment for brain cancers.

7.3 Other pathologies

Obviously, nose-to-brain application is not only limited to neurodegenerative diseases
or brain cancers. Indeed, a multitude of other pathologies could also be targeted like

depression, migraine or schizophrenia®®’.

For instance, the management of depression by nose-to-brain delivery of duloxetin was
assessed. Such delivery provided better improvements in depressed rats compared to

the oral route of administration°8,
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Other studies have considered the nose-to-brain delivery of triptans to treat headache.
Triptans work by inducing the contraction of cerebral arteria which, subsequently,
allows achieving a better distribution of the blood in the brain. Many nasal medicines
containing triptans are already commercialized such as Imitrex® (GSK, Brentford, UK)
which is a first relevant example of commercialized sumatriptan-loaded nasal spray.
However, such marketed product does not focus on a direct nose-to-brain transfer and
rather uses a systemic pathway in order to reach the CNS. Subsequently, new
formulations have been developed in order to provide a nose-to-brain transfer to
sumatriptan (e.g. micellar nanocarriers)*®’. Other tripans such as zolmitriptan loaded-
microemulsion could be efficiently delivered in the brain of rats'®°. It was concluded
that higher diffusion of zolmitriptan into the brain following nasal administration resulted

from the contribution of both systemic and direct transfers.

Schizophrenia may also be a relevant pathology to be treated from nose-to-brain
delivery. Preclinical studies have been already conducted in mice. It was shown that
it was possible to reach concentrations 6 - 8 times higher compared to the intravenous
administration of paliperidone'®°. In this study, they also evaluated the “direct transfer
percentage (DTP)” by making a ratio between areas under the curve (AUC) in the brain
and in the blood following either nasal or intravenous administration. The DTP thus
represents the amount of paliperidone directly transferred from the nose to the brain.
This percentage was 68.82 + 6.0% following the nasal administration of the

microemulsion containing paliperidone.

Among these pathologies, the cachexia syndrome can also be considered as a new

potential therapeutic target for a nose-to-brain treatment.

7.4 Nose-to-brain delivery of peptides and proteins

The first study that focused on the delivery of a protein directly from the nose to the
brain was performed in 1995 by Thorne et al'®. This was the first study quantitatively
describing the nose-to-brain transport of a protein. In 2002, a very interesting work was
published by Born et al.162. They proved that three peptides (vasopressin, melanocortin
and insulin) nasally administered in human patients could reach the cerebrospinal fluid
without passing by the bloodstream. Even if intranasal delivery of such biotherapeutics
provided higher bioavailability in the brain compared to other routes of administration

(e.g. intravenous, oral), the drug levels in the brain remain limited when administered
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without addition of excipient (< 1%)%°. Indeed, peptides and proteins are complex
molecules characterized by a high molecular weight associated with a certain
hydrophilicity that makes their delivery quite challenging in terms of both stability and
diffusion through the biological membranes. Indeed, it is commonly accepted that a
drug having a molecular weight greater than 1000 Da will have difficulties to pass
through the nasal mucosa and, therefore, requires the use of absorption enhancers'63,
Once the drug diffusion increased, the drug should also be protected against enzymes
from the olfactory mucosa (e.g. CYP-450, esterase, transferase)®41%5 The
development of nose-to-brain formulations should be focused on preventing both

issues.

Among the various biomolecules evaluated for nose-to-brain application, one of the
most studied was insulin (that was briefly discussed in the paragraph “1.6.1.
Neurodegenerative Diseases”). At the very beginning, the nose-to-brain administration
of insulin was used to increase insulin peripheral sensitivity which was a result of its
effect in the brain'%. Then, a second application for AD was considered due to its

therapeutic effects on the memory recovery48.167,

The majority of peptide drugs that were, or are, concerned by clinical studies for their

nose-to-brain application are listed in (Tab. 2).

Table 2. Peptide drugs concerned by clinical studies for their nose-to-brain

application®

Peptide drugs Therapeutic targets Clinical phase
Insulin - Alzheimer’s disease Phase | = IV
- Obesity

- Parkinson’s disease
- Schizophrenia

- Major depressive disorder

Oxytocin - Cognitive and behaviour Phase | =2 IV
disorders

- Autism Spectrum disorder

- Post-traumatic stress
disorder

- Sexual dysfunction
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- Schizophrenia

- Pain management

Arginin-vasopressin - Cognitive and behaviour Phase |
disorders

- Pro-social effects

Melanocortin (4-10) - Obesity Phase | = I

Cholecystokinin - Obesity Phase | - Il
- Alzheimer’s disease

- Cognitive and behaviour
disorders

NAP neuropeptide - Alzheimer’s disease Phase | = |l

- Schizophrenia

Hypocretin-I (orexin A) | - Obesity Phase |
- Alzheimer’s disease

- Parkinson’s disease

- Narcolepsy
Hexarelin - Growth hormone deficiency Phase |
Neuropeptide Y - Obesity Phase |
Insulin-like growth | - Diabetes Phase |
factor-I - Obesity

It must still be noticed that, even if nose-to-brain transfers are reported, it is usually a
contribution of multiple pathways that allow a drug to access the brain (i.e. systemic,
olfactory and trigeminal). This is one of the major obstacles in the development of a
clinical study; experimenters experiencing great difficulty in distinguishing the different
transport routes borrowed by a drug. Therefore, the development of a therapeutic that
would selectively use a direct nose-to-brain transport would theoretically be

impossible.
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8. Cachexia and ghrelin

8.1 The cachectic syndrome

Cachexia can be defined as “a complex metabolic syndrome associated with
underlying illness and characterized by loss of muscle with or without loss of fat mass”
168 The prominent clinical feature of cachexia is weight loss in adults (corrected for
fluid retention) or growth failure in children (excluding endocrine disorders). Anorexia,
inflammation, insulin resistance, and increased muscle protein breakdown are
frequently associated with cachexial®®. The most frequent cachexia-associated
pathologies are: chronic obstructive pulmonary disease, heart failure, cancers, kidney
pathologies and rheumatoid arthritis?°,

Cachexia results from a general metabolic disorder with an imbalance between food
intake and energy consumption. The inflammatory state would be favoured by a
dysregulation in inflammatory cytokines'’. These cytokines could also have leptin-like
activity on the appetite which results in an appetite decrease'’. These cytokines would
also involve the blockage of hormonal signalling pathways such as the axis involving
both neuropeptide Y and GHRL!"3. The levels of specific inflammatory cytokines (e.g.
C-reactive protein and interleukin-6) are even measured and serve to establish the
severity of the syndrome in the patient'’4. Patients where the cachectic syndrome is

found often see their prognosis worsened.

8.2 Classification of the cachexia severity

In order to classify the severity of the cachectic syndrome, many methods of
classifications have been described!’>. Each of them considers different criteria to
establish the state of progress of the syndrome. Most of the classifications have been
set up for cancer cachexia. The cachexia staging is not only interesting to establish the
severity of the syndrome; it also facilitates the orientation of the treatment.

A first classification method describes three different stages: pre-cachexia, cachexia
and refractory cachexial’®. The pre-cachexia stage is characterized by preliminary
clinical signs which precede a significant weight loss. Pre-cachexia is defined by a

weight loss < 5%, anorexia and metabolic modifications. Depending on the evolution
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of the underlying pathology with respect to the treatment (e.g. response to
chemotherapeutics), the stage of the syndrome may progress to the next stage:
cachexia. The cachectic stage may be established if one of the following criteria is
encountered: loss of stable body weight > 5% during the last 6 months or a body mass
index < 20 Kg/m2 and a weight loss > 2% or sarcopenia and weight loss > 2%. The
third stage, refractory cachexia, is usually encountered with aggressive cancers and
where there is a lack of response to chemotherapeutics!’®. This stage is defined by a

low performance status of the patient coupled to a life expectancy lower than 3 months.

Another classification was proposed for cachexia; the latter is called CAchexia SCOre
(CASCO) and is based on a numerical system'’4. The score generated is comprised
between 0 and 100 and four different states of cachexia can be attributed depending
on the score obtained: mild cachexia (0 - 25), moderate cachexia (26 - 50), severe
cachexia (51 - 75) and terminal phase (76 - 100). The score is calculated using 5 tools:
loss of body mass / composition changes, inflammation / metabolic disorders /

immunosuppression, physical performance, anorexia and quality of life (Eig. 15).

It can be seen that the loss of body mass represents 40% of the total distribution which
shows its predominant role. Inflammation is also involved and the levels of both C-
reaction protein and interleukin-6 can be increased in cachectic patients. Among the
different metabolic disturbances, the patients may have anaemia or lower levels of
albumin. These data may be evaluated and included in the CASCO score calculation.
Moreover, the physical performances being directly linked to the muscle performance,
it is a useful tool to assess the loss of muscle mass in cachexia. The syndrome also
includes a loss of both appetite and food intake that are correlated to anorexia that is
directly linked to the quality of life.

All these parameters are therefore interrelated and must be integrated separately in

this complex calculation to produce a final value that will help to guide the treatment.
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cachexia score (CASCO):

BWC (0-40) + IMD (0-20) + PHP (0-15) + ANO (0-15) + QOL (0-10)

mild moderate severe terminal phase
0 25 50 75 10

score 0

Figure 15. CASCO staging system with the 5 tools: BWC body weight loss and
composition, IMD inflammation/metabolic disturbances/immunosuppression, PHP

physical performance, ANO anorexia, QOL quality of life'"*

8.3 Epidemioloqgy

The prevalence of cachexia is strongly dependent of the pathology/ies that is/are
associated to the syndrome. For end-stage chronic heart failure, the prevalence is 5 —
15 % while the prevalence for advanced cancers is 80%*’°. For instance, in patients
with pancreatic cancer, cachexia would be responsible for 50 - 80 % of the deaths7®.
About the mortality, cachexia would be responsible of 10 - 15 % of deaths per year for
Chronic obstructive pulmonary disease (COPD), 20 - 30 % per year for heart failure -
kidney diseases and 80% for cancers!’?. Cachexia is often responsible for the

aggravation of treatment-related side effects.

8.4 Hormonal ethioloqgy

Among the multiple factors causing cachexia, there is a disturbance of the hormonal
axis regulating appetite (Fig. 16). The latter is located in the arcuate area of the
hypothalamus. In this complex hormonal balance, leptin, a peptide hormone that plays
a crucial role in the regulation of appetite was found. Leptin acts via the CNS and
induces a decrease of appetite as well as an augmentation of the energy consumption
by the body’7:178, Leptin activates a signalling path that involves other downstream
hypothalamic neurotransmitters. In case of body mass loss and when the body is
functioning properly, the levels of leptin decrease and the hormonal signalling path that
has the opposite effect - the stimulation of food intake - is stimulated.
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Appetite-stimulating neuron
Stomach (empty) Adipose tissue (fat cells)
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intake and body intake and
weight gain body weight
Figure 16. Hormonal regulation of food intake with GHRL increasing and leptin
decreasing effects (GHS-rr GHRL receptor; Ob-r: obesity receptor),

www.humankinetics.com

This orexigenic hormonal chain involves, among others, the neuropeptide Y, GHRL
and other neuropeptides?’3. The cachectic state will result, in part, from a disruption of
this hormonal balance between both appetite regulating systems. For instance, it
appeared that in rats bearing tumours, the circulating levels of GHRL where lower in
comparison with healthy rats and some kind of GHRL resistance could even be
observed!’®. The experimentation could highlight some improvements in terms of
anorexia — cachexia state after GHRL administration while the administration of a

GHRL antagonist induced a worsened evolution of these animals.

8.5 Cachexia management with ghrelin

Up to now, the most suitable therapeutic approach for cachexia management is to
adopt a multifactorial scheme of treatment. This involves dietary advice, the treatment
of the inflammatory state, re-stimulation of the patient's appetite, and of course, the
treatment of the underlying pathology. To stimulate the appetite in critically ill patients,
the administration of GHRL would be an attractive option as it plays a major role in the

orexigenic hormone system?0,
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Regarding its chemical structure, it is composed of 28 amino acids on which is grafted
a fatty acid chain of octanoic acid type!®!. This fatty acid group is added on the “Ser-3”
residue and it is essential for the GHRL binding to its receptors (Eig. 17). The octanoic
acid is post-transcriptionally added by a specific enzyme which is called GHRL -O-acyl
transferase “GOAT”.

Human Ghrelin-28

1 3
NH:-@ Ser Ser Phe ser@’ém@ cin (Ra)
;0 9 (Lys)
g =@

HCH . Gin
HCH Lys Ser Glu Lys Gin

HCH Lys

HCH
H¢H Pro
H Pro 28
N-Octanoyl group 7 Lys! ‘ :Glnw-(‘()()H

Figure 17. Amino acid sequence of human octanoylated GHRL and rat GHRL

sequence with modifications on residues 11 and 12 octanoylated GHRL 82

GHRL is the first and only peptide hormone described in the body with this particular
fatty acid group®®. In the body, GHRL can be found in two circulating forms: the
octanoylated or acylated form which is the biologically active form and the
desoctanoylated or desacylated form which is the stable and predominant form of

circulating GHRL.

The main secretory organ of the peptide is the stomach but other organs also
contribute to its production such as lungs or colon'®*18_ The secretion of GHRL is
characterized by infradian cycle with higher plasmatic peaks before each meal (Eig.
18)185, A treatment involving GHRL administration should mimic the circadian rhythm

and, therefore, should be based on a chronic administration.
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Figure 18. Mean (z standard error) 24-h plasma GHRL profiles in 13 obese subjects
before and after diet-induced weight loss. Breakfast, lunch, and dinner were provided

at the times indicated!8’

To promote its physiological activity in the body, GHRL needs to fix its specific

receptors, the Growth Hormone Secretagogue receptors (GHSR-1a)*88,

GHSR-1 comprises 7 transmembrane units and is coupled to G-protein. It is important
to notice that the structure of this receptor is conserved between species which allows
certain correlations between the data collected from pre-clinical studies on animals
(e.g. mice, rats) and those from humans. Following the binding of GHRL to the GHSR-
1, there is a release of neuropeptide Y and Agouti-related peptide (AgRP) which have

both appetite stimulating effects!89,

Therefore, GHRL administration in cachectic patients could potentially help to restore
their appetite. Moreover, GHRL also possesses anti-inflammatory activity which makes
its administration even more interesting. Thanks to its various physiological activities
that could be beneficial for the treatment of cachexia, GHRL has been extensively
studied in both animals and humans. It was shown that external delivery of GHRL,
such as after intravenous administration, increased the food intake in healthy
patients'®, The usual GHRL doses intravenously administered in humans for cachexia
management were in the range 2 — 8 ug/Kg once a day*®!. However, from this initial
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dose, a non-negligible percentage of the peptide was rapidly metabolized in the plasma

which drastically limited its effectiveness after parenteral administration*,

8.6 Nose-to-brain delivery of ghrelin for cachexia

Considering its potential therapeutic activity as well as its physicochemical properties,
the nose-to-brain delivery of GHRL could be an optimal strategy to treat cachexia.

Indeed, GHRL is a very sensitive peptide, especially in its acylated form. The acylated
form has a plasmatic half life time in human of about 9 - 13 min with a degradation
predominantly assumed by plasmatic butyrylcholinesterase!®®1%2, This degradation
being very fast, it is essential to select a route of administration with a limited
metabolism (e.g. nose-to-brain pathway). However, due to the presence of enzymes

in the nasal cavities, protection should be afforded to properly administer GHRL.

The second advantage of the nose-to-brain delivery of GHRL is related to the
localization of the GHSR-1a receptors which are mainly localized in the arcuate
nucleus of the hypothalamus. GHRL must therefore access the brain, diffuse towards
the hypothalamus to fix its receptors and thus exercise its physiological activity.
However, such transfer does not take place spontaneously in an efficient manner
which implies to maximize the amount of drug deposited in the olfactory area while
promoting the diffusion through the mucosa and, at least, increasing the contact time
between the drug and the nasal mucosa.

The third benefit provided by nose-to-brain delivery of GHRL is its non-invasiveness.
The objective of the treatment regimen adopted with this peptide is to recreate the daily
secretion peaks found in the healthy individual (i.e. secretion before each meal) which
thus requires repeated administrations. The administration should be repeated several
times during the day and for several days which is quite cumbersome for an invasive
administration. The nose-to-brain pathway offers an obvious increase of the patient

compliance.
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8.7 Cachexia treatment with other drugs

The first group of therapeutic agents acts on the stimulation of the appetite and include
progesterone analogues (e.g. megestrol acetate or medroxyprogesterone)
corticosteroids and cannabinoids (e.g. Delta-9-tetrahydrocannabinol) (Tab. 3). The
second group acts by inhibiting inflammatory cytokines like TNF-a or interleukin-61%,
This group includes, among other, w-3 fatty acids (e.g. eicosapentaenoic acid) and

thalidomide.

The last class is composed by anabolic agents that are used to enhance the muscle

anabolism (e.g. fluoxymesterone or megestrol acetate).

Clinical studies have shown that the best results were usually provided with a
combination of multiple pharmacological agents that have different and complementary

modes of action93.

Table 3. Summary of the main therapeutic agents used for the management of

cachexia (adapted from Aoyagi et al., 2015)1%4

Name Class Physiological Mechanism
effect
Megestrol acetate Derivative of Stimulation of Possible release of
progesterone appetite and neuropeptide Y
improvement of
the nutritional
status
Medroxyprogesterone | Derivative of Stimulation of Decrease of
progesterone appetite and serotonin and
improvement of inflammatory
the nutritional cytokines levels (ll-
status 1, 1I-6 and TNF- a)
Delta-9- Cannabinoid Increase of the Possible activation
tetrahydrocannabinol food intake and of endorphin
body mass receptors.
Inhibition of
prostaglandins and
-1
Melanocortin Adenocorticotrop Prevention of Neuropeptide Y
antagonist hormone antagonist | anorexia and lean | alteration or
body mass losses | melanocortin-4
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receptor
antagonism

Thalidomide

Immunomodulatory

Limit weight and
body mass losses

Decreases TNF-a,
pro-inflammatory
cytokines, nuclear
factor kappa B,
cyclooxygenase 2,
angiogenesis

Etanercept

Immunomodulatory

Diminution of the

fatigue, improves
adjuvant therapy
adherence

Diminish effect of
TNF

Eicosapentaenoic
acid

Lipid

Mixed, increase of
body weight and
appetite

Diminution of the
inflammatory
cytokines levels

Corticosteroid

Immunomodulatory

Augmentation  of
appetite

Various

Formoterol

Beta-2 agonist

/

Protein and muscle
degradation
antagonism

Erythropietin

Glycoproteic
hormone

Increase of both
metabolic and
sportive capacity of
patients

Diminution of 1l-6
levels

ACE inhibitors

Heart medication

Diminution of TNF-
a levels

B-blockers

Heart medication

Reduction of
muscle mass
losses
Preservation of the
body weight,
muscle and lean
body mass

Akt
phosphorylation

Among the various molecules tested for cachexia, anamorelin seems to be one of the
most promising drugs. Anamorelin (development code name ONO-7643) is a non-
peptide, orally active, selective agonist of GHRL receptors!®>1%_ Anamorelin is under
development by the Swiss pharmaceutical group Helsinn Healthcare SA (Lugano,
Switzerland) for its application against cachexia in patients with non-small cell lung
cancer (NSCLC). In 2016, they published the data collected from phase Il studies with
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improvements in mean body mass, body weight and appetite!°®.

In May 2017, and despite these promising results obtained, the European Medicines
Agency (EMA) refused twice to authorize the marketing of anamorelin. Indeed, Helsinn
Healthcare SA asked for a second examination of the demand but the EMA finally
concluded that the benefit - risk balance was not satisfactory

(https://lwww.ema.europa.eu).

The data on the safety of the drug were not exhaustive enough and some parameters
monitored in the patients (e.g. the hand grip strength) did not show an improvement
considered sufficient.

9. Scientific strategy

9.1 Liposomes

Liposome is a widely exploited nanodelivery system that does not only improve the
effectiveness of the treatment but it also helps to minimize the toxicity of certain
therapeutics. Many products containing liposomes have already been marketed such
as Ambisome® (Nexstar Pharmaceuticals Inc.) which contains amphotericin B-loaded
liposomes for the treatment of fungal infections by intravenous administration®’.
Liposomes are characterized by a particular structure that combines an aqueous core
surrounded by a lipid bilayer (Eig. 19). This bilayer may be composed of various lipids
which may be pegylated or charged. Such characteristic allows the administration of
either hydrophilic molecules, which will be encapsulated in the agueous core, or
hydrophobic molecules, which will be included in the lipid bilayer.
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Liposome for Drug Delivery
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Figure 19. Liposome structure with some examples of ligands associated to their

encapsulation site in liposomes according to their polarity'®®

Liposomes can be prepared in various ways, but the best-known protocol is probably
the rehydration of a thin lipid film also called the “Bangham method”1%°. The lipid
mixture, mostly composed of phospholipids, is dissolved in an organic phase which is
then removed by evaporation. This results in a lipid film on which a well-defined
agueous medium is dropped off. A stirring step is carried out which makes it possible
to disperse the lipids in the form of liposomes in the aqueous medium. This step is
often performed at a temperature above the lipid transition temperature because the

lipids are more flexible.

The liposomes produced with this method are called “multilamellar vesicles” (MLV) as
they measure about 1 - 5 um and they comprise several lipid bilayers. Two other
categories of liposomes exist with smaller sizes and only one lipid bilayer. Unilamellar
liposomes with a size in the range 100 - 250 nm are classified in the “large unilamellar
vesicle” (LUV) group while liposomes measuring 50 - 100 nm are named “small

unilamellar vesicles” (SUV)9,

From the initially produced MLV with the Bangham method, it is still possible to switch
to LUV or SUV by conducting an additional step of sonication or extrusion. It is even

possible to obtain nano-sized liposomes.

