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THESIS ABSTRACT

The nose, is a promising site to deliver drugs with low oral bioavailability and for
treatment of conditions that require a rapid onset of action. It is the first option to
treat localized diseases such as rhinitis but also it can be used as site to deliver drug
systemically. In the future, the number of product administered through the nose it
is expected to increase, as more drugs will require an effective route for drug
absorption. Hence, while the current characterization of nasal product focus mainly
on the physicochemical properties of spray formulations, the biopharmaceutical
evaluation of new nasal drug delivery products and formulations will require robust

and reliable pre-clinical in vitro models.

The first aim of this study was to develop an apparatus able to perform deposition
and permeation of nasal formulation at the same time, mimicking so the in vivo
process of drug administration.

The second aim was the application of this model to the characterization of

commercial products and the development of novel formulations.

In particular, to provide a physiologically relevant surface and barrier for the
deposition and permeation studies, the cell line RPMI 2650 was chosen in order to
establish a model of the nasal mucosa. The model was obtained using the air-liquid
interface culturing method, in which the upper surface of the cell is exposed to air

after the seeding on cell culture insert. The model developed showed production of
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mucus, expression of xenobiotic transporters similar to primary nasal cells and
barrier properties matching those reported in literature for excised human nasal

mucosa.

The deposition apparatus was produced via 3D printing starting from an expansion
chamber proposed by FDA for the determination the aerodynamic particle size of
nasal sprays with cascade impactors. The apparatus developed consists of a plastic
chamber able to accommodate cell culture inserts on its internal surface. This allows
the deposition of aerosolised particles directly onto the surface of the RPMI 2650
cells previously cultured on inserts. The apparatus was validated against FDA glass
expansion chamber using three different commercial products: two suspensions and
one powder. The powder has shown faster permeation rate across RPMI 2650 cells

nasal mucosa model.

In conclusion, this work has developed, validated and tested an in vitro method to
assess particles deposition and drug permeation in conditions similar to those
occurring in vivo and which will be useful for the characterization and development

of future nasal products.
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CHAPTER 1

Introduction to the Nose and Nasal Drug Delivery



1.1 GENERAL INTRODUCTION

Nasal sprays are the first-line therapies for the treatment of localized diseases
such as rhinitis, hay-fever, polyps or nasal hypersensitivity and they are used to
offer relief for typical local symptoms such as congested nose related to the
common cold and flu.

On the other hand, over the past decades, the interest in the use of the nose to
deliver drugs for systemic treatments has dramatically increased. Nowadays it is
possible to use the nasal route to treat migraine, to manage pain, for hormone
replacement therapy, smoking cessation and flu vaccination [1-3]. Furthermore,
nasal delivery has the potential to provide access to the central nervous system
(Nose-to-Brain) avoiding the blood brain barrier. This delivery occurring through
different pathways, including the olfactory epithelium, may open new
opportunities  for the treatment and symptoms management of
neurodegenerative diseases such as Alzheimer's and Parkinson’s. The
possibility, to have different targets (local, systemic and brain), it is related to
various aspect: physicochemical properties of the drug, presence in the
formulation of additives such as permeation enhancer or nano-systems and lastly
the site of deposition.

Such various and different therapeutic indications are possible as a consequence
of the number of advantages of the nasal route (Figure 1.1). This delivery route
is painless and non-invasive, increasing patient compliance and offers a rapid
onset of drug action, due to the high vascularization and high permeability of the

nasal mucosa, at the same time avoiding first pass metabolism.



Figure 1.1 Advantages and limitations of nasal drug delivery. Adapted from [4].

1.2 ANATOMY AND HISTOLOGY OF THE NOSE

The nose is the first tract of the respiratory system. As its component it helps
conditioning the air we normally breath; it helps to filtrate particulates present in

the air; and, it is the main organ for olfaction and the first-line immunology defence.

The human nasal cavity is divided into two halves by the septum, each with a
volume of about 7.5 mL. Both symmetrical halves consist of three main regions
distinguished according to their anatomic and histological characteristics: the

nasal vestibule, the respiratory region and the olfactory region.



The vestibular region is the anterior part of the nose and it is the narrowest part
of the nasal cavity (the internal nostril; nasal valve), which is located about 1.5
cm from the external naris. The vibrissae, stiff hairs within the nostrils, cover most
of this area allowing the efficient filtration of inhaled particles with an aerodynamic
particle size larger than 10 um. In the vestibular region, the surface lining changes
from skin, that covers the anterior part of the passage, to a stratified squamous

epithelium.
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Figure 1.2. Anatomy of the human nasal cavity schematic of a sagittal plane cut
(A) and sample coronal plane midway through the nasal cavity (B). Reproduced

from reference [5] with authorisation.

