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Introduction: This work aimed to develop chitosan-coated cubosomal nanoparticles intended for nose-to-brain delivery of paliper-
idone palmitate. They were compared with standard and cationic cubosomal nanoparticles. This comparison relies on numerous
classical in vitro tests and powder deposition within a 3D-printed nasal cast.

Methods: Cubosomal nanoparticles were prepared by a Bottom-up method followed by a spray drying process. We evaluated their
particle size, polydispersity index, zeta-potential, encapsulation efficiency, drug loading, mucoaffinity properties and morphology. The
RPMI 2650 cell line was used to assess the cytotoxicity and cellular permeation. An in vitro deposition test within a nasal cast
completed these measurements.

Results: The selected chitosan-coated cubosomal nanoparticles loaded with paliperidone palmitate had a size of 305.7 = 22.54 nm,
their polydispersity index was 0.166 + 0.022 and their zeta potential was +42.4 + 0.2 mV. This formulation had a drug loading of 70%
and an encapsulation efficiency of 99.7 £ 0.1%. Its affinity with mucins was characterized by a AZP of 20.93 + 0.31. Its apparent
permeability coefficient thought the RPMI 2650 cell line was 3.00E-05 + 0.24E-05 cm/s. After instillation in a 3D-printed nasal cast,
the fraction of the injected powder deposited in the olfactory region reached 51.47 + 9.30% in the right nostril and 41.20 + 4.59% in
the left nostril, respectively.

Conclusion: The chitosan coated cubosomal formulation seems to be the most promising formulation for nose-to-brain delivery.
Indeed, it has a high mucoaffinity and a significantly higher apparent permeability coefficient than the two other formulations. Finally,
it reaches well the olfactory region.

Keywords: cubosomes, nasal cast, charged nanoparticles, RPMI 2650 cell line, nose-to-brain delivery, nasal powder formulation,
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Introduction

Paliperidone palmitate (PP) is a second-generation antipsychotic drug (SGAs)' used in the treatment of schizophrenia.”
Antipsychotic drugs have several systemic side effects (sedation, weight gain, orthostatic hypotension or extrapyramidal
effects'). Such adverse events are responsible for poor patient compliance, which usually leads to non-adherence to the
therapeutic scheme. Indeed, a non-adherence of about 50% is estimated for schizophrenia.* Despite the reduction of the
extrapyramidal effects brought by the SGAs, the increase in therapeutic adherence to the treatment of schizophrenia
remains a considerable challenge.'

5

PP is also a poorly water-soluble drug,>® commonly used via the intramuscular way (Xeplion® or Invega

)
q{)’

Sustenna®),”® belonging to BCS class II.” Hence, it is necessary to increase its solubility and bioavailability by using

formulation strategies or finding another administration way.
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Nose-to-brain (N2B) delivery is a non-invasive route that aims to reach the brain by bypassing the blood-brain barrier

(BBB)."*!3 From the intra-neuronal pathway, the drug enters the brain via the olfactory bulb (through the olfactory

nerve) or the brain stem (through the trigeminal nerve),'>'* which innerves the whole nasal cavity,'* by axonal transport.

9101213 s based on para- or transcellular mechanisms.'® After

The extra-neuronal pathway in olfactory epithelium
cellular uptake, the drug reaches the subarachnoid space and reaches the brain via the cerebrospinal fluid.'®> The olfactory
route allows a faster passage than from the trigeminal'*'* one. For instance, Ganger et al evaluated the duration of the
transport between 1,5h to 6h and 17h to 56h through the olfactory and trigeminal nerves pathways, respectively.'’
Therefore, despite the relatively small area of the olfactory region (between 1.5 and 10% of the total area of the nasal
cavity),'® this work aims to develop N2B formulations of PP that, combined with the appropriate device, could reach
significantly the olfactory region.'®*°

An interesting new nanocarrier for PP could be the cubosomal nanoparticles (CNPs). These particles have a size

21,22

range (between 10 and 500 nm~“°) adapted for N2B delivery. CNPs are non-lamellar liquid crystalline nanoparticles

(NPs) that self-assemble by nanoprecipitation in an excess of water,?>**

with two production methods: the so-called Top-
down and Bottom-up methods.?’*> The Bottom-up method has many advantages when compared with the Top-down
method. This method allows working with lower energy inputs (thanks to the use of a hydrotrope) and, thus, encapsulate
thermo-sensitives drugs to produce smaller and more stable NPs. Its simplicity makes it also more suitable for large scale
production.”>** CNPs are composed of a bicontinuous lipid cubic phase with a single lipid bilayer that forms
a continuous periodic membrane lattice structure with two interwoven water channels giving rise to the pores (5-10
nm.?'?**2%26 These NPs present several advantages like biocompatibility, bioadhesivness and biodegradability. They also
have a broader lipidic internal structure than liposomes, hence a higher drug loading. CNPs can also encapsulate
hydrophilic, hydrophobic and amphiphile drugs; they are easy to produce and offer enzymatic protection.'*?’
Finally, their fundamental constituents: amphiphilic lipid (phytantriol, monoolein (MO) or glycerylmonooleate), steric
2122.2528 are all FDA-approved for human use. The interest for CNPs intended for N2B

delivery has been recently reported. Indeed, Elsenosy et al developed cubo-gels with Duloxetine intended for N2B

stabilizers and water compounds

delivery. They demonstrated a brain bioavailability 1.96 times higher for their cubo-gel than the Duloxetine solution after
an intranasal administration.”” Eissa et al formulated a cubosomes-based in situ gel loaded with granisetron. They
reported a maximum serum concentration of drugs (Cp.x) 1.90 times higher in rat brains with their cubosomal
formulation (869.4 ng/mL) than with a Granisetron solution (457.2 ng/mL).*
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The objective of this work is the development of dry chitosan-coated cubosomes and the comparison of their
efficiency for N2B delivery with standard and cationic CNPs. Indeed, the literature describes many NPs coated with
chitosan (e.g PLGA NPs,*'~*? liposomes,”®** nanostructured lipid carrier’®) but no cubosomes. Dry formulations were
used because their efficacity to reach the brain, in comparison with liquid formulations, was extensively reported.'*-*>="