Depending on the expected application for liposomes, the investigator may select
phospholipids among a multitude of compounds available. For instance, PEGylated

liposomes may increase the residence time of an encapsulated drug in the systemic
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circulation while the use of phospholipids with a specific charge may enhance the yield

of the encapsulation?°,

Liposomes were thus chosen as the starting point for the formulation strategy in this
work. This choice was made because liposomes already shown enhancement in both
diffusion and protection of peptide hormones (e.g. calcitonin or insulin) once delivered
in the nose?°1202, The choice was made on a mixture of lipids containing among other
dihexadecyl phosphate (DHDP). The presence of phosphate groups in this lipid
allowed conferring a negative resultant charge to the liposomes. These anionic
liposomes should provide an effective encapsulation of GHRL which is positively
charged. The positive charge of the peptide is attributed to the presence of cationic

amino acids (Fig. 17) in the sequence, namely: 4 lysines, 2 arginines and 1 histidine.

Theoretically, anionic liposomes should afford both protection and penetration
enhancement. However, a major parameter in nasal delivery is the mucoadhesion that
helps increasing the residence time by fighting against the mucociliary clearance and,
thus, enhance the drug diffusion. Moreover, the mucopenetration is another aspect
that should be considered in order to strengthen the treatment efficacy. It was
previously reported that the nasal delivery of nanopatrticles coated with various polymer
were able to improve the drug diffusion through the mucus®:. It was thus decided to
associate a mucoadhesive polymer to the liposomes by developing chitosan-coated

liposomes.

9.2 Liposomes coated with chitosan

Among the various excipients that are available for the coating of liposomes, the choice
was made on chitosan. As previously explained (paragraphs 1.4.2 and 1.4.3), the use
of chitosans in the nasal field has been widely explored due to their very attractive
properties such as biocompatibility, mucoadhesion and penetration enhancement.
Indeed, they have the ability to adhere to the nasal mucosa thanks to the interaction
between their positive amino groups and the sialic residues of nasal mucins. Moreover,
their propensity to transiently open the epithelial tight junctions allows increasing the

drug diffusion through the nasal epithelium?°2,
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Among the multiple chitosan types and derivatives existing, it was decided to work with
N-[(2-hydroxy-3-trimethylammonium)propyl]  chitosan chloride (HTCC). This
trimethylated derivative offers the advantage of being soluble at physiological pH.

The coating of liposomes by HTCC takes place by an electrostatic interaction between
cationic chitosans and anionic liposomes. The assembly of these two excipients thus
makes it possible to produce a formulation which has the potential of being

mucoadhesive, absorption enhancer and protector against enzymatic degradation.

9.3 Final form of the formulation

Firstly, the formulation will be developed as a liquid colloidal suspension. However, the
liquid-state form presents a lower stability for the drug and, especially, for
biopharmaceuticals like peptide hormones. This is the reason why, once the final liquid
formulation obtained, the study will focus on the production of the powder-state
formulation from the liquid formulation. The goal with the powder state is to achieve a
higher drug stability coupled with a higher adhesion to the mucosa and a greater

concentration gradient?04205,

The mucoadhesive powder produced will be loaded in nasal devices specifically
designed to maximize the amount of powder deposited in the olfactory region. This
would allow the delivery of accurate doses of drug with an efficient nose-to-brain

transfer.
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V.AIMS OF THE WORK
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Cachexia affects about 9 million people worldwide, regardless of the underlying
pathology?%®. In addition to this alarming number, it is estimated that 50 - 80% of cancer
patients are affected by this syndrome and 20% of the deaths in such patients could

be attributed to cachexia?®’.

Therefore, the development of a treatment for cachexia appears to be primordial.
However, the management of the syndrome requires a multifactorial approach and,
potentially, the administration of several therapeutic agents. Ideally, the treatment
should not be too cumbersome since the patient is already receiving a treatment for
his underlying pathology.

The nose-to-brain delivery of GHRL could meet many criterions required for such
treatment. Indeed, GHRL may provide beneficial effects on appetite as well as on
inflammatory state. Intranasal administration being non-invasive and quite simple to

implement, may be considered as an ideal route of administration.

The objective of this work was to develop an effective formulation for the nose-to-brain
delivery of GHRL. Such effectiveness included enzymatic protection, mucosal
adhesion, enhanced epithelial penetration and, finally, high peptide stability during
storage. It was also necessary to reach the deposition of a significant amount of drug
on the olfactory mucosa. Finally, it has to be shown that the peptide should efficiently

reach the brain following a nasal administration.

The first part of the study focused on both the pre-formulation studies and the liquid
formulation development. The pre-formulation part focused on GHRL characterization
and the evaluation of its physicochemical properties. By performing a detailed
characterization of the drug (e.g. stability evaluation, charge measurements, etc.), it
should have been easier to formulate the drug. This part of the project also included
the selection of the formulation strategy for the liquid-state formulation. GHRL being a
cationic peptide on which a fatty acid group is grafted; the formulation strategy could
involve ionic and/or hydrophobic interactions between the drug and the excipients. A
first strategy involving pegylated phospholipids was envisaged. This first strategy was
complemented with a second and alternative strategy involving coated liposomes was
considered. This second liquid formulation system was based on anionic liposomes
coated with cationic chitosan. Numerous characterization methods have been used to
demonstrate the interest of these formulations in the context of intranasal
administration, namely: exposure to enzymatic digestion, adhesion to mucins,

permeation through epithelial layer and finally, evaluation of aerosol properties for
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nasal delivery. Once the data collected for liquid formulations, the project continued

with the production of a dry powder formulation.

The second step of the project was thus the development and the evaluation of a dry
powder formulation. The purpose was to get higher drug stability during storage,
stronger adhesion to the mucosa and increased drug diffusion through the nasal
barrier. Therefore, the liquid formulation previously developed was spray-dried with the
aim of combining a high yield of production with a suitable particle size that allowed
intranasal deposition. Physicochemical properties of this dry formulation were
compared to those of the liquid formulation to highlight the benefits provided by the
powdered state formulation. The objective was also to achieve a large deposition in
the olfactory region of the nose by using a nasal device specifically designed to target

this anatomical region.

In the third part of the manuscript, in vivo evaluations have been performed with the
liquid formulation. The aim was to confirm that GHRL could reach the brain after
intranasal administration of the formulation as well as to compare its diffusion with raw
GHRL.
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VI.EXPERIMENTAL PART

73



1. Results Part I. Pre-formulation and development of a
ghrelin-loaded liquid formulation for nose-to-brain

delivery
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1.1 Introduction

To our knowledge, only a few studies has been focussed on the development of GHRL-
based formulations2%. The intravenous route, which is rather cumbersome for chronic
administration,?%? is currently the most exploited for GHRL administration?° while the
intranasal delivery is very rarely considered. However, a first study recently published
has been focused on the nasal administration of a vaccine containing GHRL-antigen
for the management of obesity?!. Other studies focused on chemical modifications of
the peptide chain or on the use of GHS-R agonists (e.g. anamorelin) to get a better
bioavailability and/or stability compared to physiological GHRL?12213, Therefore, the
development of a formulation containing GHRL for nose-to-brain delivery would be a
real innovation that could lead to a new therapeutic alternative for patients with cancer

cachexia.

Especially when considering the administration of biotherapeutics, formulation appears
to be essential (e.g. to protect the drug from enzymatic degradation). However, due to
the lack of stability usually encountered with biotherapeutics, their formulation appears
to be challenging. Therefore, before carrying out the formulation development, pre-
formulation studies need to be performed to characterize the physicochemical
properties of the peptide. For instance, the stability of the drug under various conditions
(i.e. specific pH’s and temperatures) should be evaluated.
Then, a formulation strategy had to be selected on basis of the GHRL properties but
also and especially according to the properties required to obtain an effective nasal
drug. Among them the main ones are: the mucoadhesion to increase the persistence
of the formulation in the nasal cavity, the increase of the transnasal permeability of the
drug and, finally, the protection of the peptide with respect to the enzymatic
digestions®C. At first, it was decided to develop a liquid formulation in order to easily
screen various excipients and, subsequently, select the most promising ones. On the
basis of this liquid formulation, we can subsequently adapt it or use it as a basis for the
production of a nasal powder, for example. The formulation envisaged have all
involved the use of lipid based excipients. The presence of the fatty acid chain on
GHRL'’s peptide core could be a good way to promote interactions with such excipients
and thus to obtain a satisfactory drug loading in the formulation. Another selection
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criterion for excipients was their prior use in the context of nasal formulation
development. Indeed, the goal was to work with excipients that already exhibited good
compatibility with the nasal mucosa. This way, it is possible to move quickly towards
more advanced development stages. Two relevant examples can be given with
pegylated phospholipids and chitosans that have been both widely assessed for nasal

delivery with encouraging findings242%5,

Therefore, the first formulation that was developed in this work involved the use of
pegylated phospholipids (DPSE-PEG 2000) and the incorporation of GHRL into DPSE-
PEG micelles. These PEG-grafted lipids have a propensity to self-assemble once put
in aqueous medium which results in the production of liposomes, bicelles or micelles
depending on the lipids mixture used, for example?'. The development of such
polymeric micelles was considered to enhance the mucopenetration of the drug in the

nasal mucus®?.

The second type of formulation was based on the development of anionic liposomes
(AL) coated with chitosan derivatives. Liposomes have been considerably evaluated
for nasal delivery especially due to their biocompatibility and their ability to entrap a
wide variety of drugs?'’. Liposomes were combined to chitosan which provides both
mucoadhesive and permeation enhancing properties to the formulation. It is produced
by deacetylation of chitin which results in a polymer chain constituted by glucosamine
and N-acetylglucosamine residues attached by B (1->4) glycosidic linkages?!8. Both
formulations were characterized in terms of entrapment efficiency, Zeta potential, size

distribution and permeation through Calu-3 cell layers.

Based on the first evaluations, the characterization of liposomal formulation was more

deeply investigated as it appeared to be the most promising strategy.
The following properties were evaluated:

- The influence of the liposomes charge on the ability of the formulation to entrap GHRL

and to protect it against the activity of nasal enzymes;

- The capacity of the formulation to fix mucins as it is considered as a relevant indicator

of its ability to prolong the residence time in the nasal cavity;

- The comprehension of the interaction mechanisms involved in the formulation

between excipients and GHRL,;
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- The influence of the formulation on the drug diffusion through a model of epithelial

tissue (Calu-3 monolayer);

- The characterization (i.e. droplet size distribution) of the aerosols generated from two

nasal devices loaded with the liquid formulation and their comparison

A part of these results are published in the following article: “Salade, L. et al.
Development of coated liposomes loaded with ghrelin for nose-to-brain delivery for the

treatment of cachexia. Int. J. Nanomedicine 12, (2017).

1.2 Materials and methods

1.2.1 Materials

Synthetic human octanoylated (1-28 amino-acid sequence, purity 98%) GHRL was
purchased from Scipeptide (Shanghai, China). Acetonitrile, methanol, trifluoroacetic
acid (TFA), dichloromethane (all solvents high-performance liquid chromatography
[HPLC] grade), dihexadecyl phosphate (DHDP; purity 98%), human isoform B
carboxylesterase 1 (Ces1; activity = 500 units/mg protein), cholesterol (purity = 99%)
and mucin type 1S were obtained from Sigma-Aldrich (St Louis, MO, USA). Minimal
essential medium nonessential amino acids (MEM NEAAs), gentamicin 50 mg/mL,
sodium pyruvate 100 mM, heat-inactivated FBS, I-glutamine 200 mM, 0.25% trypsin
(Tryp)-EDTA phenol red, Hank’s balanced salt solution (HBSS) and penicillin—
streptomycin were obtained from Thermo Fisher Scientific (Waltham, MA, USA). 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000
(DSPE-PEG 2000), soybean phosphatidylcholine (Lipoid S100) and 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP; chloride salt) were purchased from Lipoid
GmbH (Ludwigshafen, Germany). N-([2-hydroxy-3-trimethylammonium] propyl)
chitosan chloride (HTCC) with 92 kDa molecular weight, deacetylation of 80%, and
substitution of 33% was purchased from KitoZyme (Herstal, Belgium).

1.2.2 Evaluation of GHRL stability

GHRL (1 mg/mL) solutions in PBS pH 7.4 (PureLab system; Elga LabWater, High
Wycombe, UK) were exposed to the following temperatures: 4°C, 25°C, 37°C, and
60°C. The effects of different pH levels were also studied (i.e. 3 > 8, T°= 25°C). The
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buffers were selected according to the requirements of the European Pharmacopoeia
eighth edition (PBS pH 3, acetate buffer pH 4.5, PBS pH 5, PBS pH 6, PBS pH 7.4,
boric acid buffer pH 8). Then, 500 pL samples were sampled after defined periods of
time (0.5, 1, 2, 3, 4, 5, 6, 24, and 48 hours) to evaluate the GHRL degradation kinetic
using a suitable HPLC/ultraviolet (UV) method?°.

1.2.3 HPLC/UV method for GHRL quantification

The HPLC method adapted from the literature?!® used a TSKgel ODS-120T 150x4.6
mm, 5 pm particle column coupled with a TSKgel ODS-120T 3.2x1.5 cm (Tosoh
Bioscience, Tokyo, Japan) guard gel. The column was kept at 37°C. The mobile phase
was a mixture of Milli-Q water—TFA 0.1% v:v (phase A) and acetonitrile—TFA 0.1% v:v
(phase B). The mobile-phase gradient used was linear, from 12% (0 minutes) to 52%
(32 minutes) in phase B. The wavelength was fixed at 210 nm, and the flow rate was
set at 1 mL/min. The lower limit of quantification was 5 pg/mL. The HPLC system used
was 1100 series from Agilent (Santa Clara, CA, USA). The retention times for

octanoylated and desoctanoylated GHRL were 18 and 9 minutes, respectively.
1.2.4 Preparation of DSPE-PEG micelles

A GHRL solution was prepared by dissolving an appropriate amount of GHRL in
ultrapure water to reach a concentration of 1 mg/mL. DSPE-PEG was dissolved in

ultrapure water to produce a 6 mg/mL stock solution.

An equal volume of each stock solution was mixed together under gentle agitation to
allow the production of micelles with a homogeneous distribution (final concentrations:
GHRL = 0.5 mg/mL, DSPE-PEG = 3 mg/mL).

A second protocol was established with the addition of sodium chloride (NaCl) at a
concentration of 0.9% w/v to decrease the critical micelle concentration (CMC) of
DSPE-PEG.

1.2.5 Preparation of liposomes and HTCC-coated liposomes

The second formulation strategy involved the development of anionic, cationic and

neutral liposomes which were coated with HTCC polymer.

The protocol that was used to prepare these liposomes was based on the method

developed by Bangham et al. which involved the rehydration of a lipid film?2°. Briefly, it
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was based on the dissolution of the lipid mixture in organic solvents which led to a clear
solution. The organic solvents were removed using a rotary evaporator to produce a
thin lipid film in the round-bottom flask. Then, an aqueous medium was poured in the
flask which was heated up to a temperature higher than the lipid phase transition
temperature. The association of both mixing and heating allowed the spontaneous
formation of the liposomes. At the end of this rehydration step, the mixture could be
exposed to a downsizing procedure (e.g. sonication or extrusion) to produce

nanoliposomes characterized by a narrow size distribution.

Three lipid mixtures were selected to obtain neutral (NL), anionic (AL) or cationic (CL)
liposomes (Tab. 4). The aim was to assess the effect of the charge on the formulation
properties with GHRL. Briefly, 100 mg of lipid mixture were introduced into a 50-mL
round-bottomed flask. Neutral liposomes (NL) were obtained using a mixture of neutral
lipids, composed of CHOL and LS100 50/50% (w/w). Replacing 10% w/w of neutral
lipids with DHDP or DOTAP allowed the formation of AL or CL, respectively. Then, 10
mL of an organic solvent mixture (dichloromethane/methanol 50/50% (v/v)) were
added to obtain a final lipid concentration of 10 mg/mL. The organic phase was
evaporated using a Rotavapor® R-205 rotary evaporator (Bichi, Flawil, Switzerland) at
60°C. The pressure was set at 250 mmHg for 10 minutes and at 150 mmHg for the
next 10 minutes. The lipid film was then rehydrated at 30°C for 1 hour with 10 mL of
PBS pH 7.4, which contained GHRL (1 mg/mL). Before extrusion, the large
multilamellar vesicles (LMV) suspension was briefly sonicated by means of a VCX 500
probe sonicator (VibraCell, Sonics & Materials Inc., Newton, USA) for 30 seconds at
30% of amplitude. The sonication provided a first downsizing step. The LMV were
extruded through a LiposoFast® LF-50 extruder (Avestin, Ottawa, Canada) to produce
large unilamellar vesicles (LUV). The extrusion process was carried out through
polycarbonate membranes characterized by porosities of 1 um, 0.4 um and 0.1 pm
(EMD Millipore, MA, USA).
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Table 4. Lipid compositions (% m/m) selected for liposomes preparation

Lipid percentages (% m/m)
Formulations | Lipoid® S100 | Cholesterol DHDP DOTAP
NL 50 50 0 0
CL 45 45 0 10
AL 45 45 10 0

In addition to the uncoated liposomes previously described, another formulation
involving the coating of AL with HTCC (HTCC-AL) was developed. For this purpose, a
suitable amount of HTCC was weighed and dispersed under magnetic stirring in PBS
pH 7.4 overnight to obtain a final solution ([HTCC]= 10 mg/mL) that was translucent
and homogenous. Then, 9 mL of AL (10 mg/mL) were coated with 1 mL of HTCC (10
mg/mL) which was added dropwise under magnetic stirring at 3 000 rpm to obtain a
10-fold dilution of the initial HTCC solution ([HTCC]sina=1 mg/mL). The dispersion of
coated-liposomes was left for 1 hour under magnetic stirring at room temperature

before being left overnight at 4°C.
1.2.6 Evaluation of size, zeta potential and encapsulation efficiency

Both Z-average and zeta potential of DSPE-PEG micelles, AL, NL, CL and HTCC-AL
loaded or not with GHRL (1 mg/mL) were evaluated in triplicate at 25°C, with 1 min of
equilibration time and without dilution. Evaluations were done using dynamic light
scattering and electrophoretic mobility for size and zeta potential, respectively
(Zetasizer Nano ZS®, Malvern Ltd., Malvern, England). Size measurements were
performed in PBS pH 7.4 with semi-micro disposable cuvettes in polystyrene (Brand
Gmbh + Co. Kg., Wertheim, Germany) and results were expressed in terms of Z-
average (mean + standard deviation (S.D)) and polydispersity index (PDI). Disposable
folded capillary cells were used for zeta potential evaluation that were performed in

PBS pH 7.4 and results were expressed in terms of mean + S.D.

To determine the yield of encapsulation, all formulations were centrifuged at 13,500
rpm through Amicon® Ultra-15 centrifugal tubes with a 100 kDa cut off (Merck Millipore
(Darmstadt, Germany)) for 30 minutes at 25°C. Prior to formulation characterization, a

PBS pH 7.4 solution of raw GHRL was centrifuged to confirm the non-adsorption of the
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peptide on the filter. The total amount of GHRL, namely “GHRLtwta”, that was
incorporated in the initial formulation was determined by HPLC. Following the
solubilisation of either micelles or liposomes (that was confirmed by dynamic light
scattering) in the mobile phase, GHRL could be released for quantification. The
encapsulation efficiency (EE) of GHRL in DSPE-PEG micelles, AL, NL and CL was
determined indirectly by quantifying GHRL in the filtrate and using the following

equation:

[GHRLtotaI]'[GHRLFiItrate]
GHRLtotaI

EE (%) = ( ) x100) (1)

The tests were performed in triplicate and percentages were expressed as mean +

standard deviation (S.D).
1.2.7 Permeation through Calu-3 monolayer

Frozen Calu-3 cells obtained from ATCC (Manassas, USA) were used at passages
15-20. The culture medium that was used was MEM NEAA with 1 mL of gentamycin
(50 mg/mL), 5 mL of sodium pyruvate (100 mM), 50 mL of heat-activated foetal bovine
serum, 5 mL of L-glutamine (200 mM) and 5 mL of Pen Strep (10,000 U/mL). The
medium was renewed every couple of days. The cells were subcultured with a dilution
factor of 1:3 from flask to flask. Cells were maintained at 37°C and 5% CO:a.

Inserts that were used to establish the air-liquid interface culture were composed of
HA mixed ester cellulose membrane with a porosity of 0.45 um and a surface of 4.2
cm? adapted for 6-well plates (Merck Millipore, Billerica, Massachusetts). For
inoculation in inserts, Calu-3 cells from confluent T-75 flasks were detached by means
of a TRYP 0.25% (w/v) solution and suspended in 12 mL of thawed culture medium.
To the apical side of each insert, 2 mL of cell suspension were added to get a fully-
filled 6-well plate of inserts (5x10° cells / cm?2). The basal side was filled with 2 mL of
thawed MEM NEAA medium. The apical compartment was emptied 24 hours after
inoculation and the basal side medium renewed to allow the growth and the

polarization of the cells under the air-liquid interface.

The transepithelial electrical resistance (TEER) was followed during the cell
experiments by means of an epithelial Volt/Ohm meter EVOM2® (Wold Precision
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Instruments, Sarasota, USA). TEER measurements reflect the cell monolayer integrity.
Values were expressed after subtracting the value of the blank insert and normalized
for surface area (4.2 cm?). For TEER routine evaluations, 2 mL of fresh medium were
added on both the apical and the basal sides. Cells were allowed to equilibrate for 30
minutes prior to taking measurements. A polarized monolayer was obtained
approximately 10 days after inoculation with usual TEER values in the range 300-600
Q.cmz for Calu-3 cells.

Before performing permeation tests, GHRL solutions were added in empty inserts to
confirm that GHRL did not adhere to the insert’'s components. Before adding the
solutions or formulations of interest into the apical compartment, the monolayer was
washed twice with HBSS pH 7.4. Then, 2 mL of HBSS pH 7.4 were added to both
apical and basal side. Cells were allowed equilibrating for 30 minutes. TEER was
measured and HBSS pH 7.4 from the apical side was replaced with the formulation or
solution of interest. Each formulation or solution was introduced in three different
inserts to perform the test in triplicate. The compounds of interest were allowed to
diffuse for 3 hours and the TEER was followed at specific times during the experiments
(i.e. at 30, 90, 150 and 180 min) and 24 hours after the end of the test to assess the
recovery of the cells. After the 3 hours of diffusion, 500 uL of apical and basal medium

each were sampled and quantified.