The respiratory region is divided into three turbinate (conchae): superior, middle,
and inferior. The turbinates are covered with a pseudostratified columnar
epithelium. This epithelium is composed of four type of cells: mucus secreting,

ciliated, non-ciliated and basal cells. The ciliated and non-ciliated cells are
4



covered with non-motile microvilli (300 microvilli per cell), which are responsible

for increasing the surface area [6]. These structures because of this multi-folded

structure, increase the total surface area of the nose to approximately 150 cm?.

Table 1.1 Summary of featuring of the nasal cavity and the different epithelium of

the nasal mucosa

Features of Nasal Cavity

Depth [7] 120 - 140 mm
Surface Area [8] 150 - 160 cm?
Total Volume [9] 16 -19 cm®

Olfactory Region Area [10,11]

8 cm?(2-10 cm?)

Mucosal pH [7] 55-6.5
Temperature [12] 325-35.0°C
Humidity (RH) [12] 35%
Mucuciliary Clearance [13] 15 - 30 min
Cilia Length [9] 4-5 pm

Cilia Beat Frequency [14-16]

13 Hz (8.8-14 Hz)

Mucus Velocity (Respiratory region) [7] | 6 mm/min
Mucus Velocity (Vestibular region) [7] 1—2 mm/h
Mucus Layer Thickness [17] 5 um

Mucus Produced [18]

20 — 40 mL/day

Mucus Composition [9]

water (95%), mucus glycoproteins
(2%), other proteins including
albumin, immunoglobulins,

lysozyme and lactoferin  (1%),




inorganic salts (1%) and lipids
(<1%)

Vestibular/ Atrium: Nasal hairs,

epithelial cells are stratified,
Regions [19,20] squamous and keratinized, low
absorption. Barrier against toxic

environmental substances

Turbinates/ Respiratory: pseudo-
stratified epithelia, mucus
secreting, presence of microvilli.
large vascularity and surface area,
major site of absorption.

Olfactory:  Specialized ciliated
olfactory nerve cells for smell
perception, 3-5 % total nasal area,
direct access to the brain.

Approximately 15-20% of the cells in the turbinate are ciliated cells, with about
100 cilia on the apical surface of a cell [20]. Ciliated cells are covered with motile
cilia which are responsible for mucus transport and mucociliary clearance. Cilia
are hair-like projections (2-4 ym) on the apical surface of the columnar cells. All
cilia beat in a coordinated fashion, transporting the mucus towards the

nasopharynx.

The human olfactory region is situated in the superior conchae and covers only
about 3-5% (about 8 cm?) of the nasal cavity [10]. The olfactory epithelium is a
pseudo-stratified columnar structure. It consists of olfactory sensory neurons
(OSN), supporting cells, serous and mucosal glands. The OSNs are bipolar
neuronal cells, dendritic portions of these neurons extend above the epithelial
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surface and terminate into a bulbous olfactory knob from which protrude on
average 10-15 immotile cilia, providing an extensive surface area for reception
of odorants. The olfactory neuro-epithelium is replaced approximately every 40

days [18].

1.3 COMMERCIAL NASAL PRODUCTS

Drugs can be administered to the nasal cavity using different formulation
strategies: liquid, solid or semisolid products.

Liquid formulations delivered by metered spray pumps, in form of solutions or
suspensions, currently dominate the nasal drug market, but nasal powder
formulations and devices do exist, and more are in development [21-25].
Additionally, the number of pressurized metered dose inhalers (pMDls)
dramatically decreased since the ban of chlorofluorocarbons (CFCs) in 1987.
Ointments, gels, creams and balms, liquid formulation delivered as drops and are
just a small niche in the nasal market and will not be discussed in details

[21,26,27].

1.3.1 Liquid Dosage Forms and Metered Dose Spray Pumps

Liquid nasal formulations are generally aqueous solutions, but suspensions (e.g.
corticosteroid for rhinitis treatment) and emulsions can also be delivered. Liquid
formulation usually contains an agent to increase viscosity, typically a cellulose
derivative, in order to prolong the residence of the formulation in the nose, to
diminish the dripping out effect and to help to stabilize the formulation, especially

in the case of suspensions and emulsions [28,29]. Surfactants are often added
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to decrease the particle size of the spray droplets, to improve drug solubility and
as stabilizers or emulsions stabilizers [29,30]. The main drawbacks in the use of
surfactants are related to mucosal irritation and damage [31]. In aqueous
formulations, the presence of preservatives is required in order to avoid
microorganism growth and drug oxidation. However this is one major issues of
nasal water-based dosage forms because preservatives can alter the mucociliary
function especially in long-term treatments and they can be a major cause of
irritation [21,27,32,33]. An additional disadvantage, of metered nasal pumps,
might be related to the limited chemical stability of the drug when in solution or
suspension. Lastly, the delivery of liquid formulation in the nasal cavity, especially
in large volume, can lead to a “drip-out” effect, i.e. part of the formulation is lost
after the administration because of the dripping of the liquid out of the nose

leading to an incorrect dosing of the drug [1,34-36].