A reference formulation was inspired by Von Halling et al, which only used the MO to form the CNPs.*® Their work
was based on the research of Spicer et al about the formulation of dry powder precursors of liquid cubic crystalline
NPs.** The second formulation was based on the addition of cholesterol (CHO) and a cationic lipid to produce positively
charged CNPs. On one side, the cholesterol consolidates the lipid bilayer structure and reduces of thermal fluctuation of
the CNPs.?*® Moreover, the charged lipid swells the internal structure of the CNPs and increases the water-channels
diameters.*®*° For this second formulation, 1,2-Dioleoyloxy-3-trimethylammonium propane chloride (DOTAP) was used
as cationic lipid to allow a good affinity with the negatively charged mucins in the nasal mucosa due to electrostatic
interactions."*' Finally, for the third formulation, 1,2-Dioleoyl-sn-glycero-3-phosphoserine (DOPS) was used as anionic
lipid. To generate positively charged CNPs to provide good interaction with the mucins, the anionic CNPs were coated
with chitosan to finally obtain positively charged CNPs. Moreover, as reported in the literature, chitosan is an efficient
permeation enhancer for N2B delivery.***° In particular, it can open the tight junction (TJs) by dehydrating the epithelial
cells and thus increase the paracellular transport in the olfactory epithelium.'®**¢ This is a crucial factor in increasing
the absorption of drugs. Also, the chitosan has mucoadhesive proprieties and can increase the residence time of the
formulation in the olfactory region.'®*>*® A recent study by Ahmad et al demonstrated the efficacity of PLGA-NPs
coated with chitosan for brain targeting. Indeed, the C,,,, in the brain was 1.33 times higher for their PLGA-NPs coated
with chitosan than for the drug suspension (5235.028 + 5.00 and 3943.23 + 5.77 ng/mL, respectively) after an intranasal
administration in rats.>' Thus, our work focused on developing a formulation using CNPs as an efficient carrier to
encapsulate our lipophilic drug and chitosan to promote the permeation between the nasal epithelia. As described below,
to cover the whole process of N2B delivery, we also used a nasal cast as a new tool for nasal in vitro assessment to map
the pharmaceutic forms in the nasal cavities.*’

Methods

Preparation and Characterization of the Formulations

Preparation of the Cubosomal Nanoparticles Liquid Formulations

The standard CNPs (SCNPs) were prepared using the Bottom-up method. Briefly, 5.33 mg/mL of MO (Danisco A/S,
Denmark) were dissolved in ethanol and dispersed in an aqueous phase at a ratio of 1:3 v/v.*® Dextran (Pharmacosmos,
Denmark) and Kolliphor® P407 (BASF, Germany) (4.32 mg/mL and 173 pg/mL, respectively) were previously dissolved
in MilliQ water. The resulting formulation was mixed for 15 minutes by moderate magnetic stirring.

For the preparation of the cationic and chitosan-coated cubosomal nanoparticles liquid formulations, several propor-
tions of lipid mixtures were prepared by the thin lipid film hydration method to evaluate their influence on the
physicochemical properties of the resulting cubosomes. Briefly, the lipid mixtures were composed of 70:25:5,
60:30:10, 50:35:15 and 40:40:20%MOL of MO, CHO (Sigma-Aldrich, USA) and charged lipids (DOTAP or DOPS,
cationic and anionic lipids, respectively) (Lipoid GmbH, Germany). The lipids were introduced into a round-bottomed
opaque flask and dissolved by a mixture of organic solvents (dichloromethane:methanol 50:50 v/v). Except for the blank
formulations, the PP (Biochem Partner, China) was previously dissolved in the organic solvent-lipid mixture.

The organic solvents were removed within 20 minutes using a Rotavapor R-205 (Biichi Labortechnik, Flawil,
Switzerland) at 60°C to produce a thin lipid film at the internal surface of the round-bottom flask. The pressure was
set at 250 mmHg for 10 minutes and 150 mmHg for the next 10 minutes.

Finally, the Bottom-up method was used to generate the CNPs. This process relies on the lipid film dissolution by
ethanol and, then, by the precipitation of the cubosomes by adding of an excess of an aqueous phase. In this work,
Kolliphor® P407 (10% w/w of lipid mixture) was dissolved in MilliQ water to stabilize the colloidal system.

A further coating step of the anionic CNPs with chitosan followed this procedure to produce the chitosan-coated
CNPs (ChCNPs) liquid formulation, this procedure was followed by a further step of coating the anionic CNPs with
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chitosan low molecular weight (50-190 kDa, 75-85% deacetylated, Sigma-Aldrich, USA). A solution of 10% w/v of
chitosan was prepared in 1% v/v acetic acid solution. Then, this solution was added drop by drop under vigorous
magnetic stirring for 10 minutes in the previously formed anionic liquid formulation to obtain a final product with 0.1%
w/v of chitosan. So, the anionic CNPs were positively charged thanks to the chitosan coating.

Preparation of the Powder Formulations Using Spray Drying

The spray drying was performed with a Mini Spray-Dryer B-290 (Biichi, Switzerland) equipped with a 0.7 mm diameter
nozzle and a high-performance cyclone. The inlet temperature was 130°C; the spray gas flow was 357 L/h; the flow rate
was fixed at 3 mL/min; the aspirator rate reached 100%. Ten milliliters of each liquid formulation were dried in triplicate.

After spray-drying, each powder formulation was dispersed in Milli-Q water at | mg/mL and briefly sonicated using
a VCX 500 probe sonicator (Vibra-Cell; Sonics and Materials, Newton, CT, USA).

Then, the particle size (PS) (z-average, nm), the polydispersity index (PDI), and the zeta potential (ZP, mV) of the
cubosomes were evaluated using dynamic light scattering (DLS) and electrophoretic mobility (Zetasizer™ Nano ZS,
Malvern Ltd., Malvern, England). Size measurements were performed with PS semi-micro disposable cuvettes
(DTS0012) and zeta potential evaluation with disposable folded capillary cells (DTS1070). The temperature during
the analysis was 25°C. All the experiments were repeated in triplicate and expressed as the mean + SD (n=3). The pH of
each reconstitution was determined using the pH-meter (VWR® pHenomenal® pH/mV/°C Meter, Bench, pH 1100L/
1100LB).

Finally, the particle size distribution (PSD), the production yield and the percentage of the residual moisture of each
powder formulation (SCNPs, CCNPs and ChCNPs) were compared without and with the use of 25% w/w of I-leucine
(LL) (vegetal L-leucine, Sigma-Aldrich, USA). The PSD of the microparticles at the exit of the UDS device (Aptar
Pharma, Le Vaudreuil, France) was measured via laser diffraction using a Spraytec apparatus in an open bench system
with a 100 mm lens (Malvem® Instrument, Malvern, UK). The analysis parameters were: test duration of 300 ms,
actuation distance of 7 cm and data acquisition rate of 2500 Hz. Size distribution was expressed in terms of first decile
(Dv10), median diameter (Dv50), last decile (Dv90), and span value (experiments were done in triplicate).

The production yield (%) for the spray drying process was calculated as follows (Equation 1):

Yield% = @XIOO (1
Wi
where W, is the mass of powder collected (mg) after drying, and W; is the mass of components contained in the initial
liquid formulation introduce in the spray drier (mg). The residual moisture (% w/w) of each powder formulation was
evaluated by thermogravimetric analysis (TGA) using a TGA Q500 (TA Instruments, New Castle, Delaware, USA). The
temperature cycle ranged between 35 and 150°C with a heat rate of 10°C/ min. The percentage of residual moisture was
determined with TA Instrument Universal Analysis 2000 software by measuring the weight variation (% w/w).