Depending on the purpose of the tests, the following solutions / formulations were
tested: GHRL solution (1 mg/mL), unacylated GHRL solution (1 mg/mL), DSPE-PEG
micelles ((GHRL] = 0.5 mg/mL, [DSPE-PEG] = 3 mg/mL) caffeine solution ([CAF]=1
mg/mL), salmon calcitonin ([CAL]=1 mg/mL), HTCC-AL ([HTCC=1 mg/mL, [GHRL]=1
mg/mL, [AL]=10 mg/mL). CAF,??! CAL???2 and GHRL?*® were quantified using suitable
HPLC/UV methods.

1.2.8 Enzymatic protection after trypsin and carboxylesterase-1 exposure

Both raw GHRL in solution and GHRL-loaded (1 mg/mL) liposomes ([AL], [NL] and
[CL] = 10 mg/mL) were exposed to trypsin (TRYP) solution (140 IU/mL) for 15 minutes
at 37°C after dispersion using a vortex mixer (Vortex Genius 3, IKA, Staufen,
Germany). Enzymatic digestion was stopped by the addition of 100 uL of TFA (10%
vlv). GHRLwta Was determined in the initial liposome suspensions using HPLC. The
mobile phase that contained acetonitrile allowed the solubilization of liposomes and

the release of GHRL for the quantification of GHRLwtal. The remaining amount of non-
82



degraded GHRL was determined by withdrawing 500 pL of the solution for HPLC
quantification. The percentage of GHRL protected by liposomes was determined as

follows:

_ GHRI—non degraded
% GHRLprotected = —gpp—— * 100 (2)

In order to evaluate the type of interaction between GHRL and AL (e.g. adsorption or
incorporation), the lipid film rehydration protocol was used and GHRL (1 mg/mL) was
added during the rehydration or after the rehydration step (“post-formation method”). If
the rehydration method allowed GHRL to access the AL internal aqueous
compartment, it would be less impacted by enzymatic digestion than AL produced by
the post-formation method. Indeed, GHRL could have more difficultly accessing the AL
internal aqueous compartment and only be adsorbed at the exterior of liposomes when
added after AL formation. Both formulations were exposed to TRYP degradation for
15 minutes at 37°C. The remaining quantity of GHRL was determined using the
HPLC/UV method.

After this, AL were exposed to a second enzyme: the human carboxylesterase isoform
1-B (124 IU/mL, PBS pH 7.4, for 15 minutes at 37°C). The effective protection of loaded
GHRL was determined using the same protocol than that used for TRYP. The
remaining amount of GHRL was determined by withdrawing 500 uL of the suspension
for HPLC/UV analysis and using equation (2). All experiments were repeated in

triplicate and expressed as the mean + S.D.
1.2.9 Isothermal Titration Calorimetry

From this step, all experiments were performed with HTCC-AL only. In order to study
the interaction between GHRL and AL, isothermal titration calorimetry (ITC)
experiments were performed as previously described??®. All measurements were
performed at 25°C using a VP-ITC (MicroCal, Northampton, MA) with a sample cell
volume of 1.4565 mL. Solutions were degassed in a sonic bath for 10 minutes prior
use. A 300 pl-syringe was filled with AL suspension (10 mg/mL) PBS, pH 7.4 without
GHRL (empty-AL). The reference cell was filled with milli-Q water. For the blank and
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the sample, the measuring cell was loaded with PBS pH 7.4 and with a 1 mg/mL GHRL
solution in PBS pH 7.4, respectively. The measuring cell was magnetically stirred at
300 rpm during the experiments. The titration experiments were performed by
consecutive injections of 10 uL of empty-AL (10 mg/mL) into GHRL solution (1 mg/mL).
Each injection lasted 14.5 seconds. A delay of 600 seconds between each injection
was applied until a steady state was reached. The resulting heat flows were recorded
and raw data were processed using the software provided by the manufacturer
(ORIGIN 7 e Originlab, Northampton, USA).

The ITC raw data were processed according to the cumulative model previously
described®** and applied to other molecules than GHRL?%3225 to obtain the
thermodynamic parameters characteristic of the interaction of GHRL/empty-AL. The
thermodynamic parameters considered were: the binding coefficient (K), the variation
of Gibbs Free Energy (AG), of enthalpy (AH) and of entropy (-TAS). If the GHRL/empty-
AL interaction is spontaneous, the AG should be negative. The titration was repeated

twice and expressed as the mean value.
1.2.10 Transmission Electron Microscopy

For transmission electron microscopy (TEM) analysis, 20 pl of AL and HTCC-AL were
deposited on formvar—carbon coated electron microscopy grids. Then, 1-2 ul of
glutaraldehyde 25% (v/v) were added to fix the liposomes. The preparation was left
overnight at 4°C. The grids were transferred onto a drop of distilled water for washing
and left for 2 minutes (3 times). For contrasting and embedding, the grids were placed
onto a drop of methylcellulose-uranyl acetate (ratio 9/1 m/m) mixture for 10 minutes on
an ice bath. The grids were removed and the excess fluid was blotted by gently pushing
the loop sideways on filter paper. A thin film was left over the section side of the grids.
Observations were performed using an FEI Tecnai 10 electron microscope (Fei,
Hillsboro, Oregon, USA) operating at an accelerating voltage of 100 kV. The images
were analysed and processed using ITEM analysis (Olympus Soft Imaging Solution,

Minster, Germany).
1.2.11 Evaluation of osmolality and determination of mucoadhesion

The osmolality was determined in triplicate by means of an Osmomat® 3000 (Gonotec,
Berlin, Germany) using a volume of 50 pL of AL or HTCC-AL. The instrument used the

freezing point to evaluate the osmolality.
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For assessing the mucoadhesion, a colorimetric method was used to determine the
residual amount of free mucins that were not precipitated due to complexation with the
formulation??8. The test involved the use of periodic acid which, thanks to its oxidizing
nature, made it possible to break the covalent bond between two hydroxyl functions.
This allowed releasing aldehyde functions at the level of mucins which could
subsequently interact with fuchsine by reducing it and, thus, led to the appearance of
the purple coloration. A defined volume of 2 mL of HTCC-AL or AL was added to 6 mL
of mucin solutions (0.5 mg/mL). The preparation was left for 20 min (a period similar
to the muco-ciliary clearance time??’) at 37°C and centrifuged at 3000 g for 4 min.
Then, 2 mL of supernatant were withdrawn to determine the amount of free mucin. The
percentage of mucins fixed by the formulation was indirectly determined by subtracting
the quantity of unfixed mucins in the supernatant from the initial quantity of mucin (0.5

mg/mL) and expressed as a percentage:

% Of mUCinS fixed = (Qtotal mucins ~ Qmucins in supernatant) x 1 OO (3)

Qtotal mucins

The test was performed in triplicate and results expressed as mean + S.D.
1.2.12 Droplet Size Distribution

The size distribution of the droplets generated from nasal devices was evaluated by
laser diffraction using a Spraytec® apparatus (Malvern, Worcestershire, UK). Liquid
multi-dose spray pumps VP3 were kindly provided by Aptar® Pharma (Le Vaudreuil,
France). The VP3 device is presented as offering a high dose accuracy (volume
delivered = 93 pL per spray) even with viscosity changes that could be encountered
with HTCC. The device is also suitable for suspensions and viscous formulations. The
results generated with this device were compared to those collected from another
standard device SP270 (Nemera, formerly known as “Rexam Pharma”, La Verpilliére,
France). Before each evaluation, nasal devices were manually shaken and the first five
doses generated were wasted to initiate the device. The Spraytec® parameters were
fixed, with a test duration of 3000 ms, a data acquisition rate of 1000 Hz and a
transmittance of 96%. Measurements were performed at room temperature and
expressed in terms of median volume diameter (Dv50), mean volume diameter (Dv4,3)

and percentage of the volume distribution smaller than 10 um (% < 10um).
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1.3 Results and discussion

1.3.1 Physicochemical characterization of GHRL

1.3.1.1. Evaluation of GHRL stability

As a thorough knowledge of the drug is essential during the development of new
therapeutics, it was decided to perform pre-formulation studies. This is even more
relevant given the relatively small number of studies involved in the physicochemical

characterization of this peptide.

Due to the potential instability of the ester bond which links the acyl chain to the core
of the peptide (Eig. 17), the very first parameter assessed was the stability of acylated
GHRL under specific conditions. Moreover, it has to be noticed that this octanoyl group
is essential to allow GHRL to bind to its specific receptors GHSR-1A2%8, The first five
amino acid residues on the N-term side are also required for activating its signalling

pathway?2°,

Therefore, GHRL in solution was exposed to various temperatures for several time of
contact: at 4, 25, 37 and 60°C during 24, 48 and 72 hours (Eig. 20). The objective was
to evaluate their influence on the chemical stability of GHRL. Indeed, such information
may be relevant when establishing a protocol of formulation which includes thermal

process vs. time.
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Figure 20. Degradation of acylated GHRL (%) after exposure to various temperatures
([GHRL] =1 mg/mL, n =3, PBS pH = 7.4)

As it can be seen on the degradation profiles, storing GHRL at 4°C allows avoiding the
degradation of the peptide for at least 72h. At 25°C, the degradation of GHRL sharply
increased after 24h which suggested that GHRL solutions could not be stored at
ambient temperature for more than a day.

At 37°C (e.g. body temperature), 27% of GHRL were degraded after 24 hours. This
degradation was higher at 60°C with 90% of GHRL degraded within a day. This
highlighted the GHRL sensitivity and the challenge of working with such unstable
biotherapeutics. Formulation processes involving prolonged heating should therefore
be avoided. In conclusion, GHRL solutions at physiological pH should ideally be stored
in refrigerated conditions (< 4°C).

After that, the degradation of GHRL was evaluated in function of the pH. Indeed, as
liposomes are produced after rehydration of the lipid film with a buffer, the pH could
greatly influence the stability of GHRL during its formulation. Therefore, GHRL was
dissolved in buffers ranging from pH 3.0 to 8.0 and stored at 25°C for 24 hours (Eig.
21).
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Figure 21. Degradation of acylated GHRL (%) after exposure to various pH (exposure
period: 24 hours, T° = 25 °C)

It was shown that the degradation of GHRL proportionally increased with the pH.
Indeed, the highest stability of the peptide was obtained at pH 3.0. This observation is
similar to that of a study describing the best conditions for GHRL blood samples
storage?®. In acidic conditions, the stability of GHRL ester bond with the octanoyl

group is increased and the risk of degradation by hydrolysis is greatly reduced.

In conclusion, the best conditions to store GHRL solutions are acidic pH (pH 3 - 4) at
low temperature (< 4°C)2%°. For long-term storage (> 2 - 3 days), GHRL solutions can
be frozen without degradation but repeated freeze and thaw cycles should be avoided

as they induced GHRL degradations?3L.

1.3.1.2. Determination of the GHRL surface charge

The charge of free GHRL was assessed as it is a very relevant parameter to take into
consideration as it can influence the choice of the formulation strategy. For instance,
electrostatic interactions between the drug and excipient can strongly increase the ratio
of drug encapsulated in the formulation?3?. In addition, the evaluation of the zeta
potential can provide a better understanding of the repulsion/attraction phenomena
that can take place in a formulation. Indeed, the zeta potential is a measure of particle
charge through the surrounding ions in a liquid®®3. The conventional method for
measuring zeta potential is to expose the liquid sample to an electric field, and to
measure the speed of movement of the particles under the effect of the electric field.

The migration of a patrticle is directly proportional to its zeta potential and its charge.
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This phenomenon is called electrophoretic mobility. When looking at GHRL’s structure,
the presence of three arginine and four lysine residues would theoretically afford a
positive resultant charge to the peptide at physiological pH (Eig. 17).

The evaluation of the zeta potential of raw GHRL in PBS pH 7.4 has shown that the
peptide exhibited a cationic charge of + 5.3 mV. Therefore, this may suggest that a
negatively charged excipient could promote the encapsulation of the peptide in

liposomes due to electrostatic interactions.

1.3.1.3. Influence of acylation on GHRL permeation

Then, the effect of the acylated chain on peptide’s permeation was assessed. Indeed,
it was already reported that the grafting of fatty acid chains on peptide cores (e.g.

calcitonin)?3* could provide improvement in its diffusion.

Calu-3 cell line was selected to perform the permeation evaluation. Calu-3 cells are
isolated from lung adenocarcinoma and differentiate in a mixed phenotype of both
ciliated and mucus-secreting cells. Therefore, Calu-3 monolayer exhibits
morphological similarities (i.e. mucus production, presence of cilia and tight junctions)
with the nasal tissue?®. It is important to notice that other alternatives to Calu-3 could
have been considered. The first alternative was the use of animal nasal mucosa, but
due to the numerous potential issues that could be encountered with such model (e.qg.
complex dissection of the mucosa of interest, establishment of an ethical protocol to
collect the tissue from slaughterhouse, etc.), this option was rejected. Another
possibility was the use of primary nasal cells. However, several limitations may be
encountered with such model too with, for example, a limited number of passages or
the possible microbiological contamination of the tissue. Finally, the last option was the
use of another immortalized cell line, called “RPMI 2650 cells”. Even if this is the only
existing human nasal cell line, it is characterized by a major drawback which is the
non-monolayer growth. Therefore, these cells are more frequently used for metabolic

purposes than for permeation studies?36.

Calu-3 cells were grown under air-liquid interface (ALI) which means that, similarly to
the respiratory tract, the cells were in contact with the culture medium on their basal
side while the apical side was exposed to the external environment (Eig. 22). Such

culture configuration allowed the polarization of the cells.
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Figure 22. lllustration of the air-liquid interface for Calu-3 cell culture

GHRL permeation were compared between either its acylated or unacylated forms
through Calu-3 cells. The production of desacylated GHRL was confirmed by HPLC
following the peptide exposure at 60°C for 5 hours (data not shown). After spreading
GHRL solutions on the apical side, the basal medium was withdrawn to quantify the
amount of GHRL that diffused after 2 and 4 hours.

The desacylated form did not show any GHRL permeation through the cell layer. In
contrast, the presence of the fatty acid chain has slightly increased GHRL diffusion as
it was shown that 3.4% and 3.7% of GHRL were recovered in the basal medium after
2 and 4 hours, respectively (Tab. 5).

The effect of a peptide acylation on its permeation was attributed by other researchers
to the increased interaction with lipid membranes of cells?®’. After these pre-

formulation evaluations, the first trails of formulation were performed.

Table 5. Diffusion of both desacylated and acylated forms of GHRL in the basal

medium after diffusion through Calu-3 cells (t=2 and 4 hours, n = 3)

Time (hours) GHRL diffusion (%)
Desacylated GHRL Acylated GHRL
2 0 3.4+0.8
4 0 3.7+0.9

1.3.2 Development of DSPE-PEG micelles

The first formulation system was based on the formation of polymeric micelles. Such
nanosystems have been of great interest due to their attractive specificities, namely:

biocompatibility and lower clearance rate?38, Once in contact with an aqueous medium,
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the DSPE-PEG amphiphilic structure with the polymer grafted on phospholipids allows
the spontaneous arrangement in polymeric micelles?*°. Thanks to the presence of
saturated acyl chains in their structure (Eig. 23), DSPE-PEG exhibit intense
hydrophobic forces which results in a low CMC (approximately 1 x 10 -6 M)240.241,
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Figure 23. Chemical structure of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[carboxy(polyethylene glycol)-2000 (www.avantilipids.com)

The internal compartment contains DSPE chains which are more hydrophobic and
allow the encapsulation of lipophilic drugs. The outside layer contains the hydrophilic
polymer (i.e. PEG) that provides a steric hindrance and prevents any risk of micelles
aggregation. Moreover, the external PEG layer helps increasing the formulation
diffusion through the nasal mucus by avoiding interactions with mucins8l. This was
confirmed by experimental evaluations reporting both higher nasal accumulation and
mucopenetration with PEG-coated nanoparticles?*?243, Therefore, DSPE-PEG
micelles could be an attractive strategy to deliver GHRL as it could provide an efficient
drug encapsulation coupled with an enhanced mucus penetration. The common size

obtained with such polymeric micelles is usually ranged between 10 and 100 nm.

1.3.2.1. Size evaluation of DSPE-PEG micelles

At the experimental level, the first important parameter to control is the ability to
produce micelles by spontaneous formation in an aqueous medium. By performing size
measurement, we can first confirm that micelles have been produced and this in the
size range targeted (10 - 100 nm) and with a narrow size distribution. To do this,

dynamic light scattering experiments were performed (Eig. 24).
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Size Distribution by Intensity
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Figure 24. Size distribution expressed in intensity obtained with DSPE-PEG micelles
loaded with GHRL without NaCl (individual size distribution curves, n = 3)

As it can be seen (Eig. 24), the use of DSPE-PEG did not allow the formation of
micelles characterized by a monomodal size distribution. Indeed, the distribution was
multimodal and highly dispersed (PDI = 0.409) and the repeatability between each
measurement was very low. The distribution peaks at 15 and 100 nm correspond to
lipid agglomerates that did not integrate into a micelle structure. It could be
hypothesized that, as the CMC of DSPE-PEG was reported to be 10 times higher in
water than in water containing various electrolytes (i.e. buffers with boric acid), the
formation of well-structured micelles was limited. Indeed, when electrolytes are added
in solution they cause the dehydration of the surfactant which decreases its solubility
and therefore its CMC?44,

This is the reason why sodium chloride ([NaCl] = 0.9% w/v) was added in the second
protocol. As NaCl addition could lower the CMC, it could make the micelle formation
easier. Indeed, it can be seen on the size distribution (Eig. 25) that micelles adopted a
monomodal size distribution, with a higher stability and repeatability between every

measure when NaCl was added.
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Figure 25. Size distribution expressed in intensity of DSPE-PEG micelles loaded with
GHRL after NaCl addition (n = 3)

The Z-average diameter was 14.93 nm, which was in accordance with the data already
published?®. Moreover, the low polydispersity index obtained (PDI=0.277) was
adapted for such nanosystems even if a PDI lower or equal to 0.2 would have be better.
Indeed, this parameter represents the width of the size distribution. Due to its low value,
it can be confirmed that the nanoparticles size range was properly controlled, without

the presence of micelle aggregates.

1.3.2.2. Determination of the encapsulation efficiency and permeation through

Calu-3 cells

The method selected for EE measurement was based on the use of ultrafiltration
process. The formulation was placed on a filtration membrane which allowed free
GHRL to diffuse but not DSPE-PEG micelles. Once the ultrafiltration step was
completed, the filtrate was recovered for GHRL quantification. The difference between
the initial amount of peptide in the whole formulation and the amount recovered in the
filtrate allowed calculating the amount of GHRL retained on the filter and that

incorporated in micelles.

A very efficient GHRL loading in DSPE-PEG micelles could be reached with an EE of
98%. This very high EE can be explained by the strong interactions between the DSPE-

based micelles and the octanoic acid group present on GHRL peptide core.

The ability of GHRL-loaded DSPE-PEG micelles to increase cell permeation of the
peptide was evaluated through Calu-3 cells. The diffusion of unformulated raw GHRL
was compared to our formulation which was supposed to increase the amount of GHRL

in the basal side.
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Unfortunately, it appeared that the GHRL permeation was similar between GHRL
solution and DSPE-PEG micelles (data not shown). DSPE-PEG did not provide any
improvement regarding GHRL diffusion through the epithelial layer. Similar observation
was observed in a previous study which evaluated the diffusion of coated-pegylated
nanoparticles through porcine olfactory mucosa. It could be highlighted that pegylated
nanoparticles deeply penetrated into the mucus but without any diffusion through the

tissue9s.

Therefore, the development of DSPE-PEG micelles was aborted. Indeed, by
considering the ability of the nose to rapidly clear the formulation thanks to the synergic
effect of the muco-ciliary clearance and enzymatic digestion, the drug has to diffuse
rapidly and efficiently through nasal epithelium. Moreover, it is usually considered that
an absorption enhancing effect is needed when the drug nasally delivered is
characterized by a molecular weight larger than 1000 Da. The molecular weight of
GHRL being 3370 Da, it is essential to make the nasal barrier more permeable to the
peptide. Without providing any permeation improvement, the potential of this

formulation to be an effective treatment would already be strongly compromised.

Due to this unexpected issue, a second type of formulation had to be considered. Still
considering the amphiphilic nature of GHRL and its positive net charge, negatively
charged liposomes (AL) were selected to be a potential alternative strategy. Indeed,
AL could involve both hydrophobic and ionic interactions with GHRL leading to a high
EE. Subsequently, AL were coated with HTCC to confer additional properties to the

formulation (i.e. mucoadhesion and permeation enhancing effect).
1.3.3 Development of chitosan-coated liposomes

The second liquid formulation developed was based on nanostructured lipid carriers,
called liposomes. They were selected due to their effectiveness for nose-to-brain
administration as well as for their protective effects against enzymatic
degradation®1193, Moreover, such lipid-based systems exhibit low toxicity, high
stability and are also able to entrap both hydrophilic and lipophilic drugs. Due to the
nature of the lipids, they also have the capacity to diffuse through the BBB?*6. This
property may be very interesting if a part of the formulation is not directly transferred
from the nose to the brain but rather borrows the systemic pathway. In addition to these
benefits, it has been decided to coat liposomes with chitosan to increase their

mucoadhesion and to enhance their penetration through the mucus. Similarly to
94



liposomes, chitosan-based formulations have been deeply studied in the context of the

nasal delivery?47-249,

The influence of the charge of the liposomes on GHRL interactions was evaluated. To
this purpose, liposomes formulations exhibiting different charges (e.g. neutral,
negative, and positive) were characterized in terms of size and zeta potential. Then,
the EE was determined for each formulation.