Since their introduction some four decades ago, metered spray pumps have
come to a dominant position in the nasal drug delivery market [21].

Nasal spray systems consist of a container, the pump with the valve and the
actuator. The pumps typically deliver around 100 pL, even if delivered volumes
can range between 25 and 250 pL per spray actuation, and they offer high
reproducibility of the dose delivered (Figure 1.3) [21,33]. In addition, the spray
humidifying effect is considered convenient, as it appears useful towards
symptoms often present in many allergic and chronic diseases (rhinitis) such as

drying of mucous membranes.



The particle size and plume geometry of the spray can vary within certain limits
and depend on the properties of the specific pump used and formulation.
Formulation properties such as viscosity and rheological behaviour (in general
thixotropic behaviour is expected for non-Newtonian fluid, as in pharmaceutical
liquid formulations), surface tension and particle size of suspended particles can
potentially influence droplet size and dose accuracy. Nozzle orifice, force and
velocity applied to actuate the device are others factors affecting the spray

performances pump related [21,30,33,37,38].

After the actuation, traditional spray pumps replace the emitted liquid volume
introducing air in the bottle containing the formulation. During this process,
microbes can enter the device and start to proliferate in the liquid, preservatives
are therefore required to avoid contamination in multi-dose containers.

To avoid the issues related to the presence of preservative, disposable single-
dose containers and airless/preservative-free multi-dose sprays have been
developed and are now available on the market. These innovative devices

however have a higher cost compared to traditional metered pumps.



Figure 1.3. Metered dose spray pump. Reproduced from reference [33] with

permission.

1.3.2 Nasal pressurized metered-dose inhalers (pMDIs)

As mentioned above, only few nasal products exist that contain
hydrofluoroalkane (HFA) propellants. Two of them were recently approved and
marketed in 2014 in US as locally acting corticosteroids: Zetonna (Ciclesonide,
Sunovion Pharmaceuticals) and QNASL (Beclomethasone Dipropionate, BDP,
Teva Respiratory LLC). Major advantages of this new kind of nasal formulation
are related to the quick evaporation of the propellant that help in limiting the drip
effect and the high velocity of the spray produced that favour deposition by

impaction [21,25].
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1.3.3 Dry Powder Dosage Forms and Devices

Major advantages of using dry powders formulations over liquid formulations for
nasal delivery are: lack of preservatives, improved chemical stability, high dose
delivered, enhanced residency time on the nasal mucosa, decreased clearance
rate and improved absorption rate [21,33,39-41]. Hence, administration of nasal
powders may increase drug bioavailability and patient compliance [22,34,40].

Despite these advantages, dry powders are still less frequently used in nasal drug
delivery compared to liquid formulations. Currently, only 4 products are available
on the market: Teijin Rhinocort (Beclomethasone Dipropionate) and Erizas
(Dexamethasone cipecilate) are sold only in Japan for the treatment of rhinitis by
Teijin Pharma and Nippon Shinyaku respectively; Rhinocort Turbuhaler
(Budesonide) is commercialized by AstraZeneca in Canada and Europe; and
more recently, ONZETRA™ Xsail™ (Sumatriptan) a new treatment for acute

migraine, is marketed by Avanir Pharmaceuticals in United States of America.

Majors drawbacks of powder formulation are related to the drug dissolution and
solubility due to the low fluid volume in the nasal cavity. Additionally, powder
properties such as particle size and shape, density and flow characteristics have
an influence on the distribution, deposition, dissolution and absorption in the nose
[33,36,42,43]. A thorough characterization of the formulation and of its behaviour
in combination with a suitable device is required to develop powder-based nasal

products.

Nasal devices to deliver dry powder formulations can broadly be divided into 3

categories:
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1. Powder sprayers: these devices are usually composed by a compressible
compartment which provides an air flow that creates a plume of powder. The
Teijin (Figure 1.4A) and Erizas devices are based on this principle [21,39,44].
These two systems are capsule-based, therefore is possible to use the device
with different formulations. However, the necessity to carry around the device and
the capsules in a blister and to execute a sequence of manoeuvres for powder
administration (capsule loading, piercing, actuation, unload of the empty capsule
shell, eventual cleaning procedures) could somewhat decrease patience
compliance.