Determination of Maximal Drug Loading Capacity and the Entrapment Efficiency

We added several amounts of pure PP to the SCNPs, CCNPs, and ChNPs liquid formulations to evaluate the maximal
drug loading of each powder formulation. Equation 2 gives the maximal drug loading capacity (LC) of the cubo-
somes (%):

W,
DL(%) = 5 @)

where Wpp is the mass of PP (mg) and Wyo is the mass of MO (mg). Equation 3 gives the encapsulation efficiency (EE)
of the cubosomes/:
Wepi

BE(H) = 3 3)

where Wpp; is the initial mass of PP introduced in the formulation (mg) and Wpps is the mass of PP in the powder
formulation after spray drying (mg).
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We used an HPLC-UV method to quantify PP from the cubosomes. Five milligrams of each powder formulation were
dissolved in a mixture of acetonitrile, ethanol and MilliQ water solution (45:45:10 v/v, respectively). The solutions were
filtered through 0.45 um filters (Sortorius™) and filled in 2 mL amber vials for HPLC analysis. As described by Manini
et al, mobile phase A (100% v/v of acetonitrile) and mobile phase B (aqueous solution of trifluoroacetic acid at pH 2)
were used at a ratio of 70/ 30 A/B (v/v). The flow rate was | mL/min for 20 min, and the wavelength was 278 nm. The
retention time of PP was 8.0 min.*® The pH of the mobile phase was evaluated by using a VWR® pHenomenal® pH/mV/
°C Meter.

Powder X-Ray Diffraction

The powder formulations were evaluated by powder X-ray diffraction (PXRD) using an X-ray diffractometer (D8
Advance Eco Bruker). The measurement system was a one-dimensional silicon detector (LynxEye XE-T, Bruker)
using Cu-K radiation (1.54 A; 40 kV x 25 mA). Data were collected over the angular range of 1-40° 26, with a step
size of 0.02°, a time step of 2 s and a variable divergence slit of 8 mm. The percentage of amorphous form was calculated
as 100% minus the crystalline phase content in the powder, as determined using the surface area ratio method.

Characterization of the Morphology of the Nanoparticles

The cubosomal morphology of the optimized formulations was observed by transmission electron microscopy (TEM).
0.5 uL of a sample (Img/mL in Milli-Q water) was placed onto the center of a commercial 3—5-layer graphene grid with
a Lacey-C support (EMS). Then, a top grid allowed the droplet to expand and fill the nano-pockets while van der Waals
forces joined the two grids to seal the system.

The system was placed in a single-tilt holder and introduced in a TECNAI G2 super-twin with a LaB6 filament, 30
um CA2 aperture, operated at 200 kV. We worked in TEM mode using a Cheetah- MEDIPIX 3 direct detection camera
(Amsterdam Scientific Instruments, Hollands) located in the 35 mm port of the microscope to obtain high-quality pictures
using an extremely low electron flux (around 107 ¢ . A"".s™"). An objective aperture of 30 wm optimized the contrast.

Scanning Electron Microscope Analysis

The morphology of the microparticles was studied by scanning electron microscope (SEM) analysis using a Hitachi
SU8020 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. The images were processed using ImageJ software (National Institutes of
Health, USA).

Plume Angle and Ejection Velocity

To evaluate the angle and the velocity of the plume from the UDS device (Aptar Pharma, Le Vaudreuil, France), a high-
speed camera was used (IDT Motion Pro Y3, Integrated Design Tools, Pasadena, CA, USA with a Nikon AF micro-
Nikkor 60 mm /2.8 D lens, Nikon, Tokyo, Japan) (n=3). The parameters were: aperture of 16, acquisition time of 100 ps,
and acquisition frequency of 3,000 Hz.

Mucoaffinity Test

A stock solution (400 pg/mL) was prepared by dissolving 20.0 mg of porcine-stomach mucins (type II, Sigma-Aldrich,
USA) in 50.0 mL of MilliQ water. In addition, the stock solution was diluted with MilliQ water to provide four
concentrations of mucins, namely 80, 160, 240, 320, and 400 pg/mL (Sp1, Sm2, Sm3, Sma, and S,,s, respectively). The
concentration of mucins was fixed to be in the detection range found when using the previously described method based
on DLS. Each liquid formulation was reconstituted by mixing forty milligrams of the corresponding powder formulation
in 20 mL of MilliQ water.

The evaluation method of the interaction between the mucin and the CNPs was based on the method of Wong et al.*’
One milliliter of each mucin solution (Smi, Sm2, Sm3, Sma and Sp5) and one milliliter of each reconstituted liquid
formulations (SCNPs, CCNPs and ChCNPs) were mixed and incubated for 30 min in 37°C at 600 rpm.

The ZP of each solution was evaluated by DLS (Zetasizer® Nano ZS, Malvern Ltd., Malvern, England), along with
the AZP to evaluate the mucoaffinity of each kind of CNPs (see Equation 4).
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AZP = ZP; — ZP; (4)

Where ZP; is the initial ZP (mv) of the CNPs and ZP; is the ZP (mv) of the CNPs after contact with mucin solution (S,;s).
Each experiment was realized in triplicate and expressed by mean + SD.

In vitro Cellular Study

RPMI2650 Cell Culture

The RPMI 2650 cell line is a common choice for an epithelial in vitro model for nasal permeation studies.’®>* Indeed,
this cell line produces mucus,’’ expresses TJs,’>>® and grows in multilayer leading to appropriate transepithelial
electrical resistance (TEER) values (between 75-150 Qcm?® and 90-180 Qcm? for RPMI 2650 cell line and excised
human nasal mucosa, respectively).’®>*>* The RPMI 2650 cells (ECACC, Sigma-Aldrich, USA) were cultured in
a 75 cm” polystyrene cell-culture flask under standard conditions in an incubator at 37 °C and 5% v/v of CO,. The
culture medium (MEM with phenol red, 10% heat-inactivated fetal bovine serum (FBS), 1% Pen/Strep solution, 1%
L-glutamine and 1% NEAA, Thermo™ Fisher Scientific, USA) was changed every couple of days. The cells were
detached when confluence reached about 80% by treating with trypsin-EDTA at 37°C. Then, the cells were seeded into
a new 25 cm? polystyrene cell-culture flask at a 1:10 ratio.

As explained by Gongalves et al, the RPMI 2650 cells were seeded on permeable Thincert® (TC-PTP, 0.4 pum,
4.52 ¢cm? Thermo™ Fisher Scientific, USA) at a density of 1.5x10° cells/em® The cells were cultured in a liquid-
covered culture (LCC) for 8 days. The insert culture medium (MEM without phenol red, 10% heat-inactivated fetal
bovine serum (FBS), 1% Pen/Strep solution, 1% L-glutamine and 1% NEAA) was changed every 2 or 3 days. After, the
insert was lifted to the air-liquid interface (ALI) and cultured for 14 more days.>® As reported by Wengst et al, the TEER
value is significantly higher for the RPMI 2650 cells in ALI conditions compared to LCC conditions.>? Their results,
coupled with light microscopy analysis, demonstrate that, in LCC conditions, the cells grow in clusters with free spaces
between them.’” On the other hand, the ALI conditions increased the aerobic exposition, which correlates with epithelial
barrier formation.>®

The TEER was recorded using an epithelial Volt/Ohm meter EVOM2® (World Precision Instruments, Sarasota,
USA). The value of the blank insert was subtracted from the raw data and normalized for the surface area (4.52 cm?). For
TEER routine evaluations, 2 mL of fresh insert culture medium were added to the apical side and 3 mL to the basal side.
Cells were left for 30 min before measurements. A TEER value higher than 75 Qcm? (mimicking the TEER of the human

nasal mucosa’?) was targeted to start the permeation study.