1.3.3.1. Size distribution, zeta potential and encapsulation efficiency

All liposome suspensions without GHRL were in the nanosize range with z-averages
of 130.2 £ 1.3 nm, 143 £ 2.2 nm and 137.3 £ 3.6 nm for AL, NL and CL, respectively
(Tab. 6). The liposomes size distributions were characterized by a low PDI,
corresponding to a narrow and monomodal size distribution. The z-average of all
empty liposomes increased by 10-15 nm after loading with GHRL. This slight increase
still reflected an interaction with GHRL, this could even be driven by hydrophobic
interaction between the octanoyl chain of acylated GHRL and the liposome bilayer or

either by electrostatic interactions between cationic GHRL and anionic liposomes.

Such scale is essential when developing nose-to-brain formulations. Indeed, it was
demonstrated that fluorescently labelled hanoemulsions could reach the brain of rats
after nasal administration when the Z-average diameter of the nanoemulsion was
around 100 nm?%°, When nanoemulsions in a larger size range were developed (Z-
average = 900 nm), the transport of nanoparticles towards the brain could not be
observed. Other studies reported an efficient nose-to-brain transport with nanopatrticles
characterized by a maximal Z-average of 200 nm?1.95251 Nevertheless, these studies
were performed in rodents (mainly in rats) and the morphological specificities, such as
the neuronal diameter, may strongly vary from one species to another (e.g. between
rats and humans). Morphological evaluation even reported an olfactory neuronal
diameter of 100 — 200 nm in murine species while, in humans, this diameter was
ranged between 100 and 700 nm, which suggests the possible nose-to-brain transfer
of slightly larger nanoparticles*?2%2,
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Table 6. Z-average, PDI, zeta potential and EE as a percentage of liposome
formulations, with GHRL and lipid concentrations of 1 mg/mL and 10 mg/mL,
respectively (PBS pH 7.4, n = 3, mean £ S.D)

Z-average (nm) | Zeta potential EE

(PDI) (mV) (%)
Formulations
Empty | GHRL | Empty | GHRL | GHRL
130.2 | 146.9
-140 | -0.3+ | 56.1+
AL +1.3 +2.7
+0.7 1.2 7.8
(0.098) | (0.105)
143+ | 1529
+05+ | +4.1+|21.3+
NL 2.2 +4.8
0.4 1.4 4.1
(0.105) | (0.094)
137.3 151 +
+135 | +189 | 9.8+
CL + 3.6 3.9
+15 | £+3.1 3.7
(0.082) | (0.062)

In addition to the increase of the Z-average, the zeta potential also increased when
GHRL was incorporated. At pH 7.4, GHRL is positively charged as its isoelectric point
is at 11.52%3. This could explain why the highest increase was observed with AL (+13.7
mV). Indeed, a lower increase of the zeta potential was observed with the other
formulations, probably due to the absence of electrostatic attraction between cationic
GHRL and NL or CL. The positive evolution of the zeta potential before and after
addition of GHRL to AL rather suggested that GHRL was imbricated at the surface of
the lipid bilayer. Regarding the values of zeta potential for empty liposomes, an almost
neutral charge (+0.5 + 0.4 mV) could be observed for empty-NL, whereas negative (-
14.0 £ 0.7 mV) and positive (+13.5 = 1.5 mV) charges were obtained for empty-AL and
empty-CL (Tab. 6). The modulation of the charge was made possible by replacing 10%
(w/w) of neutral lipids (CHOL and Lipoid® S100) with DHDP or DOTAP (Tab. 6). The
negative charge of DHDP is conferred by the phosphate group and was used to
produce AL, while the ammonium residue afforded a positive charge to DOTAP and

was incorporated into the CL (Fig. 26).
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Figure 26. Chemical structures of DHDP (A) and DOTAP (B) (http://avantilipids.com)

As it is usually observed when formulating charged peptides in liposomes, both
hydrophobic and electrostatic interactions are involved?>*2%. However, when
evaluating the EE, it can be seen that electrostatic interactions had a non-negligible
influence in the case of GHRL?%%. By providing a negative charge to AL, the percentage
of GHRL loaded in AL was 5-fold higher compared to CL (Tab. 6). This resulted in an
EE of 56.1 £ 7.8%, 21.3 + 4.1% and 9.8 + 3.7% for AL, NL and CL, respectively.
Otherwise, when evaluating the EE’s thanks to the increases of the zeta potential when
GHRL was added to empty-NL and empty-CL, it could be observed that NL presented
an almost doubled EE in comparison with CL (21.3 £ 4.1% versus 9.8 £ 3.7%,
respectively), while the increase of the charge from NL was lower than that from CL
(+3.6 mV versus +5.4 mV). The higher EE coupled with the lower increase of charge
from NL suggested that a part of GHRL loaded was internalized in the structure of the
liposomes. The general trend followed by the Z-average, zeta potential and EE
suggested that the theoretical GHRL/AL interaction would be more pronounced than

for the other formulations.

1.3.3.2. Enzymatic protection after trypsin exposure

All liposome formulations having been characterized in terms of size, zeta potential
and EE, the benefits of using liposomes to protect GHRL from enzymatic degradation
was evaluated. Indeed, in addition to absorption enhancement and mucoadhesion,
enzymatic protection was defined as a mandatory property that should be provided by

GHRL delivery system.

Table 7. All liposome formulations (AL, NL and CL) were exposed to TRYP, an
endoprotease that cleaves peptide bonds between basic amino acids such as lysine
or arginine and other residues. As GHRL contains seven lysine/arginine residues in its

primary structure, the peptide is very sensitive to TRYP activity. Free GHRL in solution
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was used as a reference due to its rapid and complete digestion by TRYP within 15
min of incubation at 37°C (data not shown). This time lapse of 15 minutes has been
selected to be closer to the conventional nasal persistence time limited by the effect of
mucociliary clearance.Percentage of enzymatic protection for GHRL in the presence
of TRYP (140 IU/mL, 15 min, 37°C, n = 3) for the GHRL (1 mg/mL) loaded liposomes
(AL, NL and CL) in PBS pH 7.4

Formulation Enzymatic protection (%)
AL 20.6 +4.2
NL 10.2+29
CL 56+14

It was demonstrated that the protection afforded by the liposomes to GHRL
degradation increased when their ionic charge became anionic (AL) (Tab. 7). This
trend may be explained by higher EE (Tab. 6) obtained with AL in comparison with CL
and NL. When the EE was increased, a lower amount of GHRL was potentially
exposed for enzymatic degradation. The protection reached 20.6 + 4.2% for AL
compared to 10.2 + 2.9% for NL and 5.6 + 1.4% for CL. As it can be seen, TRYP led
to a consequent degradation of GHRL, even when it was encapsulated into the
liposomes. This can be explained by the potential adsorption of GHRL at the surface
of the liposomes instead of its incorporation into the bilayered structure. As a
consequence, most of the sites of cleavage of TRYP remained outside the liposomes
and were free to interact with the enzyme. These results supported the fact that
electrostatic attractions between AL and GHRL resulted in an increase in both loading
and protection, while electrostatic repulsions with CL decreased them. With CL, GHRL
was most probably located at the liposomes’ surface rather than encapsulated in it
which lead to higher drug degradation after TRYP exposure. Overall, it should be
mentioned that the protection percentage previously discussed were underestimated.
Indeed, all liposome formulations were not purified which meant that, for example, in
AL formulation, 43.9% of GHRL were not encapsulated. This meant that 43.9% of
GHRL were not protected and directly exposed to TRYP degradation. Therefore, the
percentage of protection that was mentioned (20.6 + 4.2%) should be compared to the

EE which should result in even more satisfactory results in terms of enzyme protection.
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In the nasal cavity, numerous enzymes such as the CYP450 family, flavin-containing
monooxoygenase, aldehyde dehydrogenases, epoxyde hydrolase, carboxyl esterase
and phase-Il enzymes can be found?>’. Moreover, olfactory epithelium appears to have
an intense metabolic activity?®® and it is reported that CYP-450 activity could be even
higher than in the liver?2. For instance, it is described that peptide hormones, such as
insulin, could be rapidly metabolized after nasal delivery??’. These observations
usually justify the use of enzyme inhibitors in formulations used for nasal drug delivery
and, more particularly, when the olfactory region is targeted. Indeed, it was
demonstrated that the amounts of salmon calcitonin quantified after permeation
through rat nasal mucosa were found to be higher when TRYP inhibitors were added
to the formulation?®°. Therefore, it is relevant to develop a formulation that could both
enhance nasal permeation and provide effective protection against enzymatic
degradation, especially for biotherapeutics. In order to protect GHRL effectively, it
therefore seems necessary to encapsulate it in the liposome structure rather than to

graft it on the outer surface.

Therefore, the next step was the evaluation of the amount of GHRL that was effectively
encapsulated inside the liposomes instead of being adsorbed at their surface.
Therefore, the degradation of GHRL was evaluated after the use of the conventional
protocol of rehydration of the lipid film, where GHRL was added during the formation
of AL in PBS pH 7.4, but also after a second method where GHRL was allowed to
diffuse in already-formed AL (i.e. the post-formation method). Both formulations were
exposed to TRYP for 15 minutes at 37°C. Using the post-formation method, GHRL
could only be fixed onto the outer side of the liposomes, with the octanoyl group
embedded in the lipid bilayer and the peptide body exposed to the external
environment. In contrast, using the rehydration method, the GHRL peptide body
should access the internal agueous cavity of the lipid structure in addition to the
adsorption effect, resulting in higher protection. It can be observed that the protection
obtained from the rehydration method (24.0 + 3.7%) was clearly higher than that from
the post-formation protocol (0%) (Tab. 8).
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Table 8. Comparison of the protection between two different preparation methods for

AL (film rehydration and post-formation methods)

Preparation method Enzymatic protection (%)
Rehydration method (AL) 24.0+£ 3.7
Post-formation method (AL) 0

This suggested that with the rehydration method, some of the encapsulated GHRL
could be incorporated inside the liposomes. On the other hand, GHRL added by post-
formation cannot reach the internal aqueous cavity or the hydrophobic bi-layer and
was therefore more exposed to TRYP. This configuration, as well as the need of TRYP
to access the main peptide body for digestion, would explain the complete degradation
of GHRL when the post-formation method was used.

1.3.3.3.  Enzymatic protection to carboxylesterase-1 activity

Based on the positive results previously obtained, further experiments were essentially
conducted with AL. It was decided to work with human carboxylesterase-1 (CES-1) as
an additional enzyme that targets another location of the peptide. As the nasal
enzymatic activity of carboxylesterase is not exactly known?%°, the concentration of
CES-1 was fixed when the degradation of free GHRL was observable after 15 minutes
(a period of time equivalent to the mucociliary clearance??’, which could theoretically
correspond to the time spent by GHRL in the nasal cavity). CES-1 is strongly present
in the nasal cavity on both ciliated and non-ciliated respiratory epithelium but also in
the olfactory area in Bowman's gland of the lamina propria and the sustentacular cells
of the epithelial barrier?61, Carboxylesterases are usually found in the cytoplasma and
endoplasmic reticulum of cells in a wide variety of tissues. Carboxylesterase are
involved in many reactions of activation (e.g. pro-drugs) or inactivation of acylated
substrates (e.g. methylphenidate) in the body?%?. CES-1 types are responsible for the
hydrolysis of both ester- and amide-bond containing drugs. They also hydrolyse long-
chain fatty acid esters and thioesters such as the octanoyl group of GHRL. Since the
presence of the octanoyl chain was shown to be essential to preserving the
physiological activity of GHRL, it seemed necessary to demonstrate the ability of
anionic liposomes to preserve the integrity of the octanoyl group of GHRL from the
activity of CES-1.
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It can be observed that the protection obtained with AL was 4.7-fold higher (81.6%)
than with raw GHRL in solution (17.2%) (Tab. 9). The degradation observed from
GHRL-loaded AL upon contact with CES-1 was lower than that found under TRYP
exposure (79.4% with TRYP and 18.4% with CES-1).

Table 9. Enzymatic protection of GHRL in solution and GHRL-loaded AL after CES-
1 exposure [CES1] = 124 Ul/mL, t = 15 min, t° = 37°C, pH 7.4, n = 3, mean = S.D)

Protection (%)

Raw GHRL in solution 17.2+49

GHRL-loaded AL 81.6+8.9

CES-1 selectively hydrolyses the ester bond between the main peptide body and the
octanoyl chain.?®® This chain is most probably inserted inside the bilayer of the
liposomes, as previously hypothesized (Eig. 27). This configuration could make the
ester bond less accessible to CES-1 due to steric hindrance, while TRYP could more
easily attack the hydrophilic body and thus induce a higher degradation.

[T

Peptide Core

Figure 27. Enzymatic digestion mechanisms of TRYP and CES-1 on GHRL once
loaded in AL

Regarding overall enzymatic degradation, AL showed very interesting results which

could make the administration of this type of unstable peptide possible and compatible

101



with the conditions encountered in the human nasal cavity (e.g. presence of various
enzymes such as aldehyde dehydrogenase, cytochrome P-450 dependent

monooxygenase and carboxylesterase?®).

1.3.3.4. Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) has become a method of choice when interactions
between two entities (e.g. drug and excipients) should be characterized. This
technique is very sensitive and easy to implement. It provides the experimenter
detailed information about the nature of the interaction but also about its spontaneous
character. Thermodynamic parameters such as enthalpies of reaction can
subsequently be determined. Moreover, the technique does not need any modification

of the sample analysed (e.g. by fluorescent labelling)264.

The measure is based on the recording of heat flows that appears when two selected
molecules are put in contact. The instrument consists of two cells (a reference and a
sample) that must be kept rigorously at the same temperature. AL aliquots are
gradually added to GHRL in the sample cell and the heat flows at each addition are
recorded by the microcalorimeter. Then, the system equilibrates to reach the initial

temperature again.

As a potential GHRL/AL interaction was suggested by size and zeta potentials data,
ITC has been selected to collect additional information on the binding of GHRL to
empty-AL. The binding coefficients as well as the heat flow collected should be useful

for a better understanding of GHRL-AL interaction.

The decrease of the exothermic signal in the ITC profile after each injection of AL (Eig.
28) showed that the amount of GHRL available for binding to empty-AL decreased
after each addition of liposomes. This confirmed that GHRL was progressively bound

onto the surface of unloaded AL.

Table 10. Binding coefficient (K), Gibbs Free Energy (AG), enthalpy (AH) and entropy
(-TAS) resulting from ITC analysis with empty-AL (10 mg/mL) and GHRL (1 mg/mL),
n=2, T=26°C, PBS buffer pH 7.4, mean £ S.D)

K (mM1) AG (Kcal/mol) AH (Kcal/mol) -TAS (Kcal/mol)

Mean 0.875+0.135 -6.4+0.09 -0.09 +0.01 -6.315 + 0.105
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Figure 28. Heat flows observed by ITC after each addition of empty-AL (10 mg/mL)
in GHRL (0.33 mg/mL) versus time (PBS pH 7.4, T = 26°C)

The negative value (Tab. 10) observed for the Gibbs Free Energy (AG) with the GHRL/
empty-AL interaction revealed the favourable and spontaneous nature of the
interaction. Moreover, the absolute variation of entropy (-TAS) was higher than the
absolute variation of enthalpy (AH), which suggested that the interactions involved
were mainly driven by hydrophobic affinities?®>. However, as it was previously
observed, the charge modulation clearly impacted the encapsulation efficiency, which

suggested a strong influence of the charge on the GHRL/empty-AL interaction.

The interaction between GHRL and empty-AL could take place in two different ways.
A first hypothetical GHRL localization could include the body of the peptide inside of
the liposomes’ internal hydrophilic cavity while the octanoyl chain would be inserted
into the hydrophobic liposome bilayer. In such a case, GHRL should pass through the
liposome bilayer to reach the hydrophilic cavity. This passage would probably not be
energetically favourable and thus not in accordance with ITC results.

The second localization would be quite similar, except that the body of GHRL would
be present at the external part of the liposomal structure. In both theoretical
localizations, the octanoyl fatty acid group is inserted in the lipid structure. This

interaction is already described in other studies?>>2%¢ and is shown to provide a
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significant protection to the octanoyl group, which is essential for preserving the

physiological activity of GHRL?¢S.

1.3.3.5. Characterization of liposomes coated with chitosan

It was previously shown that GHRL could interact with AL which improved the
protection of the peptide. However, the residence time as well as the absorption in the
nasal cavity of the liposomes also needed to be optimized. Chitosan derivatives have
been well-studied for various administration routes, including intranasal administration.
They offer several advantages such as mucoadhesion properties and their ability to
open the tight junctions (TJ)?!®. To combine the beneficial effects of chitosan
derivatives and liposomes, it was decided to coat anionic liposomes with HTCC. As it
was shown in paragraph 1.3.3.1, the zeta potential of liposomes remained negative
after GHRL incorporation. Therefore, it was theoretically possible to associate them to
cationic chitosan. HTCC derivative was selected as it is soluble at physiological pH
(pH of the nasal cavity: 6.3). The nasal administration of peptide with such formulation
strategies has already shown interesting properties (also with other administration

routes)267.268,

Table 11. Comparison of the Z-average, PDI and zeta potential between empty-AL,
AL and HTCC-AL ([HTCC]= 1 mg/mL, [AL]= 10 mg/mL, [GHRL]= 1 mg/mL)
formulations (n = 3, mean £ S.D, T° = 25°C, PBS pH 7.4)

Empty-AL AL HTCC-AL
Z-average
(hm + S.D) 131.0+3.9 147.3+4.3 194.0 + 6.1
(PDI) (0.104) (0.119) (0.198)
Zeta potential
(mV + S.D) -14.0 £1.2 -0.6+0.3 +6.0 0.4

The HTCC concentration range used after dilution in the AL suspensions for the
coating was fixed between 1 mg/mL and 5 mg/mL2%°. Higher HTCC concentrations (>1
mg/mL) did not provide satisfactory results with a PDI larger than 0.198 (data not
shown). It is usually considered that a PDI larger than 0.2 reflects a non-monomodal
size distribution. The coating of AL with 1 mg/mL HTCC was then performed and

showed a large increase of the Z-average (+48 nm) in comparison with uncoated AL
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(Tab. 11). The zeta potential of cationic GHRL involved a switch from -14 mV to -0.6
mV before and after the addition of GHRL to AL, respectively. As the resultant charge
remained almost neutral or slightly anionic (-0.6 mV), the coating with cationic HTCC
was possible thanks to electrostatic attraction. Once AL was coated with HTCC, the

resultant charge was positive (+6 mV).

The HTCC concentration of 1 mg/mL was selected for further characterization since
the Z-average and PDI were satisfactory (PDI = 0.198) with a monomodal size

distribution.

To visualize the morphology and confirm the size of both AL and HTCC-AL, TEM

analyses were performed.

Figure 29. TEM pictures obtained with AL (A) and HTCC-AL (B)

The TEM pictures (Eig. 29) confirmed the “large unilamellar vesicle” structure of
liposomes, with a Z-average larger than 100 nm and a single lipid bilayer. Once the
liposomes were coated with HTCC, it can be seen that liposomes became black due
to the polymer coated onto them. The sizes observed by TEM imagery for AL were
comparable with the Z-average values obtained by dynamic light scattering, which
were 147.3 £ 4.3 nm. For HTCC-AL, the size range observed on TEM pictures was a
bit larger than those collected by dynamic light scattering (194 £ 6.1 nm). The
experimental protocol used to prepare the samples and TEM analysis may be
responsible of this gap between both size measurement techniques. The protocol
imposing specific treatments to the sample (e.g. drying step), this could have an
influence on the behaviour of HTCC in the coating and cause a size increase.
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1.3.3.6. Permeation studies, mucoadhesion and osmolality

Chitosan derivatives are known to provide mucoadhesion as well as to allow opening
the TJs. This action on TJs was assessed using the Calu-3 cell line. Calu-3 are
epithelial cells isolated from lung adenocarcinoma. They may be used to evaluate both
permeability and potential toxicity of nasal drug delivery sytems?48270, The use of lung
cells to evaluate the response of nasal epithelial cells to a drug is explained by the
multiple similarities between Calu-3 and nasal mucosa. Indeed, Calu-3 are
characterized by mucus production, the presence of TJs and cilia. These
characteristics justify the use of such cells for permeation studies of formulations
intended for nasal delivery?’1272, Specific cell culture conditions, under an air-liquid
interface, induce the polarization of the cells, similarly to the physiological conditions
that may be found in the respiratory tract.

The cellular transport of GHRL through the BBB has already been studied?’3. It was
observed that the transport of GHRL towards the brain involved a saturable system
therefore limiting the flow of GHRL entering the brain. The nose-to-brain delivery could
therefore bypass this saturable transport but no data are available regarding GHRL’s
nose-to-brain transfer. As GHRL’s transport is assumed to be paracellular, such as
most of peptides?’4, the addition of HTCC in the formulation could be justified by its
ability to open TJs?5.

Table 12. Distribution of GHRL, calcitonin and caffeine solutions at a concentration of
1 mg/mL, with or without HTCC (1 mg/mL) and with respect to apical and basal
compartments of inserts (n=3, mean £ S.D, t=3 hours, T°=37°C, HBSS pH 7.4)

Formulations Apical (%) Basal (%)
GHRL 100.0+1.3 0
GHRL+HTCC 1 mg/mL 91.8+5.5 8.2+0.97
CAF 64.4 + 3.42 35.5+2.90
CAF+HTCC 1 mg/mL 66.9 £ 0.30 33.0£1.92
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CAL 100.0 £6.11 0

CAL+HTCC 1 mg/mL 97.1 £0.06 29+0.22

GHRL permeation was compared with that of salmon calcitonin (CAL). As it is well-
known that paracellular transport of molecules is limited by their molecular weight, CAL
was selected as a positive control model of peptide as it is characterized by a molecular
weight close to that of GHRL (3,454.9 Da and 3,370.9 Da for CAL and GHRL,
respectively) and a paracellular transport?’>. Caffeine (CAF) was also used as a
positive control model of transcellular transport as it is characterized by a small
molecular weight (194.19 Da)?’. Both compounds are physiologically active in the
brain.?’"2’8 Regardless of the molecule, the passage was evaluated with and without
the addition of HTCC (1 mg/mL). The impact of HTCC on the permeation was assessed
due its enhancing effect on the permeation of peptide through nasal mucosal
layers247:279_ All the compounds were dissolved in PBS buffer pH 7.4 prior uses. The
degree of substitution of the HTCC was 33% to minimize potential cytotoxicity?®. If
GHRL crosses a Calu-3 monolayer using paracellular transport, the diffusion should
be higher when HTCC was added (similarly to CAL).