Alcian Blue Assay
The secretion of mucus on the surface of the mono/multilayer of RPMI 2650 cells was observed using Alcian blue
(Thermo™ Fisher Scientific, USA) dye as described by Gongalves et al.>°

Images were acquired with an Olympus BX60 microscope (Olympus, Hamburg, Germany), equipped with a JVC tk-
¢1381 color video camera and an Olympus U-CMAD-2 C-Mount Adapter Ring, supported by the analySIS®docu image-
processing software (Olympus).

The images were analyzed by ImageJ (V2.1.0, NIH) with the Color Inspector 3D V2.5 (Kai Uwe Barthel;
Internationale Medieilnformatik, Berlin, Germany) plugin. To this end, each image was first transformed into 8-bit
RGB. The average value over the whole picture of the blue component was then divided by the sum of the three channels
(blue, red, and green). The resulting ratio allowed us to quantify the mucus produced by the cells.

Permeation Study

The study started after 22 days of culture to get the desired TEER value. A Krebs-Ringer buffer (KRB) was prepared to
perform this permeation study. First, the cells were rinsed three times with KRB, and 1.0 mL was added to the apical side
and 2.0 mL to the basolateral side. The plates were kept in an incubator (37°C, 5% CO,) for 30 min. After, around 3
milligrams of each powder (pure PP, SCNPs, CCNPs, and ChCNPs) were deposed on the apical side. Each powder was
introduced into three different inserts to perform the test in triplicate and diffused for three hours. The apparent
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permeability coefficient (P,p,) was calculated for each powder formulation by the following equation and expressed

in cm/s°*>* (Equation 5):

Cpyl xV
Faw = 3 >[< [éo] <M ®)
where [Cp] (ug/mL) is the concentration of PP in the basolateral compartment at the end of the experiment, [C,] (ug/mL)
is the initial apical concentration of PP, V (mL) is the volume of the basolateral compartment, A is the surface area (cm?)
and [Cy)] is the duration of the experiment (s).
The Transport Enhancement Ratio (TER) of the formulation compared to the pure PP was calculated from the P,
values (Equation 6):

TER — (Papp(fbrmulation)> 6
Papp(pp)

where P,y formulationy corresponds to the Papp of SCNPs, CCNPS, and ChCNPs formulations and where P,,npp)
corresponds to the Py, of PP.
The TEER was measured again 24 hours after the experiment to evaluate the integrity of the epithelium cells.

LDH Cytotoxicity Assay

An LDH assay was also carried out with the Cayman chemical kit (Item no 601,170) to measure the cytotoxicity of the
three powder formulations. Cells were placed in a 96-well plate with a density of 50,000 cells/mL and allowed to settle
for one hour. The cells were then treated with the formulations and analyzed following the kit manufacturer’s instruc-
tions. The absorbance at 490 nm (A490) was measured and the percentage of cytotoxicity was expressed by the following
equation:

Cytotoxicity(%) — (experimentalvalueA490) — (spontaneousrelease4490)

100 7
(maximumreleaseA490) — (spontaneousreleaseA490) % ™

Deposition Study in a Nasal Cast

Nasal Cast Conception

We used the 3D-printed nasal replica (called “nasal cast”) described by Rigaut et al to assess the deposition profile of our
formulations.*” The selected patient has normal anatomy without any anatomical disorder. The nasal cast is a new in vitro
test to evaluate drug deposition in a nasal cavity. The human nasal cavity is composed of tortuous and complex structures
and varies between patients (e.g. sex, ethnicity, age or disease state). Thus, evaluating the olfactory targeting in vitro
represents a pivotal element before the expensive in vivo test. Indeed, although nasal casts are not yet a regulatory test,
a recent study by Williams et al validated this model as a suitable in vitro tool to assess in vivo deposition of a nasal
product.””

Briefly, from the CT scan of a patient, the nasal cavities were separated from the body via the grey value: darker
pixels are air, and lighter pixels are parts of the body. It resulted in a series of black-and-white images that could be
assembled and smoothed to re-create the 3D model of the nasal cavity. Then, this model was segmented into five pieces
to evaluate the spatial distribution of the spray in the cavity. The nasal cast was printed with a Form3 printer (Formlabs,
Somerville, MA, USA) using Formlabs Clear resin, except for the nostrils, which were printed with Formlabs Flexible
80A resin to allow a better insertion of the devices. After printing, each part of the nasal cast was washed with
isopropanol and UV-cured according to Formlabs guidelines.

Deposition Test

Each part of the nasal cast was coated with an artificial mucus based on a thermosensitive gel (liquid under 10°C and
swells around 18°C) composed of 25% w/w of Poloxamer™ 407 mixed into a simulated nasal electrolyte solution
(SNES).*"-* We introduced an exact amount of around 20 mg of powder into the device since the maximal dose for nasal
delivery is 25 mg per nostril.>”>” A previous study allowed us to determine the optimal parameters to target the olfactory
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zone.*” The insertion angle was fixed with a direct aim of the olfactory zone (sagittal angle of 39° on the right and 29° on
the left, and coronal angle of 20° on the right and 5° on the left, both pointing inwards). There was no concomitant
inspiratory flow, and the powder was injected with a UDS device (Aptar Pharma, Le Vaudreuil, France). The device was
weighed before and after the injection to evaluate the administered dose. After instillation, we washed each part of the
nasal cast with a mixture of acetonitrile, ethanol, and MilliQ water (45:45:10% v/v). Each recovery solvent was
quantified by an HPLC-UV method to determine the percentage of powder in each part. Here, since the target is N2B
delivery, the analysis was focused on the olfactory deposition (i.e. the deposition in the uppermost piece of the middle
region).

Statistical Analysis

We used the one-way ANOVA test was used to demonstrate the significance of each factor for the comparison of CNPs with or
without LL, the TER and the P,,, comparison in the permeation study and for the comparison in the deposition test with the left
and the right side. Student’s #-test was used to study the difference in the mucoaffinity test. All statistical tests were performed by
using GraphPad (Prism 9, San Diego, USA) and the difference between means was considered significant with a p-value lower
than 0.05.

Results

Characterization of the Formulations

Spray-Dried Powder Properties

We compared the characteristics of the positively charged cubosomes (cationic CNPs (CCNPs) and ChCNPs) intended
for N2B delivery to those of SCNPs that are created without CHO or a charged lipid to evaluate the potential efficacity.

The first step for the two charged blank CNPs (CCNPs and anionic CNPs) was to select the correct proportion of
lipids to obtain stable and compatible NPs for N2B delivery. Indeed, it is necessary to formulate anionic CNPs as an
intermediate step to coat them afterwards with chitosan by electrostatic interaction to obtain the ChCNPs. All test lipid
mixtures gave NPs with a PS and a ZP suitable for N2 delivery. But only the mixture of 60:30:10%mol of MO, CHO, and
an ionized lipid leads to a narrow PSD (i.e. PDI value lower than 0.3).

As mentioned previously, for N2B delivery, a positive surface charge of NPs increases their interaction and their affinity with
the negatively-charged mucins of the nasal mucosa."'* So, the selected anionic CNPs were coated with chitosan to obtain a final
positive charged CNPs called ChCNPs. The summary of the selected blank CNPs with their characteristics is shown in Table 1.

The two positively charged CNPs were characterized by a positive ZP (+60.1 = 1.2 and +34.4 + 1.2 mV for CCNPs and
ChCNPs respectively) while the SCNPs were characterized by a negative ZP. Since a ZP higher than +20 mV or lower than
—20mV is known to be favorable for long-term stability,'® the two positively charged CNPs are more stable than the SCNPs.

Table | Particles Size (PS) (Nm), Polydispersity Index (PDI) Value
and Zetapotential (ZP) (mV) of Selected Blank Standard Cubosomal
Nanoparticles (SCNPS), Cationic Cubosomal Nanoparticles
(CCNPS), Anionic Cubosomal Nanoparticle (Anionic CNPS), and
Chitosan-Coated Cubosomal Nanoparticles (ChCNPS). Results are
Expressed by Mean + SD

Blank Formulation PS (nm) PDI ZP (mV)
SCNPs 153.7 £ 6.2 | 0353 +0.014 | 9.0+07
CCNPs 1427 £ 1.3 | 0.242 + 0.004 | +60.1 = [.2
Anionic CNPs 109.9 £ 0.7 | 0.297 £ 0.022 | —66.7 £ 4.5
ChCNPs 2498 £ 159 | 0.234 £ 0.050 | +344 = |.2
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NPs with a PS lower than 200 nm can diffuse through olfactory neurons.*****° All blank CNPs were characterized by
aparticle size lower than 200 nm except for the ChCNPs (see Table 1), which had a PS of 249.8 + 15.9 nm. However, the benefits
of chitosan as a permeation enhancer should offset this slight deviation in size.'®**! Indeed, Raj et al demonstrated a higher
dopamine content in the brain after an intranasal administration of Pramipexole loaded in chitosan NPs (despite a PS of 292 +
8.80 nm) versus a solution of the same drug (97.38 + 3.91 ng/g tissue and 81.61 + 4.44 ng/g tissue respectively).®* Finally, in our
study, all blank CNPs demonstrated a narrow particle size distribution which a PDI value lower than 0.3,°> except the SCNPs
with a slightly higher value of 0.353 + 0.014, which should not have any consequence on their suitability.

During the spray drying process, a sticky powder in the cyclone was observed. Indeed, a high residual moisture
content promotes the formation of liquid bridges between particles which solidify after drying to generate
agglomerates.®* ®” Moreover, a high residual moisture content reduces the glass transition temperature (Tg). Therefore,
when the experimental temperature is higher than the Tg of the material, it becomes sticky (rubbery state) and adheres to
the cyclone.®>*® Adding LL in a range between 10-20% w/w increases the yield of production and the flowability of the
particles, and reduces the residual moisture and the caking effect.®**®*7! As LL is a hydrophobic amino acid, it will dry
faster than the other formulation compounds, which could create a shell around the drug.®® Indeed, droplet drying is
characterized by two distinct steps: the constant-rate period and the falling-rate period. The materials characterized by
a high Peclet number, such as LL, tend to concentrate onto the droplet surface as evaporation is faster than their
diffusion.® Preliminary studies were performed to determinate the optimal LL content to improve the powder PSD (data
not shown), to increase the spray-drying yield and to decrease the residual moisture content of the dry powders. To
evaluate the influence of LL, its percentage was fixed at 25% w/w in each formulation (Table 2).

As shown in Table 2, the yield was similar, regardless of the presence of LL (higher than 70% w/w). Although, in the
absence of LL, the residual moisture content was higher than 2% w/w, while the addition of the amino acid allowed us to
obtain a lower percentage. Therefore, the yield was slightly overestimated for the powders that were not based on LL.

These results illustrated the anti-hygroscopic effect of LL®*%%67:6%72 and could explain the decrease of powder
agglomerates. Indeed, the LL increased the moisture resistance of the spray-dried particles by its surface enrichment.
This, in turn, reduced the thickness of the liquid on the surface of the particles and reduced the liquid bridges between
them.®”-”* It allowed both improving the deagglomeration and the flowability of the powder.

The deagglomeration effect is illustrated by the Dv50 value of each powder formulation measured at the exit of the
UDS device. Indeed, all powder formulations containing LL were characterized by a Dv50 smaller than the powder
without LL (14.49 + 0.63 pum, 14.34 + 0.82 pum, and 12.65 £ 0.37 um for SCNPs-LL, CCNPs-LL, and ChCNPs-LL,
respectively and 78.42 + 14.61 um, 61.02 + 9.30 um and 43.76 + 12.04 um for SCNPs, CCNPs and ChCNPs,
respectively).

Table 2 Size Distribution Was Expressed in Terms of First Decile (Dv10), Median Diameter (Dv50), Last
Decile (Dv90), and Span Value. The Yield (%) and Residual Moisture Content (%) Were Expressed for
Standard Cubosomal Nanoparticles (SCNPs), Cationic Cubosomal Nanoparticles (CCNPs), and Chitosan-
Coated Cubosomal Nanoparticles (ChCNPs) Blank Formulation with or Without I-Leucine (LL). Results
are Expressed by Mean = SD

Blank Dv,o (pm) Dvso (Hm) Dvgo (MM) Span % Yield | % Moisture
Formulations

SCNPs 3189724 | 7842+ 1461 | 119.14+ 1752 | 1.13 £0.08 70.73 2.209
SCNPs-LL 1125 +£0.88 | 1449 + 0.63 5237 £ 345 | 283 £0.11 77.57 1.838
CCNPs 1844 +2.86 | 61.02+9.30 | 103.62 + [4.50 | 1.40 £ 0.05 73.26 2.254
CCNPs-LL 1191 £028 | 1434 +0.82 | 3855+ 10.03 | 1.84 £0.59 77.98 1.843
ChCNPs 12.68 + 1.81 | 43.76 £ 12.04 | 77.95 £ 15.06 | 1.51 £0.15 74.39 2.167
ChCNPs-LL 8.65 + 3.6l 12.65 £ 0.37 | 23.33 £ 1047 | 1.66 = 1.27 75.86 1.710
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The Dv50 of our LL-containing powders ranged between 13 and 20 pm. Such diameters are known to promote

olfactory zone impaction and thus the passage to the brain.”* "¢

Determination of the Maximal Drug Loading Capacity and the Encapsulation Efficiency

We studied the maximal LC (Equation 2) of each CNPs and checked their EE (Equation 3) by introducing several
quantities of PP (fixed percentage shown in Table 3) and analyzing the effect on the PSD of the CNPs. The maximal LC
selected is 10%, 5%, and 70% for the SCNPs, CCNPs, and ChCNPs, respectively, because these LCs gave the lowest
PDI value for each CNPs formulation and thus, guaranteed a narrow PSD with a PS suitable for the N2B delivery
(Table 3). The CCNPs and SCNPs formulations provided the lowest LC, 5% and 10% w/w, respectively, while the LC of
the ChCNPs formulation reached 70% w/w.