It was demonstrated that the addition of HTCC increased the cell permeation of both
CAL and GHRL up to 2.9 and 8.2%, (Tab. 12). In general, it is considered that peptides
and proteins exhibit a low nasal permeation (1 %) due to their hydrophilic nature which
made the results of cell’s diffusion here rather satisfactory3. The higher permeation
that was observed with the use of GHRL could be explained by its amphiphilic nature
which could make its transfer easier than that of CAL. The GHRL diffusion (8.2 %)
represented a GHRL amount of 164 ug that diffused in the Calu-3 basal compartment
from the initial dose (100% = 2 mg) on the basal side. Taking into consideration the
ranges of doses that are usually administered in humans by IV (2 — 7 pg/Kg), 164 ug
would suit for the management of cachexia by nose-to-brain delivery.

Globally, it could be concluded that the addition of HTCC to CAL and GHRL induced a
permeation increase via a paracellular transport. This observation can be supported
by the evaluation of the TEER values (Eig. 30). These were reduced when HTCC was
used, confirming the TJs’ opening. Indeed, the integrity of the epithelium may be

indirectly evaluated through the evaluation of the TEER. This is the electrical
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resistance between the apical and basal compartments and is calculated using the

following equation?8::
TEER ( Q * cm?) = Resistance (Q) x Ef fective membrane area (cm?) (5)

This technique is non-destructive and allows measuring in real time the effect of a
formulation on the cell layer. TEER was even used to confirm the reversibility of the
TJ’s opening and this was confirmed 24 hours after putting the formulation in contact
with Calu-3 cells (e.g. 1398 £ 15 Q.cm?). However, due to the chronic administration
that would be required with such treatment in cachectic patients, the recovery of the
TJ’s opening should be assessed after a shorter delay (e.g. 2 hours). In contrast, CAF
showed an overall cell permeation through the Calu-3 monolayer higher than those
observed with CAL and GHRL due to its low molecular weight which allowed a
transcellular transport. Indeed, its permeation was not influenced by the addition of
HTCC (Tab. 12). Moreover, the CAF transport could already be saturated which could

explain the absence of HTCC influence with regards to its permeation.
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Figure 30. Evolution of TEER (expressed for inserts of 4.2 cm?) versus time for inserts

containing GHRL in solution before and after HTCC addition (1 mg/mL)

The GHRL diffusion increased via a paracellular transfer being confirmed, it was
decided to evaluate the potential benefit of anionic liposomes, coated with HTCC
(HTCC-AL).
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Table 13. Mean values of osmolality, mucoadhesion and percentage in the basal side
after permeation through Calu-3 cells for both AL and HTCC-AL (pH 7.4, n = 3, mean
+ S.D)

Formulations S 147 ML Basal (% £ S.D)
(mOsm/Kg £ S.D) (% £ S.D)
AL 405+ 4 39.8+4.7 3.6 +£0.25
HTCC-AL 409 £ 2 62.7 £ 5.6 10.8 £ 0.71
GHRL solution - - 0

To demonstrate the interest of coating liposomes with HTCC, the adhesion to mucins
was evaluated for AL and HTCC-AL. Indeed, mucins are the most represented
glycoproteins in the nasal mucus (2-5%)%%2. They contain sulphate and sialic acids,
which confer a negative resultant charge on the mucus surface?®3. Moreover, they are
characterized by a pKa of 2.6 which allow them to be fully ionized at physiological
pH?84, The adhesion of the formulation to mucins is essential to avoid rapid mucus
clearance of the liposomes in the nasal cavity and to prolong the time of diffusion to
the brain?®. Both formulations showed the ability to complex mucins, with 39.8% and
62.7% adhesion for AL and HTCC-AL, respectively (Tab. 13). The coating with HTCC
and the positive charge of the amino groups allowed electrostatic interactions with
negative sialic acid of mucins. This led to a 22.9% increase in bioadhesion. This
interaction with mucins could extend the residence time of the formulation in the nasal

cavity and thus would optimize its transfer to the brain.

Before proceeding to permeation tests on Calu-3 cells, the osmolality of both coated
and non-coated formulations was assessed. It is known that a liquid formulation
intended for nasal delivery should be close to, or even slightly higher, than 290
mOsm/Kg and less than 500 mOsm/kg.?8¢ Hypertonic formulations can be used
occasionally, while isotonic solutions are suited for chronic use. Hypotonic formulations
should be avoided. For AL and HTCC-AL, the values obtained were quite close, at 405
and 409 mOsm/Kg, respectively (Tab. 13). These values respect the physiological

conditions of the nasal cavity.
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After this, the permeation of GHRL (1 mg/mL) in AL and in HTCC-AL was assessed.
HTCC-AL (10.8%) provided a very limited improvement of permeation compared to
HTCC in solution (8.2%, Tab. 12). Indeed, GHRL-loaded AL which were coated with
HTCC seemed to enhance the transport of the peptide compared to a solution of raw
HTCC and GHRL. Moreover, HTCC-AL showed enhanced permeation compared to
AL (10.8 £0.71 versus 3.6 £ 0.25% for HTCC-AL and AL, respectively). It appears that
the coating of AL with HTCC had a positive effect on their permeation in contrast with
AL without coating. AL only offered a slight increase of permeation in comparison with
raw GHRL in solution (3.6 £ 0.25% versus 0% for AL and GHRL in solution,
respectively). This suggested that their major interest lied rather in the enzymatic
protection. Finally, a 10-fold increase was obtained with HTCC-AL in comparison with
raw GHRL in solution (10.8 + 0.71% versus 0% for HTCC-AL and GHRL solution,

respectively).

Therefore, this formulation offered the advantage of combining the protective effects

of AL with an increase of permeability provided by HTCC.

1.3.3.7. Droplet size distribution in the aerosol

The mean diameter and the size distribution of the droplets generated from a device
are predominant parameters that may influence the deposition of an aerosol in the
respiratory tract?®’. As specified by both FDA and EMA guidelines, the percentage of
droplets smaller than 10 pm must be minimized in nasal delivery?88289, |ndeed, it is
well established that particles with a diameter larger than 20 um will preferably be
impacted in the anterior part of the nasal cavity (where the olfactory region is located),
while small particles (< 5 um) won’t be stopped in the nose?°%2°1, |n contrast, when
particles/ droplets are characterized by a median diameter smaller than 10 pum, they
can potentially continue their journey to the lower respiratory tract by circumventing the
nasal cavity?®?. It has been suggested that the highest degree of deposition in the
olfactory region could be achieved with particles/droplets characterized by a median
diameter of around 10 um?%, Larger particles are also usually more quickly cleared

from the nasal cavity due to mucociliary clearance?®*.
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Figure 31. VP3 multidose spray pump from Aptar Pharma (on the Ileft,

https://pharma.aptar.com) and SP270 nasal spray from Nemera (on the right,

https://www.nemera.net)

The main parameters that will directly influence the size distribution are the
physicochemical properties of the formulation (e.g. viscosity, density, surface tensions)
and the design of the nasal device (e.g. orifice shape, metering chamber, volume
delivered)?°®. The devices used for the generation of the liquid aerosol were the VP3
multidose spray pump from Aptar Pharma and the SP270 device from Nemera (Eig.

31). The aerosol properties obtained with both devices were then compared.

Table 14. Particle size data collected by laser diffraction (Spraytec®) from aerosols
produced by VP3 and SP270 with both HTCC-AL and AL in PBS pH 7.4, with the
following concentrations: HTCC 1 mg/mL, AL 10 mg/mL and GHRL 1 mg/mL (n = 3,

mean * S.D)

VP3 device
Formulations % Volume < 10 pm Dv50 (um) D(4,3) (um)
AL 3.2+1.2 37.6 £5.74 40.8 £ 8.9
HTCC-AL 4.1+1.40 38.47 £5.76 41.8 £ 7.58

SP270 device

Formulations % Volume < 10 um Dv50 (um) D(4,3) (um)
AL 3.6 254 40.4 £ 2.78 42.4 +2.80
HTCC-AL 6.9 +£2.32 95.36 £ 9.57 96.75+9.79
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The VP3 pump coupled with the 144Gl actuator generated only 3.2% of droplets
smaller than 10 um for AL (Tab. 14), which could be potentially deposited in the lower

airways. This percentage represented only a small fraction of the entire droplet
population and suggested a negligible loss in the lower airways. The median diameter
(Dv50) was 37.6 = 5.7 um and the mean diameter D(4,3) was 40.8 + 8.9 um. When
HTCC-AL dispersion was introduced in the device, the Dv50 of the droplets generated
was similar to that obtained with AL (37.6 + 8.7 um and 38.5 £ 5.8 um, respectively).

The droplet-size distribution was also studied with SP270 device. The median diameter
Dv50 obtained with AL in this conventional device was very close to that obtained with
the VP3 device. However, a significant increase in Dv50 and D(4,3) was observed for
HTCC-AL from the conventional device, showing droplets more than 2-fold larger
(Dv50 ranging from 40.41 + 2.78 pm to 95.36 + 9.57 um with AL and HTCC-AL,
respectively). The potential viscosity afforded by HTCC could be responsible for this
evolution, as it was already observed in other studies?%¢. The SP270 device was clearly

more impacted by the viscosity variations than the VP3 device.

1.4 Conclusion

The first formulation did not provide suitable data (i.e. no permeation increase)
suggesting that the nasal administration of GHRL using DSPE-PEG micelles could not

be possible.

For the second liquid formulation developed, the encapsulation of GHRL in charged
liposomes was assessed. By changing the liposome compositions, it was possible to
modulate the ionic charge as well as to increase both drug loading and enzymatic
protection (TRYP and CES-1). Electrostatic and hydrophobic interactions between
GHRL and AL have been demonstrated and AL appeared to be an interesting choice
of formulation for GHRL nasal delivery with brain targeting.

The coating of AL with HTCC was confirmed by the increase both size and charge, but
also by morphological assessments. HTCC-AL showed a stronger adhesion to mucins

than AL and the osmolality values were consistent with nasal administration.

Calu-3 experimentation showed that GHRL permeation could be increased via
paracellular transport after HTCC addition. It was also underscored that AL needed to

be coated with HTCC to obtain improved GHRL permeation. By combining the
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beneficial effects of both AL and HTCC, it was possible to protect GHRL, to increase

the bioadhesion of the liposomes and to optimize their transfer through Calu-3 cells.

The aerosol properties after actuation of the device were satisfactory with suitable size
distributions.

Overall, the GHRL-loaded coated liposomes could closely match the criteria required
for efficient nose-to-brain delivery. However, stability during storage of such
biopharmaceutical in aqueous medium is usually quite low (e.g. due to significant
hydrolysis). Moreover, the residence time of nasal liquids has been reported to be
lower than nasal powders®®, Considering these essential points, it was decided to carry
on the pharmaceutical development with the production of a formulation in the form of
a nasal dry powder.
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2. Results part Il: Development of a dry-powder formulation

for the nose-to-brain delivery of GHRL
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2.1 Introduction

In the previous part a liquid formulation based on GHRL-loaded HTCC-AL was
developed?®’. The formulation provided promising data in terms of entrapment
efficiency (56%), enzymatic protection (20.6% and 81.6% in the presence of trypsin
and carboxylesterase, respectively) and permeation enhancement (10.8% through a

Calu-3 monolayer).

The decision has been made to move forward to a powder form to achieve a better
storage stability of the peptide (e.g. avoidance of the cold chain during shipping) as
well as to avoid the use of preservatives®'. Moreover, permeation in the nasal cavity
has been described to be increased with powders as the low volume of nasal liquid
available for dissolution creates a high concentration gradient that positively impacts
the diffusion of a drug through the nasal membrane®3-%5. In addition, powders are
characterized by a prolonged residence time in the nasal cavity and, this, even more if
the formulation contains bioadhesive excipients. This thus offers more opportunity for
the peptide to be transferred through the olfactory mucosa®. Regarding the
physicochemical properties of the excipient, it has been reported that chitosan
derivatives offered a higher transmucosal bioavailability of drugs when delivered as a

powder®’,

On the other hand, the development of a dry-powder formulation presents some
additional issues such as reproducible and homogenous drug content. Other powder-
specific parameters such as particle size, density, residual moisture and electrostatic
charges may strongly influence and modify the physical behavior of the powder.
Nevertheless, even if liquid formulations still represent the majority of nasal medicines,
the number of studies that focus on the development of nasal powders are growing
up®-79. Up to now, most of the marketed nasal products based on the use of powders
contain corticosteroids for rhinitis management and the number of studies related to

nasal powders containing peptides is still very low’?73,

This part of the work aims to develop and evaluate a powder formulation for nose-to-
brain delivery that contains chitosan-coated liposomes loaded with GHRL by particle
engineering using the spray drying technique. Such formulation should protect GHRL
from early degradation, and increase its permeation through the olfactory mucosa due

to the formulation’s mucoadhesion properties as well as GHRL’s long-term storage



stability. Lactose is a well-characterized matrix agent in inhalation that allows HTCC-
coated liposomes dispersion once in contact with nasal fluids?®®. The spray drying
method was already used to produce both nasal powders and lung inhaled powders

containing liposomes?9°:3%,

Once the drying parameters were optimized, the physicochemical properties of the
powder were evaluated. The powder was also introduced in a dry-powder device which
was designed to target the olfactory region for optimal nose-to-brain delivery®°t. The
aerosol that was generated from this device was deeply studied (e.g. deposition in a
nasal cast, aerosol size measurements). The powder was evaluated in terms of
mucoadhesion, permeability through a Calu-3 monolayer as well as drug and aerosol

stability during storage.

A part of these results are published in the following article: “Salade, L., Wauthoz, N.,
Vermeersch, M., Amighi, K. & Goole, J. Chitosan-coated liposome dry-powder
formulations loaded with ghrelin for nose-to-brain delivery. Eur. J. Pharm. Biopharm.
129, 257-266 (2018)”.

2.2 Materials and methods

2.2.1 Materials

Synthetic human acylated GHRL (purity = 98%) was purchased from Shanghai
Science Peptide Biological Technology co., Ltd (Shanghai, China). Acetonitrile,
methanol, trifluoroacetic acid (TFA), dichloromethane (all solvents were high-
performance liquid chromatography (HPLC) grade), dihexadecyl phosphate (DHDP)
and cholesterol (CHOL) were obtained from Sigma Aldrich (St Louis, MO, USA).
Soybean lecithin “Lipoid® S100” (LS100) was purchased from Lipoid® Gmbh
(Ludwigshafen, Germany). Trypsin-EDTA 0.25% w/v solution (TRYP), Hank’s
balanced salt solution (HBSS), certified US origin heat-inactivated foetal bovine serum
(FBS), sodium pyruvate 100 mM, L-glutamine 200 mM, penicillin (10 000
U/mL)/streptomycin (10 000 pg/mL), gentamicin 50 mg/mL and minimum essential
medium containing no essential amino acids (MEM NEAA) were obtained from Thermo
Fisher Scientific (Walthman, MA, USA). Calu-3 lung adenocarcinoma cells (ATCC®
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HTB-55™) were purchased from ATCC (Manassas, USA). Inserts used for a Calu-3
air—liquid interface culture were composed of a mixed ester cellulose membrane with
0.45 pum porosity and 30 mm diameter adapted for 6-well plates and Amicon® Ultra-
15K centrifugal tubes with a 100 kDa cut-off. These were purchased from Merck
Millipore (Darmstadt, Germany). The chitosan derivative was a HTCC derivative with
a MW of 92 kDa, a deacetylation degree of 80% and a substitution degree of 33%
(Kitozyme, Herstal, Belgium). Lactohale® 210, which is a grade of lactose intended for
inhalation, was used as a matrix agent and obtained from DFE Pharma (Goch,

Germany).
2.2.2 Production of HTCC-coated liposomes for spray-drying

The protocol used for HTCC-coated liposomes production is described in paragraph
1.2.5: “Preparation of liposomes and HTCC-coated liposomes. From the initial
dispersion of HTCC-coated liposomes, 1.0 g of Lactohale® 210 (DFE Pharma, Goch,
Germany) was dissolved prior spray-drying in the liquid formulation to act as a matrix
agent. The preparation was left for 15 minutes under magnetic stirring for complete

solubilization.

2.2.3 Determination of the spray drying parameters and powder

characterizations

A design of experiment (DoE) including four factors, four resolutions and two levels per
parameter was established using the statistical software Minitab (Minitab Inc., USA).
This software selected drying conditions that offered the highest yield as well as a
representative fraction of particles larger than 10 um. For each drying parameter, two

levels were defined (minimum “-1” and maximum “+1”, Tab. 15).
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Table 15. Parameters for the DoE for optimizing the spray drying conditions, with their

maximum (+1) and minimum (-1) levels

Parameters Level (-1) Level (+1)
X1 = Inlet temperature (°C) 90 130
X2 = Feed rate (mL/min) 2.6 6.2
X3 = Spray gas flow (L/h) 283 667
X4 = Aspirator rate (m?3/h) 32 38

The spray drying was performed with a Mini Spray-Dryer B-290 (Buchi, Switzerland)
equipped with a 0.7 mm diameter nozzle and a high performance cyclone. Powders
were produced by spray drying 10 mL of liquid formulation containing 10% (w/v)
Lactohale® 210, 0.1% (w/v) GHRL, 1% (w/v) lipid mixture and 0.1% (w/v) HTCC. The
small volume (10 mL) of liquid formulation injected into the apparatus was mainly
justified by the desire to limit the losses of GHRL during the development of the
method. Four parameters inherent to the drying process were studied, namely: inlet

temperature, feed rate, spray gas flow and aspiration rate.

The production yield (%) for the spray drying process was calculated as follows:

Yield (%)= i 100 (6)

where “W/” is the residual mass of powder collected (in milligrams) after drying and
“Wi” is the mass of components contained in the initial liquid formulation injected in the

spray dryer (in milligrams) through the peristaltic pump.
For each spray drying parameter, maximum and minimum values were fixed in order

to set up the design of experiment (Tab. 15).
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2.2.4 Particle size distribution analysis and scanning electron microscopy

The patrticle size distributions were obtained by laser diffraction using the Aero S dry
powder dispersion system (Mastersizer® 3000, Malvern Instruments, Malvern, UK).
Approximately 50 mg of powder were deposited on the tray of the Aero S dry dispersion
plate and the vibration rate was fixed at 100%. The powder was dispersed at a
pressure of 4 bars and the refractive index was fixed at 1.35. Size distributions were
reported and characterized using the median volume diameter “Dv50” that represents

the diameter at which 50% of the population is comprised below this value.

The morphology of the powder particles was studied by SEM analysis using a Hitachi
SU-70 ultra-high resolution microscope (Hitachi, Tokyo, Japan). The particles were

coated with gold (35 mA for 4.5 min at 1 mbar under argon) before analysis.
2.2.5 Thermogravimetric analysis

Powders (15-20 mg) were studied by thermogravimetric analysis (TGA) for their
residual moisture (% w/w) using a TGA Q500 (TA Instruments, New Castle, Delaware,
USA). The temperature range studied was fixed between 35 and 120°C and the heat
rate set at 10°C/min. The percentage of residual moisture was determined with TA
Instrument Universal Analysis 2000 software by determining the weight variation (%
w/w) between 35 and 120°C (n=3).

2.2.6 HPLC-UV method

The method used for GHRL quantification is described in paragraph “1.2.3 HPLC/UV
method for GHRL quantification”.

2.2.7 GHRL content uniformity and stability

The GHRL content uniformity in HTCC-AL powder was determined by solubilizing 50
mg of HTCC-AL powder in 2 mL of PBS pH 7.4. The amount of GHRL in each sample
was determined by HPLC and the variability was compared between five distinct

samples.

The GHRL stability was compared between the HTCC-AL powder and liquid
formulations. Both formulations were stored for 2, 4 and 12 weeks at 4°C and

25°C/50% relative humidity (RH). Powder samples were stored with silica desiccant in
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sealed vials. At the end of the test, GHRL was quantified and the degradation
percentages were compared between HTCC-AL liquid and powder formulations.
HTCC-AL powder was extemporaneously dispersed in PBS pH 7.4 (50 mg/mL) for
HPLC quantification. The remaining amounts of GHRL were compared to the initial
GHRL quantities at the beginning of the test. The degradation percentages were
expressed using the following equation:

GH RLpefore" GHRLafter
GHRLbefore

Degradation percentage (%) = ( ) x100 (7)

Measurements were performed in triplicate (n = 3) and expressed as mean values +
SD.

2.2.8 Adsorption of mucins on HTCC-AL

A defined amount of HTCC-AL powder (50 mg) or HTCC-AL liquid formulation (2 mL)
was added to 6 mL of mucin solution (0.5 mg/mL). Mucoadhesion was determined
based on a colorimetric method combining periodic acid and Schiff reagent already

described in paragraph “1.2.11”.

The test was performed in triplicate and expressed as mean values + SD.
2.2.9 Characterization of the reconstituted aqueous dispersions

2.2.9.1. Size distribution, zeta potential and entrapment efficiency

GHRL-loaded coated liposomes from the initial HTCC-AL liquid formulation and the
HTCC-AL liquid dispersion which were reconstituted from the HTCC-AL powder were
evaluated and their size distribution, zeta potential and entrapment efficiency were
compared (by moistening the powder with PBS). For the reconstituted dispersion, 50
mg of HTCC-AL powder per mL of PBS pH 7.4 was dispersed using a magnetic stirrer
for 30 minutes. Both Z-average and zeta potential of both formulations were evaluated
in triplicate at 25°C by dynamic light scattering and electrophoretic mobility,
respectively (Zetasizer Nano ZS®, Malvern Ltd., Malvern, UK). Size distribution
analysis were performed using PS semi-micro disposable cuvettes and results were

expressed in terms of the Z-average (means + SD) and polydispersity index (PDI).
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Disposable folded capillary cells (DTS1070) were used for zeta potential evaluation

and results were expressed as a mean = SD (n = 3).