The PP is a strongly basic drug (pKa, 8.2 and pKa, 2.6),”” and the pH of liquid pre-formulations was around
4.5 for each formulation, leading to positively-charged PP. So, electrostatic repulsion between the positively
charged PP and the positively charged lipid during the production process could explain the lowest LC obtained
for the CCNPs. In contrast, there was an attraction between the drug and the negatively-charged CNPs during the
production process (SCNPs and ChCNPs before chitosan coating). For SCNPs and ChCNPs, the difference
between the LC (10% and 70% w/w, respectively) could be explained by the cubosomal structure of ChCNPs:
CHO stiffens the bilayer, and the anionic lipid (DOPS) electrostatically swells the structure, which allowed

increasing the LC.%7%7?

Table 3 Loading Capacity (LC) (%), Particles Size (PS) (Nm), Polydispersity Index (PDI), pH, and
Encapsulation Efficiency (EE) (%) of Each Selected Standard Cubosomal Nanoparticles (SCNPS), Cationic
Cubosomal Nanoparticles (CCNPS), and Chitosan-Coated Cubosomal Nanoparticles (ChCNPS). And
Zeta-Potential (ZP) (mV) of Each Selected CNPs Formulation. Results are Expressed by Mean + SD

Loaded LC (%) | PS (nm) PDI pH of the EE (%) ZP (mV)
Formulation Reconstituted
Powder
SCNPs 10 141.7 £ 44 | 0.334 £ 0.071 4.574 983+ 18 | +142£03
20 162.6 £ 5.5 | 0.393 + 0.035 4.326 99.4 £ 0.1 -
30 219.5+9.8 | 0475+ 0.096 4295 954 £ 0.1 -
40 1764 £ 59 | 0410 + 0.072 4.496 973 £ 04 -
CCNPs 25 112.1 £ 1.3 | 0.289 + 0.035 4397 81.4 £0.9 -
5 1165+ 25 | 0.253 + 0.027 4.463 98.0 £ 04 | +66.4 £ 1.2
7.5 161.2 = 0.406 + 0.055 4.345 98.6 £ 0.0 -
14.7
10 139.7 £ 45 | 0412 £ 0.061 4.261 98.0 £ 0.3 -
ChCNPs 60 2382 0.214 + 0.049 4.356 993 £0.2 -
18.9
70 305.7 + 0.166 + 0.022 4475 99.7 £ 0.1 | +424 £ 0.2
22.54
80 387.7 + 0.478+ 0.049 4.476 96.2 + 0.1 -
289
90 2859 + 9.6 | 0.378 + 0.074 4.364 973 +£0.2 -
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Finally, the EE of each selected formulation is higher than 95% (98.3 £ 1.8%, 98.0 = 0.4% and 99.7 + 0.1% for
SCNPs, CCNPs, and ChCNPs, respectively) and they are stable, given their ZP value (Table 3), which should be ideally
either above +20 mV or below —20 mV.'°

Powder X-Ray Diffraction

To evaluate the crystallinity and the stability of our powder formulations, the PXRD profiles of pure PP, dextran and
CNPs were studied (Figure 1). The CNPs formulations were mostly amorphous (Figure 1A) due to the presence of
dextran (Figure 1B).

In each powder formulation, the peaks of LL are at 6° and 19° 20 *© and 30° and 32.5° 20. The main peaks of
crystallinity of PP at 2° and 7.5° 20 were observed for the SCNPs and ChCNPs powders. For the CCNPs powder, only
the typical peak at 2° 26 was observed. It could be the consequence of the low concentration of PP in the CCNPs powder
formulation.

In Figure 1A, the PXRD profile of chitosan extracted to the ICDD database® (vertical red lines) suggested that the
two peaks at 20.3° and 21.4° 20 for the ChCNPs formulation correspond to the chitosan coating. Indeed, these two peaks

are missing in the two other formulations which did not contain chitosan.

Characterization of the Morphology of the Cubosomes

The morphology of each CNPs was performed with TEM analysis. The SCNPs were nearly spherical with polyangular
irregular shapes (Figure 2A). In previous studies, Elsenosy et al, as well as Nasr et al, already observed that loaded
cubosomes usually lose their cubic shape.””®? In contrast, although they were also loaded with PP, the CCNPs and
ChCNPs preserved their cubic structure (Figure 2B and C). The addition of cholesterol in both formulations may explain
this observation. Indeed, before the TEM analysis, the powder was reconstituted by sonication in Milli Q water. This
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Figure | (A) XRPD profile of the three powder formulations: standard cubosomal nanoparticles (SCNPs), cationic cubosomal nanoparticles (CCNPs), and chitosan-coated
cubosomal nanoparticles (ChCNPs), the vertical red lines correspond to the peaks of chitosan extracted to ICDD database®'; (B) XRPD profile of pure paliperidone
palmitate (PP), I-leucine, monoolein and, dextran. The percentage of amorphous form was indicated on the right of the curve.

Notes: Data from Gates—Rector S, Blanton T. The powder diffraction file: a quality materials characterization database. Powder Diffr. 2019;34(4):352-360. doi:10.1017/
$0885715619000812.%'
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(A) (B)

Figure 2 TEM image of (A) standard cubosomal nanoparticles (SCNPs), (B) cationic cubosomal nanoparticles (CCNPs), and (C) chitosan-coated cubosomal nanoparticles
(ChCNPs). It corresponds to the final product loading with paliperidone palmitate.

process is known to generate heat stress that may change the cubosomal shape. We may assume that cholesterol reduced

thermal fluctuation and consolidated the lipid bilayer structure responsible for the cubosomal structure.?®*°

130 182

Surprisingly, the mean diameter observed by TEM was lower than by DLS. Eissa et al”* and Nasr et al®“ made similar
observations. In contrast to the DLS measurements which were performed after the dispersion of the powder in water,

TEM analysis was done in a vacuum on the dry powders themselves. Such difference may explain our observations.

Scanning Electron Microscope Analysis

The SEM showed that using the LL as an excipient for spray drying process induces corrugated particles®>®

(see
Figure 3). Indeed, LL has a high Péclet number which causes a surface enrichment during the spray drying process,
which results in these corrugated particles.® By creating a shell around the dried particles, LL reduced the water vapor
escaping during the spray drying process, inducing an increase vapor pressure. At the end of the process, the vapor
pressure was decreased and yielded corrugated particles.”