For entrapment efficiency assessment, both HTCC-AL liquid and reconstituted
formulations were centrifuged at 13 500 rpm through Amicon® Ultra-15 centrifugal
tubes with a 100 kDa cut-off membrane for 30 minutes at 25°C. Before, a GHRL
solution (PBS pH 7.4) was centrifuged to confirm the non-adsorption of GHRL onto the
filter membrane. The total amount of GHRL, “GHRLta”, contained in the initial HTCC-
AL formulations was determined by the HPLC-UV method. The fraction of GHRL
loaded into liposomes and retained on the filter was determined by quantifying the
GHRL in the filtrate using the following equation:

[GHRLotall-[GHRLFijtrate]

0 -
%o GH RI-Ioaded liposomes ™ ( GHRLiotal

x100)  (8)

The tests were performed in triplicate and percentages were expressed as the mean
+ SD.

2.29.2. Enzymatic protection

To evaluate the protection afforded by the liposomes to GHRL against enzymatic
degradation, the HTCC-AL liquid formulation and the HTCC-AL reconstituted
dispersion were exposed to TRYP solution (140 Ul/mL) for 15 minutes at 37°C (Vortex
Genius 3, IKA, Staufen, Germany). The reaction was stopped by the addition of 100
pL of TFA (10% v/v). “GHRLwta” in the initial formulations was determined by the
HPLC-UV method. The remaining amount of intact GHRL after digestion was
determined by withdrawing 500 pL for HPLC quantification. The percentage of GHRL

protected by liposomes was determined as follows:

GHRL,
0, — non degraded
% GHRLprotected™ —grimr oo *100 (9)
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2.2.9.3. Transmission electron microscopy

20 pL of HTCC-AL liquid formulation and reconstituted HTCC-AL dispersion (50
Mgpowder/ML Of PBS pH 7.4) were deposited on Formvar carbon-coated electron
microscopy grids. Then, 1-2 uL glutaraldehyde 25% v/v was added to fix the
liposomes. The preparation was left overnight at 4°C. Grids were transferred onto a
drop of distilled water for washing and left for 2 minutes (three times). For contrasting
and embedding, grids were placed onto a drop of methylcellulose-uranyl acetate (ratio
9:1 m/m) mixture for 10 minutes in an ice bath. The grids were removed and the excess
fluid blotted by gently pushing the loop sideways on filter paper. A thin film was left
over the section side of the grids. Observations were performed using a Tecnai 10
electron microscope (FEI, Hillsboro, OR, USA) operating at an accelerating voltage of
100 kV. Images were analyzed and processed using transmission electron microscopy

(TEM) analysis (Olympus Soft Imaging Solutions, Miinster, Germany).

2.2.10 Aerosol characterization from nasal device

Twenty-five milligrams of HTCC-AL powder were accurately weighed and put into a
unit-dose system (UDS) nasal device. The UDS device was developed to target the
olfactory region, the main area of interest for nose-to-brain transfer (kindly provided by
Aptar Pharm, Le Vaudreuil, France). The aerodynamic particle size distribution emitted
by the UDS device was studied by laser diffraction using a Spraytec® apparatus
(Malvern Instrument, Malvern, UK). The analysis parameters were set as follows: test
duration of 3 000 ms, actuation distance of 3 cm and data acquisition rate of 1 000 Hz.
The volume median diameter “Dv50”, the volume mean diameter “D(4,3)” and the
percentage of particles smaller than 10 ym “% < 10 um” were recorded.

The uniformity of mass delivered from the UDS device was also determined (n = 10)

by gravimetric analysis after triggering UDS devices in volumetric flasks.

To assess the potential modifications of the aerosol properties that could appear during
storage, the UDS devices were stored at 25°C 50% RH for 2, 4 and 12 weeks. The

particle size distribution was measured and compared to the initial distribution.
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2.2.11 Aerosol deposition in a nasal cast

A nasal cast was used to evaluate the deposition profile of the HTCC-AL powder in the
nasal cavity. For the nasal cast design, a nasal scan from a human Caucasian male
was selected as a model (Aptar Pharma, Le Vaudreuil, France). Specific sections of
the cast could be disassembled (Eig. 32) to recover GHRL that was impacted in each
nasal region. Five sections could be analyzed, namely: the nose + nasal valves,
turbinates, olfactory region, rhinopharynx and filter which captures small particles that

did not deposit before.

Block 1 : Nose \Kﬂ%

Block 2: frontal sinuses ; nasal valve

Block 3 : maxillary sinuses ; frontal sinuses ; Floor ; Turbinates ; Ethmoids
Block 4 : maxillary sinuses; Sphenoids ; Floor ; Turbinates ; Ethmoids
Block 5 : Sphenoids ; Rhinopharynx

Figure 32. lllustration of the nasal cast used for the assessment of the drug

distribution in the nasal cavity (Aptar© Pharma)

Prior to administration of the powder, the nasal cast was humidified with nebulized
MilliQ water for 10 minutes to mimic nasal humidity. The UDS device was introduced
in the nostril of the model at a depth of 20 mm and an angle of 45°. A single dose of
25 mg powder was delivered into each nostril (mwta = 50 mg) and each section was
washed with a section-specific volume of MilliQ water for collecting GHRL. The
recovery media were lyophilized by means of an Epsilon 1-6 freeze-dryer (Martin Christ
GmbH, Osterode, Germany) for concentrating the samples. Lyophilized powders were
solubilized in 1 mL of MilliQ water and quantified by the HPLC-UV method. Two
formulations were tested. One with HTCC-AL powder containing GHRL and another
with  HTCC-AL powder combined with sodium fluorescein (650 pg of sodium
fluorescein per 25 mg of total powder per nostril). Sodium fluorescein was added during

the liposome rehydration step simultaneously with GHRL. The quantification of sodium
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fluorescein was performed by HPLC-UV at 490 nm with a quantification limit of 0.1
pg/mL. This sensitivity allowed the quantification of sodium fluorescein in each section
of the nasal cast. Results were compared with the powder containing only HTCC-AL
powder. For GHRL quantification, three samples (n =3) were freeze-dried and
concentrated in PBS pH 7.4 (n =1). For sodium fluorescein, measurements were

performed in triplicate and expressed as mean percentages of recovery + SD.

2.2.12 Permeation test on Calu-3 cells

Before adding HTCC-AL powder or HTCC-AL liquid formulation onto Calu-3 cells, the
monolayer was washed twice with HBSS pH 7.4. Then, 2 mL of HBSS pH 7.4 were
added to both apical and basal sides. Cells were left for equilibration for 30 minutes.
Each liquid or powder formulation was introduced into three different inserts to perform

the test in triplicate.

For the deposition of powder, UDS devices were filled with 25 mg of HTCC-AL powder,
and a tip that was designed for nasal administration in rats (Aptar Pharma, Le

Vaudreuil, France) was fixed onto the device (Eig. 33).
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Figure 33. Assembly of the UDS device (1-4) and configuration for aerosol deposition
on cell inserts with tip designed for nasal administration in rats and 50 mL-falcon tube

(5)

The tip was introduced into a SuperClear™ Ultra High Performance Centrifuge Tube
(VWR International, Lutterworth, Leicestershire, UK) that was pierced on the conical
side. The centrifugal tube was placed vertically, with the device at the top and the cell
insert in contact with the bottom. The device was triggered and the powder was
impacted on the cell monolayer. A couple of doses of powder (25 mg/dose) were
delivered per insert (Mwtarinsert = 50 mg). The amount of powder impacted on inserts
was determined by weight before and after administration.

For the instillation of HTCC-AL liquid formulations, 2 mL were introduced on the apical
side of inserts using conventional micropipettes. GHRL was allowed diffusing for 3
hours. Then, 500 pL of basal medium was sampled and quantified by HPLC-UV
method. The permeation was compared between HTCC-AL powder and HTCC-AL

liquid formulations.

The TEER was followed at specific times during the experiments (i.e. at 0, 30, 90, 150
and 180 min) and 24 hours after the end of the test to assess the cell recovery. The
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TEER was recorded using an epithelial Volt/Ohm meter EVOM2® (Wold Precision
Instruments, Sarasota, USA). Data were expressed after subtracting the value of the
blank insert and normalized for surface area (4.2 cm?). For TEER daily evaluations, 2
mL of fresh medium were added on both the apical and the basal sides. Cells were left
for 30 minutes prior to taking measurements. An epithelium monolayer was obtained

approximately 10 days after inoculation (TEER around 1500 Q cm?).

2.3 Results and Discussion

2.3.1 Optimization of the spray-drying process

The liquid formulation has already been characterized, with promising results in terms
of permeation enhancement, mucoadhesion and enzymatic protection®, This study
discusses the development and the characterization of the dry powder formulation as
well as the benefits provided by the dry state in comparison to the liquid state.

The powder was produced using the spray-drying technique. The general principle of
the spray drying comprises the nebulization of a liquid in fine droplets which are
brought into contact with a hot air stream which allows these drops to be dried. Then,
the air flow passes through a cyclone which separates the dry product from the air flow.
Although the spray-drying technique involves the use of relatively high temperatures,
it has been preferred to freeze-drying due to its ability to produce powders with
relatively spherical and amorphous particles as well as characterized by a narrow size
distribution3%2, However, the temperature of the dried product is lower than the

temperature of the incoming air due to significant moisture/solvent evaporation.

The spray-dried powder should contain particles larger than or equal to 10 ym to
maximize the deposition in the nasal cavity as well as to avoid the deposition of small
particles in the lower respiratory tract3°3, In order to properly control the particle size
distribution of the spray-dried powder, the spraying gas flow must be well controlled as
it directly influences the size of the droplets to be dried and, therefore, the size of the
particles that are collected. Indeed, when the spraying gas flow decreases, the size of

the droplets increases as well as the mean diameter of the dried patrticles.
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In order to maximize the yield of the process, the evaluation of the influence of the feed
rate can be relevant. Indeed, a high feed rate involves a risk of an incomplete drying

process due to a loss of material that may stick on the walls of the spray-drier3%4.

Therefore, an optimization of the drying process was required to reach the targeted
granulometry as well as to increase the yield of production.

The first observation highlighted by the DoE (Tab. 16) was that the yield of production
decrease when the Dv50 values increased. This trend could be confirmed by making
a comparison between batches 2 and 3. Here, the Dv50 increased from 5.6 to 14.3um

while the yield decreased from 83.8% to 13 (w/w), respectively.

Table 16. DoE parameters followed during the spray drying process. The formulation
dried was the HTCC-AL liquid formulation with GHRL 1 mg/mL, AL 10 mg/mL, HTCC
1 mg/mL and Lactohale® 210 100 mg/mL. Residual moisture (%) was determined by

thermogravimetric analysis and powder particles size (Dv50) was measured by laser

diffraction

X4: :

Sach Mol XEFeed spaung PO oo viewoo o
r ure (°C)  (mL/min) T e rate (ms- (Hm) ) moistu
(L-h) h) re (%)

1 90 6.2 667 32 6.2 59.8 -
2 130 6.2 283 32 14.3 13 7.3
3 130 6.2 667 38 5.6 83.8 -
4 90 6.2 283 38 14.8 7.5 -
5 130 2.6 283 38 16.6 25 2.3
6 90 2.6 283 32 15.5 15.8 -
7 90 2.6 667 38 6.9 76.8 -
8 130 2.6 667 32 6.0 87.4 -

It could be observed that, when the spraying gas flow (i.e. X3) was increased from 283

L/h to 667 L/h, the size of the powder particles decreased. Indeed, when the spraying
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gas flow is raised, the size of the nebulized droplets in the spray drier are lowered
which lead to the production of smaller particles. Moreover, the increase of the spraying
gas flow makes the drying process more efficient as the drying of such small droplets
is easier to achieve. Droplets that were not fully dried could not reach the collection

vessel and remained stuck on the walls of the drying chamber3°®,

In order to confirm that a potential inefficient drying process was responsible of the low
production yield observed, TGA experiments were performed. The TGA do not only
provide information on the efficiency of the drying process, it also makes part of the
characterization of a powder formulation. Indeed, the flowability of the powder may be
improved by the presence of small amounts of residual moisture as water can act as a
lubricant by reducing electrostatic charges. However, an excess of water (> 3% w/w)
may cause the formation of liquid bridges and thus limit the correct dispersion of the
powder during aerosolization306307,

The residual moisture also usually influences the stability of a drug in the powder (e.g.
higher water content suggests a higher risk of hydrolysis'®®. A marked difference
between batch 2 and batch 3 was highlighted, with residual moisture of 7.3 and 2.5%
(w/w), respectively. The high percentage of residual moisture in batch 2 can explain
the loss of material during the drying process and the substantially lower yield value

obtained.

Another hypothesis explaining this phenomenon could be based on the transition
temperature of Lipoid® S100 which is below 0°C (phase transition temperature of
soybean phosphatidylcholine: -20/-30 °C)3%8, When the formulation was exposed to the
heat during the spray drying (output temperature range: 50-55°C), Lipoid® S100
became softer and could stick to the walls of the atomizer, leading to a loss of product
and a decrease of in the yield.

However, this hypothesis was discarded after a second trial, in which Lipoid S®100
was replaced by a hydrogenated phosphatidylcholine (Phospholipon® 90H, Lipoid,
Ludwigshafen, Germany) that was characterized by a higher glass transition
temperature (55°C). The loss of material in the drying apparatus was similar (data not
shown), suggesting that sticking issues in the drying chamber were rather due to
residual moisture. Additionally, the HTCC polymer coated onto the external side of
liposomes was directly available for adhering to the walls of the apparatus. This could

also contribute to the low yield of production that was observed.
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In order to select the most suitable combination of spray-drying parameters, a major
fraction of particles larger than 10 um and a minimal loss during the drying process
were inquired. Batch 5 (B5) showed the most suitable association, with a satisfactory
yield of 25% w/w and an ability to produce dried particles with a volume median
diameter larger than 10 ym (Dv50 = 16.6 um). Batch 6 (B6) offered an interesting Dv50
(15.5 pm) but the decrease in the inlet temperature (i.e. X1) from 130°C (B5) to 90°C
(B6) negatively impacted the yield of the process, which decreased from 25 to 15.8%
(w/w), respectively. Indeed, when the inlet temperature was decreased, the drying of
the particles was not achieved and moistened particles were trapped on the walls of

the spray dryer.

Additionally, it is commonly accepted that the size of the drying chamber can
sometimes be a limiting factor. Indeed, the spray dryer used in this study (B-290 Mini
Spray Dryer, Buchi) is a laboratory-scale apparatus which was designed for the
production of small amounts of powder. The small size of the drying chamber does not
allow the production of large particles, unlike larger industrial spray dryers. With such
industrial instruments, the drying chambers can be a few meters long. They thus
provide a prolonged residence time, allowing very large droplets that are efficiently
dried without being impacted on the walls of the apparatus3®. Finally, B5 drying

conditions were maintained for further characterizations.

Using the drying parameters corresponding to B5, the residual moisture in the dried
powder was shown to be 2.3% (w/w) (Tab. 16), which could be considered
satisfactory®°. The residual moisture is a crucial parameter that may directly impact
the physicochemical properties of a powder intended to be nasally administered.
Indeed, a low water content is known to increase the stability of the drug during
storage®!!, while high residual moisture (> 2-5% w/w) may negatively impact the
disaggregation of the powder during its aerosolization from the device3'?313, In
addition, powder flowability may be also decreased by residual water due to the
presence of liquid bridges3°6. When water content is very low (< 1% w/w), electrostatic
charges may appear. Increasing the water content may overcome the generation of
such electrostatic charges and positively impact the flowability as water acts as a

lubricant.2%8

There is a direct relation between residual moisture and drying parameters (e.g.
spraying gas flow, feed rate, inlet temperature). For instance, a lower feed rate or an

increase in the inlet temperature reduces the residual moisture content3©,
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The characterization of spray-dried HTCC-AL powder was further continued with the
analysis of the particles shape. As already described, the shape of the particles may
strongly influence the aerodynamic behavior of powder for inhalation3!4. The contact
surface between particles as well as the potential surface asperity can drastically

modify the powder properties.

SU70 5.0kV 9.9mm x1.00k SE(M) 10/24/2016

Figure 34. SEM pictures of HTCC-AL powder with magnifications of 1000x (left) and
200x (right)

A spherical shape coupled to a slight agglomeration of particles was observed on SEM
pictures (Eig. 34). The particle surfaces were smooth and non-porous. The diameter
of the particles appeared to be ranged between 10 and 40 um. These particles of about
10 - 40 um are thus constituted, in a major part by lactose, that is used as a carrier in
order to bring the nanoparticles (HTCC-AL) into the nasal cavity. Indeed, the nasal
delivery of such nanoparticles as they are and in the form of a dry powder would not
be feasible. Therefore, the use of a carrier (i.e. lactose) allows the incorporation of a
few nanoparticles of chitosan-coated liposomes in larger particles with the desired size
range (> 10 um). The particles spherical shape allows minimizing the interactions
between the particles and usually provides a good aerodynamic profile (e.g. no

agglomeration, good flowability) of the powder3,

Different batches of HTCC-AL powders were produced using the spray-drying
parameters of B5 (Tab. 16). It was demonstrated that the uniformity of dose of GHRL
was preserved with a limited variability of 1.13 £ 0.02 mg of GHRL per g of dry powder
formulation (Tab. 17). such amount represented a GHRL dose variability of 2.1%.
Therefore, it could have been concluded that the powder produced by spray drying

contained accurate and reproducible amounts of GHRL at the end of the process.
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Table 17. Determination of residual moisture (% w/w, n = 3) and GHRL content
uniformity (GHRLamount mg/ g of powder, n=3) of HTCC-AL powder (5 different
batches produced using B5 parameters). Values expressed as mean = SD.

Parameters Results

Residual moisture (% w/w) 23+04

Content uniformit mgq/ of
y  (mglg 1.13+0.02
powder)

Dose variability (%) 2.1

2.3.2 Comparison of mucoadhesion and GHRL stability between powder and

liguid formulations

This section compares the ability of the formulation to adhere to mucins and the drug
stability during storage for both liquid and powder formulations. As previously
explained, it is of great importance to develop powder that also extends the residence
time and the stability of the peptide during the nasal administration but also during the
therapeutic storage. This could be achieved through the mucoadhesive properties of
HTCC and the physical state of the dried formulation which may remain longer in the
nose than a liquid formulation. Cationic chitosan derivatives are known to
electrostatically interact with anionic charges on the mucosa surface3'6. Mucins, which
are well-represented glycoproteins in the nasal mucus, are characterized by a global
negative charge conferred by sialic acids and sulfate functions. The opposite charges
present in mucins and chitosan derivatives induce electrostatic interactions. This

phenomenon has been assessed by testing adhesion to submaxillary mucins.

It was shown that HTCC-AL in solid state fixed 89 + 4% of mucins, which confirmed
the electrostatic interactions between cationic HTCC and anionic charge of mucins at
physiological pH3'”. The liquid formulation could also fix mucins but with a lowered
percentage: 61 + 4%. Therefore, the dry-powder formulation seemed to have an

advantage over liquid formulations in terms of mucoadhesion.

Another potential advantage of dry powder formulation over liquid formulation is the
better stability of GHRL during storage. Other studies have already mentioned the

increase in stability for sensitive drugs, such as vaccines, when switching from a liquid
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to a dry formulation3'®, Therefore, it was decided to compare the stability of GHRL from

formulations in both physical states.
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Figure 35. Comparison of the degradation percentages of GHRL for HTCC-AL liquid
and powder formulations at 4°C 50% RH after 2, 4 and 12 weeks (n = 3, mean + SD).
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Figure 36. Comparison of the degradation percentages of GHRL for HTCC-AL liquid
and dry formulations at 25°C 50% RH after 2, 4 and 12 weeks (n = 3, mean £ SD).

The benefit of the dry formulation over the liquid at 4 and 25°C can easily be visualized
when comparing the degradation profiles (EFig. 35 and 36). At 4°C, the degradation in
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the liquid formulation was more limited but the amount of GHRL degraded was higher
than 10% after 4 weeks (12.53 = 0.92%). At the same temperature, the powder form
globally offered a strongest stability decreasing this way the GHRL degradation of
about 10% for each incubation period versus the liquid formulation.

Moreover, at 25°C, almost all the GHRL (95.64 + 0.85%) was degraded in the liquid
formulation after one month. In contrast, the degradation of GHRL from the dry
formulation was still very limited, with 2.67 + 0.57% after 4 weeks at 25°C of GHRL
degraded. A slight increase of the degradation could be observed after 12 weeks at
25°C with 22.56% of GHRL degraded in the powder.

By comparing the powder form at both temperatures (i.e. 4 and 25°C), it can be seen
that an increase of 6.26% of GHRL degradation is observed when stored at 25°C
versus 4°C. Therefore, the development of a dry powder dosage form for such unstable
biopharmaceutics appears relevant. Moreover, by storing the dry powder in

refrigerated conditions (< 4°C), it is thus possible to further reduce GHRL degradation.

2.3.3 Characterization of the reconstituted aqueous dispersion

As the formulation may undergo some modifications during spray drying and, as it will
be moistened by the nasal fluid after instillation, it was decided to disperse the HTCC-
AL powder in PBS pH 7.4 to evaluate/characterize the resultant dispersion. Differences
and/or similarities with the initial liquid formulation (before spray drying) have been
highlighted and discussed.
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Table 18. Comparison of Z-average, Zeta potential, entrapment efficiency, enzymatic
protection (TRYP) and osmolarity between HTCC-AL initial liquid formulation (GHRL 1
mg/mL, HTCC 1 mg/mL, Lipids 10 mg/mL) and HTCC-AL reconstituted dispersion in
PBS pH 7.4, (composition of the liquid formulation added with lactohale® 210 at 100

mg/mL), mean £ SD, n =3

Parameters Before spray drying After spray drying
Z-average (nm) 195+6 263 £5
[PDI] [0.082] [0.203]
Zeta potential (mV) +5+0.8 +9+1.2
Entrapment efficiency (%) 55+4 64 +2
Enzymatic protection (TRYP, %) 20+ 3 26 £2
Osmolarity (mOsm/Kg) 408 + 2 3593

Particle size distribution analysis (Tab. 18) showed an increase in both Z-average and
PDI for the HTCC-AL dispersion reconstituted from the spray dried powder (195 + 6
nm and 263 + 5 nm for the initial HTCC-AL liquid formulation and for the HTCC-AL
reconstituted dispersion, respectively). It appeared that a slight structural
rearrangement could take place during the drying process (e.g. lipid agglomeration).
The Z-average increased and structural changes after spray drying were already
observed in other studies with PEGylated liposomes3'®. In previous work, it was
suggested that the presence of PEG could promote the interaction between liposomes
rather than limit it. Similar hypothesis may be made with the use of HTCC. However,
the size distribution remained monomodal, with a PDI around 0.2 in both cases.
Nevertheless, a narrower distribution was achieved before spray drying (0.082 in the
initial HTCC-AL liquid formulation versus 0.203 in the HTCC-AL reconstituted
dispersion). Zeta potential was also subject to a slight increase (from +5 £ 0.8 mV to
+9 + 1.2 mV). This could be explained by the increase in size after spray-drying which
implied a larger surface coated with HTCC. This proportional evolution of both Z-
average and zeta potential between the initial and the reconstituted dispersion (after
spray-drying) with chitosan-coated liposomes was already observed and mentioned

in other studies32°,
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We then wanted to confirm that, once the HTCC-AL suspension reconstituted, the
formulation was still able to protect GHRL from enzymatic digestion. Even if nose-to-
brain administration is considered to be able to bypass most of the first pass
degradations, many types of enzymes may be found in the nasal cavities. The main
enzyme families represented in the nose are: aldehyde dehydrogenases, cytochrome
P-450-dependent monooxygenases, rhodanese, glutathione transferases, epoxide
hydrolases, flavincontaining monooxygenases and carboxyl esterases?%8. A trypsin-
like activity, associated with the degradation of salmon calcitonin, was even reported
in rat nasal mucosa. Therefore, the authors concluded that the use of trypsin inhibitor

allowed the nasal absorption of salmon calcitonin to be enhanced?°.

The selected enzyme (TRYP) was an endoprotease that cleaves lysine and arginine
residues which represents seven potential cleavage sites (arginine and lysine
residues) on the peptide chain of GHRL. The protection afforded by liposomes was
similar and, even more pronounced, than that of the initial liquid formulation before
spray drying (20 + 3% and 26 + 2% before and after spray drying, respectively). A basic
GHRL solution was the reference for the degradation, with 100% of GHRL degraded
after TRYP digestion (data not shown).

The higher GHRL entrapment efficiency and enzymatic protection could be explained
by a close interaction of GHRL with HTCC-AL during spray drying. When the aqueous
medium is evaporated, free GHRL might have to closely interact and be adsorbed onto
the surface of HTCC-AL lipid structure. This could also increase the amount of GHRL
loaded to HTCC-AL. Such interaction resulted in a greater amount of GHRL that could

be protected from enzymatic degradation.

Another hypothesis for this increase of entrapment efficiency could be explained by
the restructuring (i.e. size increase) of HTCC-AL during spray drying. Indeed, it was
previously shown that the Z-average of HTCC-AL in the dispersion was higher than
before the spray drying process (Tab. 18). It is known that the size of liposomes as
well as the number of lipid bilayer can be correlated with the amount of drug loaded
into liposomes??!. This could also explain the raise in the GHRL loading for HTCC-AL.
TEM analyses were performed to confirm that, despite the increase of the Z-average
observed by dynamic light scattering, the liposomes preserved their LUV structure.

This structure was similar to that of the initial suspension (Eig. 37).
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Figure 37. Transmission electron microscopy for the initial HTCC-AL liquid
formulation (A-B) and for the reconstituted dispersion (C-D) (50 mgpowder/mL of PBS,
dilution factor: 50x)

2.3.4 Powder aerosol characterization and in vitro nasal cast deposition

The aerosol size distribution obtained for HTCC-AL powder produced with B5
parameters is characterized by a volume median diameter “Dv 50” of 38 £ 6 ym, a
volume mean diameter “D(4,3)” of 42 + 8 ym and a percentage of particles smaller
than 10 um of 4 + 1% (Tab. 19). In comparison with the size distribution measured in
the raw powder (section “2.3.1 Optimization of the spray-drying process”, Tab. 16), a
particle size increase can be observed in the aerosol (Tab. 19). A plausible explanation
for this phenomenon would be the slight agglomeration of the powder, once loaded
into the UDS device. However, the particle size distribution was not impacted during
storage at 25°C/50% RH after 4 weeks in the UDS devices (data not shown). The
shape of the particle size distribution curves remained unimodal and Gaussian.

The properties of the plume generated depend on both initial size of spray-dried
particles and intrinsic properties of the nasal device that is used (shape of the nozzle,
mechanism of aerosolization, etc.). The size of the particles in the aerosol is very

important because it will determine the amount of drug deposited in the nasal cavity.
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Table 19. Data collected from the particle size analysis (mean £ SD, n = 3) by laser
diffraction (Malvern Spraytec, Malvern Instrument, UK): Dv50, D(4,3) and percentage
of particles smaller than 10 um (% < 10 um), and uniformity of mass delivered from the
UDS device (Mpowder = 25 mg, mean mass (mg) £ SD, n =10 and CV). HTCC-AL liquid
formulation with GHRL 1 mg/mL, AL 10 mg/mL, HTCC 1 mg/mL and Lactohale® 210
100 mg/mL.

Parameters Results
Dv50 pm 38+6
D(4,3) pm 42 +8

% <10 um 4+1

Mass delivered (mg) 24.9 £ 0.37
[CV] [1.49%)]

Regarding the nasal device, particular attention must be paid to its choice when a nose-
to-brain transfer is targeted. Indeed, the device should maximize the deposition of the
formulation in the olfactory region. However, the respiratory mucosa innervated by the
trigeminal nerves could also be involved in nose-to-brain delivery3??. In contrast to the
olfactory pathway, the trigeminal pathway brings drugs into the cerebrospinal fluid (and
not into the olfactory bulb) and would contribute in a lower manner to the nose-to-brain

transfers,

Therefore, the criteria that were considered for the selection of the nasal device
included (1) a proper impaction of the powder on the olfactory region, (2) a manual
filing and (3) a suitable design to contain powder formulations. Based on these
requirements, the UDS device from Aptar Pharma® was selected. This UDS device is
a unit-dose dispensing system which operates via a plunger coupled with a membrane
that is pierced upon activation of the device. It generates a positive pressure that
expels the powder contained in the reservoir, allowing the generation of the aerosol.

The UDS device had been also described to properly deliver accurate amounts of
powder. This was confirmed by a “uniformity of mass delivered” test. Indeed, the
amount of emitted powder was found to be 24.9 + 0.37 mg with HTCC-AL powder
(Tab. 19). The repeated device actuations were characterized by a low variation in the
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uniformity of the mass delivered with a coefficient of variation (CV) equal to 1.49%.
Moreover, 99.6 = 1.48% (w/w) of the loaded powder (25 mg) was expelled from the
device. These results are in accordance with FDA recommendations that propose a
maximum deviation of +10% between the mean weigh and target weigh3?3. The
amount of dry formulation that was loaded in the device was selected on the basis of
the usual quantities of powder delivered nasally3%324 The accuracy reached in terms
of powder emitted with the UDS/HTCC-AL powder association was satisfactory in
comparison with other devices. For example, only 8.27 £ 0.83 mg of beclomethasone
dipropionate powder could be emitted from the initial amount (28.8 +0.4 mg) loaded in
the Puvlizer device from Teijin (Osaka, Japan)®®.

Additionally, the usual doses of octanoylated GHRL administered in clinical studies
with intravenous injections by bolus or infusion are in the ranges of 0.03-10.0 ug/Kg
and 0.003-1.33 ug/Kg.min, respectively3?>. Therefore, the dose of GHRL selected for
the nasal administration in this work (28 pg/dose) is very close to the usual parenteral
doses administered in humans and could provide satisfactory effects for potential

future clinical studies.

After studying the aerosol properties, the deposition profile of the powder in an artificial
nasal cavity, called “nasal cast”, was assessed. Nasal cast has become, in recent
years, an inevitable step in the development of drug delivery systems for nasal
administration?3®, Indeed, the particle size analyses which are usually performed by
laser diffraction only represent the behavior of the aerosol in a free-volume. Indeed,
without volume constraint related to nasal cavities, the spray has a large space to
expand. In contrast, when administered in nasal cavities, the available volume is very
limited and the spray is rapidly impacted onto the nasal walls. Therefore, a distribution
study in a reproduced nasal cavity allows evaluating in a much more representative
way the behavior of the aerosol during its delivery. Such nasal casts also make it
possible to study the influence of physiological parameters such as the inspiratory flow

of the patient or anatomical specificities on the deposition.

Medical imagery (e.g. sectioned scans3?6327 computed tomography or magnetic
resonance imaging scans3?®), initially performed for the diagnosis of diverse nasal
pathologies or deformations (e.g. nasal septum deviation)32°, constitute a very rich and
varied databank used for the design of such artificial nasal cavities. The combination

of the computed tomography scans and 3D printing allow the manufacture of complex
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and biosimilar cavities®3°. In order to build the nasal cast, the raw data resulting from

medical analysis are digitally converted to be compatible with 3D-printing software.

Nasal casts can provide both qualitative ((e.g. a translucent model that stains when
the formulation deposits) and quantitative data, with anatomical models constructed in
separable structures that allow quantification in specific areas of the nose. The model
selected for our study was designed with 5 separable anatomical areas, namely:
nostrils, vestibule, turbinates, olfactory region and rhinopharynx. The model was
constructed on basis of a human male nasal cavity and the drug quantification was
performed by dropping the distinct sections in buffer solutions. Each recovery bath was
used for GHRL quantification by HPLC.

Depending on the nasal pathway that is targeted (e.g. local, systemic or nose-to-brain),
the deposition of the droplets/powder should be preferentially targeted in specific areas
in the nasal cavities. For instance, when a local effect or a systemic transfer is
expected, the formulation should cover the largest area of the nose to maximize the
surface of contact. This may be achieved by developing a formulation with a device

that is able to generate small particles or droplets as they cover a large surface.

In contrast, when a nose-to-brain transfer is considered, it is mandatory to maximize
the nasal deposition in a very restricted area that only represents 5.2% of the total
surface of the nasal cavity, namely the olfactory mucosa3®3!. It is well-known that the
deposition of large particles or droplets (50-60 pm) do not occur in posterior areas of
the nasal cavity and thus limits the amount of drug potentially bypassing the olfactory
mucosal34332333 However, if the median diameter is too large, the formulation can be
deposited at the entry of the nose and can be quickly removed by sneezing or

cleaning334.

The rhinopharynx and the filter sections, located at the back of the nasal casts, are the
representative areas for the evaluation of losses of small inhalable particles. Indeed,
the rhinopharynx section contains an aerosol part that circumvents the nasal cavity,

while the filter section acts as a barrier to block the smallest particles (< 5 um), which
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could theoretically continue to the deeper respiratory tract.
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Figure 38. Recovery percentage of GHRL in various sections of the nasal cast with
the UDS device and HTCC-AL powder (mpowder delivered/nostril = 25 Mg, MGHRL delivered/nostril
= 28 g, with an administration angle of 45° and a nostril insertion depth of 10 mm, n
= 1)
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Figure 39. Recovery percentages of fluorescein in various sections of the nasal cast
with UDS device and HTCC-AL powder (Mpowder deliveredinostril = 25 Mg, Miotal powder = 50
Mg, Miluorescein/inostril = 650 Wg), with an administration angle of 45° and a nostril insertion
depth of 10 mm, n = 3, mean + SD)
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For the deposition profile of GHRL with HTCC-AL powder (Eig. 38), it was necessary
to combine the washing media following the deposition experiments and to concentrate
them by freeze-drying to reach a sufficient concentration for quantification. It was
demonstrated that 23% of GHRL were recovered in the “nose+nasal valves” section.
This section concerns the deposition of largest particles which can be rapidly removed
by sneezing or cleaning the nose334. Another 25% of GHRL was quantified in the found
in the "turbinates” section. Regarding the “rhinopharynx” and “filter” sections, they
should trap the smallest particles which could potentially reach the lower parts of the
respiratory tract. The absence of GHRL in both areas (i.e. rhinopharynx and filter
sections) can be explained by the very low percentage of particles characterized by a
mean diameter smaller than 10 pm (4 = 1%, Tab. 19). The highest amount of GHRL
was recovered in the olfactory region (52%). The deposition of 52% represented a total
dose of GHRL of 29.1 ug on the olfactory mucosa after delivery in both nostrils.
Therefore, it seemed that the combination of the UDS device and the HTCC-AL powder

allowed a maximized deposition in this section.

A second deposition study was performed with HTCC-AL powder containing
fluorescein as a colored molecule model for quantification. Even if it is always better to
quantify the active compound directly, sodium fluorescein could be an interesting
alternative for evaluating the deposition profile of nasal powders loaded with expensive
drugs that are available in limited quantities. In addition, the quantification of
fluorescein can be done in a much more sensitive way which allows to precisely
determine the amounts of powder deposited in each section of the nasal cast. By using
fluorescein, it was also possible to repeat experiments three times in order to collect
more statistically representative data. Indeed, with GHRL we had to combine collection
media of three experiments and proceed to freeze-drying in order to make the test
guantifiable. For these reasons, the deposition of the powder with fluorescein was
compared to that of GHRL. However, such comparison must be carefully controlled.
Indeed, the physicochemical properties of the formulation containing the fluorescein

must remain similar to that delivering the drug/peptide.

To compare GHRL and sodium fluorescein, the particles size distribution, the aerosol
size distribution, uniformity of mass delivered and content uniformity were controlled
and compared to the initial HTCC-AL powder formulation without fluorescein. All

experimentations showed similar properties between formulations with or without
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fluorescein (see section “Appendices I.”). These results could be supported by the
quantification of sodium fluorescein in the different sections of the nasal cast (Eig. 39).
It could be seen that the powder with fluorescein was similarly distributed to that of
GHRL. However, it should be noticed that higher amounts (+14%) of fluorescein were
found in the olfactory region compared to those of GHRL. This observation could be
explained by the great difficulty in accessing the olfactory region. Indeed, since the
olfactory mucosa is located after a very narrow zone and in the upper part of the nose,
the variability observed in terms of deposition may be greater than in other nasal

localizations.
2.3.5 Permeation study on Calu-3 cells

Prior to permeation tests, the maximal amount of powder that could be deposited on
inserts from the UDS-Falcon® system was estimated. It was shown that, from the initial
amount of powder (m = 25 mg), 16 + 1.2 mg were impacted on insert membrane. This
amount represents 64 + 4.8% w/w of the loaded amount of peptide.

Regarding GHRL permeation, HTCC-AL powder showed an enhanced permeation of
GHRL compared to the HTCC-AL liquid formulation before spray drying. Indeed, the
amounts of GHRL that diffused through the basal compartments were 9.7 + 0.6% and
22.8 + 2.5% for the suspension and the powder, respectively (Tab. 20). Therefore, it
seemed that the potential higher GHRL concentration, which was due to the dissolution
of the powder in a small volume of residual liquid on the apical side, increased the

diffusion through the cell monolayer.

Table 20. Percentage of GHRL in basal compartments of inserts, TEER drop between
the start and the end of the experiment for both HTCC-AL liquid and powder
formulations (n = 3, t = 3 hours, HBSS pH 7.4, mean £ SD). Percentage of powder

emitted from the UDS-Falcon® system (n = 3, mean * SD).

Parameters HTCC-AL liquid HTCC-AL powder
Basal (%) 9.7+0.6 228+25

TEER drop (Q.cm?) 87+3.8 97+4.1

% of powder emitted / 64 £4.8
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It also appeared that HTCC in the dry powder form induced a slightly greater drop of
the TEER value (97 £ 4.1 Q.cm?) in comparison with the liquid form (87 + 3.8 Q.cm?).
However, TEER values are subject to strong variations from on experiment to another
and this observation should be confirmed in another permeation test with Calu-3 cells
and both formulations. This suggested that HTCC would better open the tight junctions
when administered as a powder form and thus provide a better permeation-enhancing
effect. In another study, this superior effect of chitosan powder on the TJs opening was

attributed to the mucosa water catching by the chitosan powder33,

2.4 conclusion

In comparison with the liquid formulation, the development of the dry-powder could be
considered as an attractive alternative due to the higher stability of the drug during
long-term storage, its increased mucoadhesion and enhanced permeation across
biological membranes. The development of such dry dosage form appeared
achievable even if the drying yield remained limited. However, this issue could be
easily overcome by using a spray dryer with larger drying chambers. On the other
hand, the powder obtained presented convenient residual moisture as well as a
suitable particle size distribution for nasal delivery. The characterization of the
reconstituted dispersion highlighted a slight increase in the mean diameter of the
liposomes, in entrapment efficiency and in enzymatic protection, which was probably
caused by a structural rearrangement of AL or a stronger interaction between GHRL
and AL. The aerosol produced from the UDS device was characterized by larger
particles suitable for nasal deposition and a very limited fraction of particles smaller
than 10 um. The UDS device offered the reproducible delivery of accurate doses of
powder very close to the nominal dose. This reproducibility makes possible the
repeated administration of precise amounts of GHRL. Ideally, the data collected should
be completed by tolerance experiments. Indeed, a chronic administration (e.g. three
times a day) of a nasal powder could potentially involve an inflammatory reaction at
the level of the nasal mucosa. Finally, nasal casts showed that targeted delivery in the
olfactory mucosa could be achieved. The deposition in the olfactory region was

maximized.

Following this detailed characterization, we have been able to prove that the
development of a nasal powder containing HTCC-AL loaded with GHRL was a
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promising choice. Taking into account the many positive results, this formulation
appears as an excellent candidate for a future nose-to-brain treatment. However, it
lacks the essential, the proof of an efficient nose-to-brain transfer once administered
in a living organism. It is therefore necessary to further continue the development with

in vivo experiment, which is the next part of the manuscript.
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3. Results part lll: In vivo characterization of chitosan-

coated anionic liposome
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3.1 Introduction

In order to assess the efficiency of our formulations (i.e. its ability to provide GHRL with
a substantial access to the brain) as well as to evaluate the possibility to make in vitro-

in vivo correlations, pre-clinical studies were conducted in mice.

Indeed, in vitro analysis were performed to reproduce a specific property/activity that
could be met in the nasal cavity (e.g. enzymatic digestion or mucoadhesion), only in
vivo evaluation can assess the behaviour of a formulation after administration (e.qg.
impaction, residence time, diffusion, stability). In vivo experiments also provided
additional information that could not be collected from in vitro evaluations (e.g.

biodistribution).

Several animal species may be used to perform in vivo experiments on a nose-to-brain
formulation: sheep, rats, rabbits, monkeys, dogs, Guinea pigs and mice33¢. Among
them, mice and rats are described to be widely used as a plethora of useful data may

be easily collected from such rodents.

Both liquid and powder nasal formulations can be characterized in such animals but
the nasal administration of liquids still remains easier to implement. Indeed, by using a
conventional micropipette, the investigators can deposit droplets of formulation at the
entry of the animal’s nose. After inhalation, the formulation may enter into the nose and
diffuse throughout the nasal cavity. Due to the ease and the well-known procedure of

administration, only the liquid formulation was evaluated for preliminary in vivo studies.

Even if, to our knowledge, there is no available device that was able to specifically
target the olfactory mucosa of such small animals, it was described that the
administration of liquid formulations may be done when the animal was on its back to

increase the probability to reach the targeted region of the nasal cavity33®.

Various techniques of medical imagery have been described for highlighting the
transfer of a drug from the nose to the brain. Among them, drug radiolabelling, coupled
to “Positron Emission Tomography”, can provide very relevant information such as the

drug transfer kinetic, the amount of drug reaching the brain or, the pathway of diffusion.



In the first preliminary in vivo evaluation, the purpose was to confirm that GHRL could
reach the brain after intranasal administration of the liquid formulation. Meanwhile, the
administration of formulated as well as of raw GHRL was performed to evaluate the
improvement afforded by the formulation on GHRL transfer (i.e. thanks to the

enzymatic protection and / or permeation enhancement).

As the aim of this first experiment has been focussed on a qualitative evaluation of
GHRL transfer, fluorescent microscopy was selected as the technique of imagery. By
combining the confocal microscopy to new fluorescent markers, it was possible to
generate detailed images characterized by a high resolution. By collecting brain slices
to analyse them by confocal microscopy after the sacrifice of the animal, this test would

help us to assess the transport of GHRL towards the CNS.

Then, a second in vivo experiment which also involved nasal administration of
fluorescent GHRL in mice was performed to follow the biodistribution of the peptide in
living mice. The diffusion of GHRL could be observed for several hours and not only

after a single diffusion period, as encountered for the first experiment.

3.2 Materials and methods

3.2.1 Materials

Alexa Fluor® 405 succinimidyl ester dye (Aemission 421 nm), Alexa Fluor® 647 isolectin
GS-IB4 conjugate (Aemission 669 nm) and DyLight 800 (Aemission 794 nm) were purchased
from Thermo Fisher Scientific (Waltham, USA). 25-[N-[(7-nitro-2-1,3-benzoxadiazol-4-
yl) methyllJamino]-27-norcholesterol (25-NBD-cholesterol, Aemisson 523 nm) was
obtained from Avanti Polar Lipids (Alabaster, USA). Dihexadecyl phosphate (DHDP)
and cholesterol (CHOL) were obtained from Sigma Aldrich (St Louis, MO, USA).
Synthetic human acylated GHRL (purity = 98%) was purchased from Shanghai
Science Peptide Biological Technology co., Ltd (Shanghai, China). Soybean lecithin
“Lipoid® S100” (LS100) was purchased from Lipoid® Gmbh (Ludwigshafen, Germany).
The chitosan derivative was a HTCC derivative with a MW of 92 kDa, a deacetylation
degree of 80% and a substitution degree of 33% (Kitozyme, Herstal, Belgium).
Ultrapure water was obtained from a Purelab-Ultra device (Elga). Isoflurane “Isoba®
was purchased from MSD (Kenilworth, USA). Pentobarbital sodium “Nembutal® was

obtained from Ceva Santé Animale (Libourne, France).
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3.2.2 Alexa Fluor® 405 grafting on GHRL for CNS transport study

In order to graft Alex Fluor® 405 on the peptide, 20 mg of GHRL were solubilized in 2.0
mL of Na2COs buffer 0.1 M ([GHRL] =10 mg/mL). Then, 20 pL of a stock solution of
Alexa Fluor® 405 (10 mg/mL) in anhydrous DMSO were introduced. The mixture was

left for one hour, at room temperature, under magnetic stirring in the dark.