For dry powder inhalers (DPIs), a high deposition performance seems to correlate with the corrugated surface of the
powder. It is principally due to the reduction of agglomeration and the reduction of the interparticular forces.®’

Plume Angle and Ejection Velocity

All powder formulations were characterized by a plume angle lower than 30° when instilled from the UDS (20.13 £
2.65°, 18.87 = 1.66°, and 17.73 + 0.65° for the SCNPs, CCNPs, and ChCNPs, respectively). These values follow those
previously observed using similar UDS and caffeine as a drug model (16.8° + 2.4°).*7 A narrow plume angle seems to
decrease the impaction in the nasal valve, increasing the postnasal-valve deposition.®**® For powder formulation, the
plume angle is only affected by the administration device.*” Indeed, the main factors influencing the plume of liquid
sprays (viscosity, surface tension, and actuation force)®’ are fixed for dry sprays since the propellant gas is always the
same (air in our case), and the actuation force set by the design of the device.

The ejection velocity of each powder formulation (49.53 + 7.58 m/s, 42.40 + 2.31 m/s, and 47.28 + 4.33 m/s for the
SCNPs, CCNPs and ChCNPs, respectively) was at least twice higher than the one observed with a liquid formulation
(around 15 m/s*®). A high ejection velocity reduces the influence of air friction on the microparticles.*” Therefore, for
a given patient and a given administration side, the particle trajectories are only influenced by the device orientation.*’

Mucoaffinity Test

In addition to proteins such as albumin or immunoglobulins, the nasal mucus contains 95% water, less than 1% lipids,
2% mucin, and 1% of other salts.'”*®*® Due to sialic and sulfonic acids, mucins are responsible for negative charges in
the nasal mucosa.'”?**? The use of positively charged NPs increases the affinity, the residence time in the nasal mucosa
and the bioavailability of the drug.'®
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Figure 3 SEM images of corrugated microparticles. (A) standard cubosomal nanoparticles powder formulation with I-leucin, (B) cationic cubosomal nanoparticles powder
formulation with I-leucin, and (C) chitosan-coated cubosomal nanoparticles powder formulation with I-leucin.

As mentioned previously, the ZP of each formulation upon contact with solutions of mucin at different concentrations
was evaluated. A sharp decrease of the ZP from 14.2 + 0.3 to —18.8 = 4.6 mV was observed when the SCNPs were
placed upon contact with S,,,;, in comparison with the initial solution. Then, the ZP becomes independent of the mucin
concentration and equal to the ZP of the mucin solution (see Figure 4A). Such results confirmed that there was no
electrostatic interaction between the SCNPs and the mucins. That seemed to be correlated with the poor positive charge
of these NPs. As illustrated in Figure 4A, the ZP of the CCNPs and the ChCNPs decreased with an increase in the mucin
concentration. Moreover, the AZP was twice higher for the CCNPs than the ChCNPs (Figure 4B).
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Figure 4 (A) Influence of the mucin concentration on the zetapotential (ZP) of standard cubosomal nanoparticles (SCNPs), cationic cubosomal nanoparticles (CCNPs), and
chitosan-coated cubosomal nanoparticles (ChCNPs); (B) Comparison of the *AZP of the CCNPs and ChCNPs. The results are expressed by mean * SD. A statistical
Student’s t-test concluded a significant difference between the AZP of the two formulations ***p-value < 0.001). "AZP corresponds to the difference between the initial ZP
(mv) of the cubosomal nanoparticles (ZP;) and the ZP of the cubosomal nanoparticles after contact with mucin solution (ZPy). AZP = ZP; - ZP;.

As previously described, the reconstituted liquid formulation had a pH of 4.574, 4.463 and 4.475 for SCNPs, CCNPs
and ChCNPs, respectively. At this pH, the chitosan was positively charged due to the protonation of the amino group
which generated an electrostatic interaction with the sulphate and the carboxyl group of the mucin.”®**** The strong
mucin electrostatic interaction with the CCNPs could easily be explained by the highly positively charged surface due to
the incorporation of the cationic lipid. The molar concentration of DOTAP was higher than the one of the chitosan (6.2E-
2 mole/g and 7.0E-4 mole/g of formulation for CCNPs and ChCNPs, respectively). Thus, there were more amino groups
to interact with the mucins. This observation of increasing interaction with increasing amino groups is also supported by
Mazzarino et al. In a recent study, they correlated a rise in the electrostatic interaction between the mucins and chitosan
with the increase in the molar mass of the chitosan.”*

In vitro Cellular Study

Permeation Study

In our study, the main aim was to compare the mucoaffinity between SCNPs and cationic formulations (CCNPs and
ChCNPs) and the ability of the ChCNPs to open the TJs. Indeed, the human nasal mucosa is characterized by goblet cells
responsible for mucus secretion and by ciliated epithelium with TJs.>*>%5%¢ Therefore, the RPMI 2650 cells were
cultured in ALI condition from day 8 to day 22 to reach a TEER above 75 Qcm? in order to mimic the TEER of nasal
mucosa as mainly reported.>%>2

As previously described by Gongalves et al, the Alcian blue assay was used to characterize mucin production by
RPMI 2650 cells.”® An increase in the RGB, ratio was observed after the 11th day (0.3290 + 0.007 and 0.4002 = 0.020
for the day 6 and the day 11, respectively) (Figure 5). It correlated with the beginning of the culture in ALI condition (on
the 8th day) and illustrated the start of mucin production. When the cells started to produce mucus, the drug permeation
study was performed as soon as the TEER value was higher than 75 Qcm.?

All the CNPs formulations were characterized by a significative higher P,,, than pure PP, except for the SCNPs
formulation (Figure 6A). Such data confirmed the interest in improving the mucoaffinity of the cubosomes with
a cationic lipid (CCNPs) or adding a permeation enhancer such as chitosan to open the TJs (ChCNPs). The P,y
coefficient was increased from 2.57E-08 + 3.025E-08 cm/s for the pure PP to 2.23E-06 + 0.46E-06 cm/s for the SCNPs,
to 1.72E-05 + 0.21E-05 cm/s for the CCNPs and finally to 3.00E-05 + 0.24E-05 cm/s for the ChCNPs. The ChCNPs were
characterized by a significantly higher TER (86.86 + 17.97, 671.25 + 79.82 and 1168.38 + 93.90 for SCNPs, CCNPs and
ChCNPs, respectively) due to their mucoaffinity and ability to open the TJs (Figure 6B).

Several results are highlighted in the literature. First, it is well-known that the cationic NPs have a higher cellular
uptake than the negatively charged NPs in commonly used cell lines.”’ ' However, in ex vivo studies, the results are
more nuanced. Recent research conducted by Clementino et al demonstrated a higher initial (after 1 hour) sustained
transport of their drug with their chitosan-coated NPs (their only positively charged formulation) across excised nasal
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Figure 6 (A) Apparent permeability coefficient through the RPMI 2650 cell line of standard cubosomal nanoparticles (SCNPs), cationic cubosomal nanoparticles (CCNPs),
chitosan-coated cubosomal nanoparticles (ChCNPs), and of the pure paliperidone palmitate (PP). The y-axis is expressed in log 10. Each comparison has a p-value < 0.0001
*#+¥Except between pure PP and SCNPs (no significant). (B) The Transport Enhancement Ratio (TER) of each formulation compared to the pure PP. ****p-value < 0.0001
and **p-value < 0.001. The results are expressed by mean + SD and are realized in triplicate. The comparison was realized by a one-way ANOVA statistical test.

mucosa of rabbits (3-fold and 18-fold lower for their two other negatively charged NPs).'*’ Indeed, their chitosan-coated
NPs are drug vehicles that firmly anchor in the nasal mucosa. It improves drug absorption by lower colloidal stability
upon mucus contact and by the specific biodegradation carried out by enzymes.'®

On the other hand, another recent study compared the permeation of negatively and positively charged NPs through
the olfactory mucosa.'®" Albarki et al concluded in better permeation with the negatively charged NPs.'®' They explained
such results as their study was performed for one hour, although other studies were conducted for a longer period of
time.'®" The work of Albarki et al contradicts Clementino et. al, but they only studied the effect of the charge while
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Clementino et al added chitosan, a permeation enhancer.'% Moreover, the difference between the work of Albarki et al
and previous studies could be due not only to the timescale of the experiments but also to the difference between

cancerous and normal cells.>!

LDH Cytotoxicity Assay

The TEER value was unchanged before and 24h after the beginning of the permeation test. It confirmed the integrity of
the cell barrier. In addition, the LDH cytotoxicity assay demonstrated the safety of the formulations except for the
CCNPs. Indeed, we observed an increase in the percentage of cytotoxicity correlated with the positive surface charge
(18.4 £ 1.3, 53.7 £ 3.2, and 32.2 £+ 0.8% of cytotoxicity for SCNPs, CCNPs and ChCNPs respectively). However, the
literature mainly described the cytotoxicity effect of the positively charged NPs in tumoral cells.*!'%!% We observed
a decrease in the percentage of cytotoxicity between the CCNPs and ChCNPs. It is probably due to the reduction of the
positive surface charge. On the other hand, chitosan is extensively studied, and its cytotoxicity effect is negligible in
normal cells.*"'*® For instance, a recent in vivo safety study by Abas et al concluded no significant irritation either for
the placebo or for the drug-loaded chitosan formulations.*

Deposition Study in a Nasal Cast
We compared the percentage of olfactory deposition in the right and in the left cavities of the nasal cast for each CNPs
dry formulation (Figure 7). Coherently with our previous study on the same cast,’ the percentage of olfactory deposition
in the right side (52.91 + 8.85%) was always larger than in the left side (35.80 £ 8.46%). The size of the olfactory region
(11.4 cm? and 10.5 cm? for the right and the left side, respectively’) could explain this difference. However, an ear, nose
and throat (ENT) specialist of Erasme Hospital identified the CT scan of our patient as a non-pathologic nasal cavity;
a perfect symmetry of the nasal cavity being inexistent in the population. Interestingly, Figure 7 also shows that the
deposition in the olfactory region was statistically similar regardless of the CNPs powder. Therefore, it seemed that the
anatomy of the nasal cavity had the most influence on the deposition than the physical properties of the powder with this
combination system (UDS device with our powder formulation). Indeed, all formulations had a similar Dv50, plume
angle, and ejection velocity. As previously described, the plume angle and the ejection velocity depend only on the
device. The UDS device generates a narrow plume angle with a high ejection velocity and a direct aim at the olfactory
region.

Figure 8 gives information on the general profile of deposition on both sides. A one-way ANOVA test concluded
a significant difference between the left and the right side of the nose, the olfactory region, and the middle turbinates
(p-value = 0.0106, < 0.0001, and <0.0001 respectively).
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Figure 7 Percentage of the powder deposited on the olfactory region for the standard cubosomal nanoparticles (SCNPs), cationic cubosomal nanoparticles (CCNPs), and
chitosan-coated cubosomal nanoparticles (ChCNPs) formulations in the left side and in the right side. Results are expressed by mean + SD.
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Figure 8 Percentage of powder deposition in (A) nostril, (B) olfactory, (C) middle turbinates, (D) lower turbinates, (E) nasopharynx, and (F) post-nasal fraction in left and
right side for combined formulations. Results are expressed by mean + SD. A one-way ANOVA statistical test was realized to compare the powder deposition in the right
and in left side in each part of the nasal cast. *Indicate a p-value <0.05 and ****Indicate a p-value < 0.0001.

A higher deposition in the middle turbinates part than in the olfactory region was observed in the left nostril (49.4 +
7.36 and 35.8 £ 8.46% for the middle turbinates region and the olfactory region respectively). Another interesting
observation was the low deposition in the nasopharynx and post-nasal parts.

This deposition profile seemed to be favorable for brain targeting. Indeed, besides the olfactory nerves, another
pathway to reach the brain after nasal instillation is through the trigeminal nerve which innerves the whole nasal cavity,
except the post-nasal fraction.'

Finally, our results correlated with the results of Williams et al, which validated their in vitro deposition with an
in vivo study. Indeed, in their work, the majority of the powder was also found in the middle turbinates and the olfactory
region in the nasal cast (about 40 and 35% for the middle turbinates and the olfactory region, respectively) and in the
in vivo study (about 35 and 38% for the turbinates and the olfactory region, respectively).”

Conclusion

The existing literature vastly underlines the potential of CNPs for hydrophobic drug administration and the advantageous
nasal deposition of dry powder sprays compared to liquid sprays. So, our work focused on a dry cubosome formulation of
PP intended for N2B delivery. To this end, we successfully developed three: one following the usual cubosome
preparation method, and two innovative ones, incorporating cationic lipid or chitosan. After their comparison, we
selected the ChCNPs. Indeed, the properties of these CNPs are adapted for N2B delivery in terms of PS, PDI and ZP.
Finally, their P, thought the RPMI 2650 cell line was 3.00E-05 + 0.24E-05 cm/s. Since the pure PP has a P, of 2.57E-
08 + 3.02E-08 cm/s, the formulation enables a 1000-fold increase in cell-diffusion efficiency. Furthermore, the powder
deposition study in a 3D-printing nasal cast revealed that the powder mainly deposited in the olfactory region (51.47 £
9.30% of olfactory deposition in the right side and 41.20 + 4.59% of olfactory deposition in the left side, respectively).
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This good result arises from the combination of an appropriate Dv50 and an adapted administration device intended for
N2B delivery via the production of a narrow plume angle and a high ejection velocity. These results in the nasal cast are
encouraging, given the promising in vivo — in vitro correlation obtained by Williams et al.>> However, an in vivo study
remains necessary considering the discrepancies between cell lines and ex vivo permeation studies but also to determine
if nasal irritation is low enough given the in vitro cytotoxicity results. Such studies will be the subject of a future paper.
But, despite the absence of an in vivo study, the CNPs seem to be a great choice of nanocarrier for nasal administration.
In the addition, the use of nasal cast as a new tool for in vitro evaluation for N2B formulation could be beneficial to make
progress in nasal powder formulation studies.
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