Fluorescently labelled GHRL (F405-GHRL) was separated from unlabelled GHRL by
ultrafiltration (Ultracell, Merck Millipore, Darmstadt, Germany). The mixture was
passed through membranes with a molecular weight cut-off of 3 kDa. The preparation
was filtered until no UV absorbance corresponding to the Alexa Fluor 405® marker
could be detected in the filtrate. When the filtration process was completed, the filtrate
was lyophilized using an Epsilon 1-6 freeze-dryer (Martin Christ GmbH, Osterode,
Germany).

By taking into consideration the absorbance of the conjugate (F405-GHRL) which was
evaluated with a UV spectrophotometer (UV Nanophotometer NP80, Implen, Munich,
Germany), the Alexa-Fluor 405 dye extinction coefficient € value (34,000 M*cm) and
its absorbance at Amax (401 nm), it was possible to determine the degree of labelling
(DOL) after following the supplier instructions. The DOL represents the average

number of dye molecules that reacted with one mole of GHRL: DOL = 0.5.
3.2.3 DyLight® 800 grafting on GHRL for biodistribution study

For GHRL labelling with DyLight® 800, 6 mg of GHRL were solubilized in 1 mL of 0.05
M borate buffer pH 8.5. Then, 250 uL of GHRL were added to 50 pg of DyLight® 800.
The mixture was vortexed and left for 3 hours at 37°C. After that, unlabelled GHRL
was separated from labelled GHRL (F800-GHRL) using purification resins in
microcentrifuge tubes equipped with spin columns. The microcentrifuge tubes were
centrifuged for 1 minute at 1000 x g. The purified F800-GHRL was then collected and
stored at 4°C. The DOL was calculated in a similar way than that in the previous
section (3.2.1) with the Amax (777 nm), the DyLight® extinction coefficient € value
(270,000 M-tcm?). The DOL was 0.2.

3.2.4 Preparation of fluorescent HTCC-coated liposomes
For the first experiment (CNS transport study), the protocol used for the preparation of

HTCC-coated liposomes was slightly adapted from that previously described (see
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section “1.2.5 Preparation of liposomes and HTCC-coated liposomes”). Briefly, in the
lipid mixture (100 mg) composed of 45% (w/w) cholesterol, 45% (w/w) LS100 and 10%
(DHDP), 1 mg of unlabelled cholesterol was replaced by fluorescent 25-NBD-
cholesterol. The purpose was to follow the distribution of liposomes after nasal
delivery. Another modification was made during the rehydration step of the lipid film
with the 10 mL of PBS pH 7.4, which contained GHRL (1 mg/mL). In the GHRL solution,
300 pg of GHRL were substituted by F405-GHRL to follow the distribution of the drug.

The coating with HTCC was performed as previously described. The formulation
process was done in a dark room. The labelled formulation showed similar size
distribution and z-average that those from unlabelled liposomes (see section

“Appendices 11.”).

For the second experiment (biodistribution study), the protocol described in section
“1.2.5 Preparation of liposomes and HTCC-coated liposomes” was strictly similar
except that 300 pug of GHRL were substituted by F800-GHRL.

3.2.5 Animal care

For CNS transport study, male C57BL/6 mice aged of 6 weeks were purchased from
Janvier Labs (Le Genest-Saint-Isle, France). Animals were housed in controlled and
standard conditions at 22 + 2°C, 55 £ 10 % humidity and 12 hours’ light/dark cycle.
The mice received a standard pellet diet. The protocol and the experiments were
validated by the “Commité d’Ethique du Bien-Etre Animal (CEBEA)” from the Faculty
of Medicine (ULB) with the ethical protocol number 608N. The laboratory federal
agreement number is LA 1230568.

For biodistribution experiments, female SKH1-Hr mice aged of 6 weeks were ordered
from Charles River and animals were housed in the same conditions than previously
described. The approved ethical protocol used for this experiment was CMMI-2011-
07.

3.2.6 Nasal administration to mice

For both experiments, mice were anesthetized with inhaled isoflurane dispensed with
a vaporizer (TemSega, Pessac, France). The anaesthesia induction was done by

delivering an isoflurane/oxygen mixture at 4% v/v with a gas flow of 2 L/min in the
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induction box. Once the mice were anesthetized, the anaesthesia was maintained
using 2% v/v isoflurane at 0.4 L/min.

Each mouse received 8 times 3 pL of liquid (total volume: 24 pL). They were selected
depending on the mouse’s experimental group. An interval of 3 min between each
administration was set up to avoid any discomfort or congestion of the nostril. The
liquid was nasally delivered by means of the micro-pipet equipped with non-adhesive

tips (Eppendorf, Belgium).
3.2.7 Procedure for CNS transport study

Three groups of mice were defined and compared:

1) The first group (n = 3) was the negative control: PBS (pH 7.4) was nasally

administered to the mice
2) The second group (n = 4) received raw F-GHRL solution (not formulated);

3) The third group (n = 4) received the whole fluorescent formulation: F-GHRL loaded

in HTCC-coated liposomes

The mice were left for 4 hours to allow the nasal liquids to diffuse. Isolectin GS-1B4

Alexa Fluor® 647 conjugate was intravenously injected 2 hours before sacrifice.

After 4 hours, the mice were sacrificed by intraperitoneal injection of Nembutal®. They
were directly perfused with PBS pH 7.4 and a diluted solution of formaldehyde (4% v/v
in PBS pH 7.4). The mice were dissected and the brains were isolated to be exposed
for an additional 12 hours in 4% v/v of formaldehyde to fix the tissue. Brains were sliced
(Eig. 40) with the Leica VT1000S vibratome (Wetzlar, Germany) after embedding in

agarose gel.
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Figure 40. Example of mice brains embedding in agarose gel and 200 um slices

obtained with a vibratome33’

When slices of 200 um were obtained, sodium azide (0.01% w/v) diluted in PBS pH
7.4 was added to preserve the tissue until analysis.

Slices were fixed on SuperFrost™ slides (Thermo Fischer Scientific, Aalst, Belgium)
in a fluorescent specific medium (Dako, Heverlee, Belgium) and covered with
coverslips. The slides were observed under a Leica SP8 confocal microscope (Leica
Microsystems, Wetzlar, Germany). The images were processed using ImageJ
Software (National Institutes of Health, USA).

3.2.8 Procedure for biodistribution study

The experiment comprised one group of mice (n=2) that were nasally administered
with  F800-GHRL loaded in HTCC-coated liposomes and administrations were
repeated after 1.5 hours. Images were recorded right after the administration and 0.5
hours after. The total number of administrations was 4. Images were recorded with a
PhotonIMAGER Optima from Biospace Lab. (Nesles-La-Vallée, France). The
excitation wavelength was fixed at 737 nm (cut-off filter 720 — 755 nm) and the
emission wavelength was fixed at 797 nm (cut-off filter 780 — 815 nm). Mice were
analysed from a dorsal view. At the end of the experiment (+ 5 hours), mice were

sacrificed and brains were removed to be individually observed.
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3.3 Results and discussion

3.3.1 CNS transport study

After the in vitro evaluations, it seemed relevant to confirm that the peptide could reach
the brain after its nasal delivery. It should be noticed that the administration was carried
out with suitable volumes for mice (20-30 pL) without involving the delivery of
unrealistic volumes that could lead to biased conclusions.

The principle of fluorescent labelling of GHRL was to fix the primary amine residues
present on the peptide core with a suitable marker. For instance, the GHRL peptide
core contains 4 lysine residues with primary amines which were suitable candidates
for the probes binding. The first fluorescent marker that was tested was N-
hydroxysuccinimide fluorescein ester (NHS-fluorescein). This NHS-activated
derivative had a high affinity for primary amines. However, once GHRL was labelled,
this marker drastically decreased the solubility of the peptide until its precipitation. It
also appeared that this marker was not bright enough to get high resolution pictures

after nasal administration.

Therefore, it was decided to evaluate Alexa Fluor® derivatives. Indeed, they are amine
reactive labelling compounds with high water solubility combined to brighter signal332.

An efficient GHRL labelling could be obtained with a very sensitive conjugate.

Isolectin GS-IB4 Alexa Fluor 647 was injected to mice because this fluorescent dye
had a very high affinity for brain macroglial and perivascular cells. It was a proper
control to confirm that the area analysed by confocal microscopy was effectively
located in the brain?48.

The area of the brain that was analysed by confocal microscopy was essentially the
olfactory bulb (Eig. 41). Indeed, when a nose-to-brain transfer is taking place via the
olfactory pathway, this is the first area of the brain where the drug can be recovered.
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Figure 41. Pictures obtained by fluorescent confocal microscopy in the mice olfactory
bulb with the control (PBS pH 7.4), the GHRL solution (mixture F405-GHRL/GHRL in
PBS pH 7.4) and the formulation (mixture F405-GHRL/GHRL loaded in HTCC-AL).
The diffusion period was 4 hours. Green = 25-NBD-cholesterol, blue = Alexa Fluor®
405-labelled GHRL, red = Isolectin GS-I1B4 — Alex Fluor® 647 conjugate.

As it was expected, no bright fluorescence could be observed with the negative control.
After the administration of F405-GHRL in solution, similar observation was made with
no fluorescence in the olfactory bulb. This suggested that the nasal administration of
free GHRL in solution did not allow the transfer of the peptide from the nose to the

brain.

Using HTCC-coated liposomes, a slight signal could be obtained for both F405-GHRL
(in blue) and liposomes (in green). Unfortunately, a low green fluorescent
contamination in the NBD-cholesterol signal was encountered due to the brain cells
green autofluorescence3®®. Interestingly, a co-location of both entities could be

highlighted suggesting that, after 4 hours of diffusion, the peptide still remained
153



entrapped in the liposomes. The formulation was able to provide a nose-to-brain
delivery of GHRL. However, the signal still remained limited to only a restricted number
of fluorescent particles. This observation could be differently hypothesized. The main,
and probably the most reasonable hypothesis, was the unsuitable kinetic of the
experiment. Indeed, as it was the first in vivo trial, the rate of diffusion of GHRL from
the nose to the brain was unknown. Therefore, in order to avoid a too early animal
sacrifice, a relatively long period of diffusion (4 hours) was selected. Indeed, the
diffusion time before animal sacrifice was difficult to establish as some in vivo
experiments reported a nose-to-brain transfer only a few minutes after the nasal
delivery, while other studies described a diffusion to the brain from 1 hour to several

hours after the nasal administration148:340,

However, these results have showed that the developed formulation was able to

promote the diffusion of GHRL from the nose to the brain.
3.3.2 Biodistribution study

In this part, the objective was to evaluate the biodistribution of GHRL in real time after
its nasal administration. Crucial information could be collected such as the residence
time of the formulation in the nasal cavity as well as the rate at which it is cleaned from
it or the potential accumulation of F800-GHRL in different sections of the body. As the
number of meals per mice can be comprised in the range “2 — 50” per day, it was
decided to proceed with repeated F800-GHRL administrations in order to reproduce

the GHRL secretion peaks naturally encountered in mice organisms34L,

As it can be seen, the formulation exhibited an enhanced residence time as F800-
GHRL was accumulated in the olfactory region of the nasal cavity (Eig. 42). However,
no signal could be observed in the olfactory bulb of the brain which is located between
both eyeballs (Fig. 43). Based on the low signal observed from the CNS transport
study, it was considered that the sensitivity of the imagery technique used (i.e.
fluorescence optical imaging) was not high enough to detect such small amounts of
F800-GHRL that could potentially be transferred to the brain.
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Figure 42. Fluorescent images obtained after nasal administration of F800-GHRL
loaded in the HTCC-AL formulation in function of the time. Nasal administrations were
performed at: t=0h, t=1.5h, t=3h, t=4.5h

It was decided to remove the brain of the mouse at the end of the experiment (t = 5h).
The purpose was to analyse the brain alone without skin on the upper side that could

potentially reduce the signal emitted.

Figure 43. Localizations of the nasal olfactory mucosa and the brain olfactory bulb in

mouse head
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When the brain was removed, no signal could be observed. However, when the lower
part of the cranial cavity was exposed for the instrument detection without the brain
over it, a signal could be highlighted (Eig. 44). This signal was located inside the cranial
cavity where the brain was located. More precisely, the signal was emitted from the
cribriform plate which is the area of the brain that supports the olfactory bulb and is
localized next to the nasal olfactory mucosa. This zone is called “cribriform plate”
because it is a perforated bone which is traversed by olfactory nerves. This observation
supported the fact that a nose-to-brain transfer was taking place. The cribriform plate
being a very small area, it was possible to detect a signal as F800-GHRL was
concentrated in this anatomical site. Unfortunately, after diffusion, F800-GHRL was

diluted in the rest of the brain such as in the cerebrospinal fluid and could not be

detected anymore.

Figure 44. Images collected at the end of the experiment (t = 5h) with the whole head
of the mouse (on the left) and the brain extracted from the head of the mouse with the

signal emitted from the cribriform plate (on the right)

3.4 Conclusion

The CNS transport study confirmed that the HTCC-AL formulation was a mandatory
vehicle to allow GHRL reaching the brain. Indeed, without formulation, no GHRL could

be recovered in the olfactory bulbs. However, the F405-GHRL signal was very low.

The biodistribution study provided information regarding the residence time of the
formulation in the nasal cavity. Moreover, it was shown that F800-GHRL could
penetrate the cranial cavity after a nasal administration. However, further studies
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should be conducted to better understand the behaviour of the formulation after its
nasal administration. The powder state formulation should also be tested as it could
provide higher GHRL diffusion towards the brain (based on in vitro results previously

obtained).

For further in vivo studies, alternative techniques of labelling could be considered, such
as the radiolabelling, in order to collect detailed quantitative results. For instance, by
combining PET-Scan to radioactive isotope (e.g. Fluor-18), it could be possible to
accurately quantify the amount of GHRL that could diffuse in very restricted anatomical
sites (e.g. hypothalamus).

Such study should also compare both nasal and intravenous administrations of the
formulation. This would help to highlight the potential higher brain transfer of the
peptide after its nasal administration compared to that from the amount that reached

the systemic circulation before reaching the brain.
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VIl. CONCLUSION AND PERSPECTIVE



Although the nasal administration has been widely used for both local and systemic
delivery, the development of nose-to-brain delivery may be considered as quite recent.
It is well-known that the brain is very efficiently protected by the BBB. Therefore,
reaching the brain with drugs to treat neurological disorders and/or symptoms is very
challenging. Bypassing the BBB from the nose-to-brain pathway would make the brain
easier to access.

Moreover, the direct transfer to the central nervous system would make the
administration of biomolecules more effective due to the potential lower degradation
and the higher drug levels recovered in the brain. Nose-to-brain delivery would also be
perfectly suitable for diseases requiring chronic administrations. Indeed, due to the
non-invasiveness and the ease of administration that it affords, this route of

administration may increase the compliance of patients.

Being awarded of such advantages, the interest of developing nose-to-brain delivery
systems has been growing up during the last two decades as it can be observed by

the tremendous increase of scientific publications (Eig. 45)
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Figure 45. Evolution of the publication number addressing the nose-to-brain delivery
between 2000 and 2018 (Elsevier Science Direct in February 11" 2019)

Despite the benefits previously described, the number of medicines involving the nose-
to-brain pathway reaching the pharmaceutical market is still very low. This could be

due to the difficulty to design adequate pre-clinical studies that really demonstrate the



superior effectiveness, or at least the efficacy, of the nose-to-brain pathway to reach
the brain. In addition, there are still some gaps in proving the safety of such
administration and the control/reproducibility of this transfer342. For instance, by making
the olfactory mucosa more permeable, some undesirables pathogens or exogen’s may
also reach the brain. Additional issues related to the structure of the nasal cavity may
also be encountered such as the limited volume of formulation that can be delivered
(liquid formulation: 100 - 200 yL) or the ability to target the deposition in the olfactory
mucosa. Moreover, the difficulty to standardize the deposition of the in the nasal cavity
make the commercialization of such therapeutics quite difficult. One of the major factor
which limits the reproducibility of such delivery is the inter-individual variability of the
nasal cavity anatomy.

However, due to the growing interest that is focused on this route of administration as
well as due to the new available technologies, researchers are developing
experimental apparatus that make it possible to better evaluate the repeatability of the
nasal deposition. It is also possible to involve anatomical modifications (e.g. nasal

septum deviation) to study their effects on aerosol behaviours in the nasal cavity.

Recent studies have been focused on nasal drug distribution under the influence of the
patient’s inspiratory flow or on development of nasal inlet ports coupled to cascade
impactors which were supposed to better mimic the respiratory tract343344, The
establishment of new in vitro methods, more representative of the nasal cavity, should
lead to the marketing of much better characterized medicines which could consider the

different properties of the nasal cavity.

In this work, it was proposed to develop a peptide-based nose-to-brain delivery system
which could be able to afford the protection to the peptide, an increase of its
permeability through the nasal mucosa and an enhanced residence time in the nasal

cavity.

The first part of this work was focused on pre-formulation studies to evaluate the
physico-chemical properties of the selected model peptide, Ghrelin (GHRL). This

peptide appeared to be very sensitive when exposed to alkaline media and heat.

The first developed formulation was based on micelles made of phospholipids coupled
with pegylated branches (DSPE-PEG 2000). The formulation has shown suitable mean
diameter and size distribution as well as the high yield of encapsulation. However,

although these pegylated micelles were supposed to enhance the penetration of the
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formulation through the mucus, such increase was not observed during the permeation
test that was conducted on Calu-3 cells monolayer. Therefore, the development of

micelle-based formulations was aborted.

The second formulation was based on the use of AL coated with HTCC. By modulating
the net charge of the liposomes, it was shown that the loading of GHRL was increased
from anionic liposomes compared to that from cationic system. ITC measurements
allowed demonstrating that such increase was due to spontaneous interaction between
the anionic charge of the liposomes and the cationic charge of GHRL. Moreover, AL
showed increased protection abilities when the formulation was subjected to enzymatic
digestion of TRYP and CES-1. HTCC-coated AL allowed binding high amount of
soluble mucins which suggested a potential prolonged residence time in the nasal
cavity. The combination of the AL with chitosan also showed a significant effect on the
diffusion of GHRL through cell monolayer models. This effect was probably due to the

opening of tight junctions which was confirmed by TEER measurements.

Once introduced into the VP3 nasal device, the measurement of the droplets size
distribution in the aerosol was assessed. It appeared that the size distribution was
adequate for intranasal administration, with a very limited portion of the population
smaller than 10 pm.

In the second part of the project, starting from the liquid formulation, a dry powder
formulation was developed and characterized. The drying process, which was done
by spray-drying, could have been optimized using a design of experiment compared
to the liquid formulation, it was shown that the dry system provided higher stability
during storage, increased mucoadhesion and enhanced diffusion through Calu-3 cells

model.

Finally, the use of nasal cast allowed demonstrating that the targeted delivery in the
olfactory area could be achieved with an adequate formulation as well as suitable nasal
device.

In vivo evaluations have shown that formulating GHRL was essential to reach the
olfactory bulb. However, due to the low amount of peptide that reached the brain, the
signal was too low to get relevant data. The transfer from the nose towards the brain
was also confirmed by the biodistribution study however the imagery technique
selected was not sensitive enough to detect a signal in the brain.
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Therefore, further experiments should be performed to better evaluate both kinetic and
guantitative aspects. Additional experiments should be focused on the drug distribution
following nasal and intravenous administrations to highlight the benefit of the nose-to-
brain pathway. Ideally, the technique selected should combine high sensitivity with
qualitative/quantitative data. Moreover, in case of promising results, it would be
mandatory to perform similar evaluation in humans. Indeed, the anatomical structure
of the nasal cavity is known to be drastically different between murine species and
humans (ex: area occupied by the olfactory zone). For nose-to-brain transfer, it is quite

difficult to extrapolate conclusions obtained from animals to humans.

To conclude, the formulation that was developed in this work may be a promising
alternative to relief patients suffering from cachectic syndrome. Indeed, up to now, no
standard treatment was developed for the management of cancer cachexia. Among
the various drugs that were tested for this application (i.e appetite stimulants,
progestational drugs, corticosteroids, etc), none could be considered as new
therapeutic option34°. Therefore, there is a great demand for the establishment of such
new treatment. GHRL, thanks to its multiple effects on inflammation, on appetite and
on various other anabolic effects, could be a promising candidate. By combining it with
nose-to-brain delivery, the patients affected by cachexia could find an effective and

convenient treatment.

In the near future, it could be also interesting to consider the nose-to-brain
administration of anamorelin, the synthetic agonist of GHRL receptors “GHSR-1a”.
Indeed, thanks to its low molecular weight (546.7 g/mol) and to its good stability , an
efficient treatment could be developed. By combining these drug properties to the
nose-to-brain delivery, significant anamorelin levels could be recovered in the brain,

and this after involving limited amounts of drug in the nasal cavity.
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l. Characterization of the dry powder formulation (HTCC-AL) loaded with

sodium fluorescein

Size measurement (raw powder), Dv 50 (um) 18.2+1.3
Size measurement (aerosol, UDS device), Dv 50 (um) 354
Uniformity of mass delivered (mg) 24.9 £0.33

I. Characterization of HTCC-AL liquid suspension containing Alex-fluor® 405

labelled GHRL
Z-average (nm) 198 +4.7
Zeta potential (mV) 7.4+0.9
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