2. Breath actuated-inhalers, where the subject uses his own inspiratory energy to
inhale the powder throughout the nostril from the device. Astra Zeneca's
Rhinocort Turbuhaler is based on this principle (Figure 1.4B) [1,21,23,34,45].
Among all the dry powder devices available on the market, Rhinocort Turbuhaler
is the only multi-dose product. It is based Turbuhaler® technology, a reservoir
system widely used in pulmonary drug delivery [46].

3. Breath powered bi-directional delivery nasal insufflator: this unique device
consists of a mouthpiece connected to a nosepiece. The delivery of the powder
is based on the blowing force of the patience. During the exhalation, the soft
palate close, minimizing the risk for the formulation to reach the lungs, and
optimizing the deposition in the respiratory region if the nose [21,47,48].

ONZETRA™ Xsail™ is based on this principle (Figure 1.4C).
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View from the side

View from above

Figure 1.4. Examples of nasal powder devices: A. Teijin Rhinocort (Teijin
Pharma); B. Rhinocort Turbuhaler (Astrazeneca), from [33]; C. Optinose
(Optinose), Reproduced from reference [21] with permission.

1.4 CHARACTERIZATION OF NASAL DELIVERY

PRODUCTS

For the in vitro characterization of nasal devices and formulations various
regulatory agencies, like the Food and Drug Administration (FDA) and the
European Medicines Agency (EMA), have published guidelines describing
various testing methods [49,50].

According to the 2003 FDA Draft Guidance on “Bioavailability and Bioequivalence
Studies for Nasal Aerosols and Nasal Sprays for Local Action”, the
bioequivalence of a nasal spray solution product can be established by a number

of in vitro tests to demonstrate equivalent product performance, in conjunction to
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formulation sameness and device comparability between the test and reference
products [29]. Specifically, six in vitro tests are indicated as critical to assess the
performance of a nasal spray product and are required to demonstrate
bioequivalence of the drug product. These tests are: single actuation content
through container life, droplet size distribution by laser diffraction, particle/droplet
size distribution by cascade impactor, spray pattern, plume geometry, and
priming/re-priming [39,49,51].

All these tests are only based on analytical measures of physico-chemical
properties of the nasal medicinal product and of the spray produced with it. Such
an approach is valid especially in a quality control prospective. However, the
suggested tests when applied to the development of an innovative product and
to other type of formulations, such as dry powders, are inadequate for the
thorough characterization of the product. In fact, these tests do not take in
consideration the complexity of the geometry of the nasal cavity in term of
deposition and the effect on drug absorption of the formulation properties.
Several studies showed that these in vitro tests in some cases were capable of
discriminating between nasal spray products, but these differences were not then
translated to relevant differences in vivo [7,52,53].

The assessment of nasal products would benefit from the use of more clinically
meaningful in vitro methods [54] and as a matter of fact, in the literature several
deposition and absorption models have been suggested by different research

groups.
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1.5 IN VITRO MODELS FOR ASSESSING NASAL DRUG

DEPOSITION

Due to nasal anatomy and physiology, the site of drug deposition is very important
when trying to maximise drug absorption. Considering this, the respiratory region
of the nasal cavity, which comprises the turbinates and the nasal septum, is the
most promising area for drug absorption [55,56].

In order to determine how a nasal formulation is going to be deposited in such
peculiar environment, nasal casts appear an interesting option.

Nasal cast are physically realistic nasal airway geometry models, which have
been developed to study and assess the regional drug deposition of nasal
formulation in vitro. Serval type of nasal cast models have been proposed.

Nasal airway geometric models can be obtained post-mortem from human
cadavers. The problem related with this kind of models is that, usually the
techniques applied to obtain them can lead to loss of anatomical accuracy and
they can pose biosafety issues during the handling of the cadaver specimens [57].
Furthermore, all these models are obtained from a specific individual and
therefore they are neither idealized nor representative of the general population.
The Koken cast (Koken LM-005, Japan) is a transparent silicon replica of the
nasal airways, divided in two sections, i.e. left and right cavity by a Plexiglas sheet,
consequently a not anatomically correct representation of the septum (Figure 1.5).
The cast originated from a Japanese male cadaver. Despite the drawbacks of
this model, it is one of the most used cast used in literature for nasal products in
vitro deposition. In particular, being transparent allows the imaging of the product

deposition in the nasal cavity [58-60].
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Figure 1.5. The two halves of the silicon nasal cast produced by Koken.

Durand and co-workers have proposed plastination as technique to obtain
anatomically correct nasal casts from cadavers [57]. However, this technique has
not been utilised as yet to study nasal formulations deposition. The process
consists in replacing water and lipids in biological tissue by curable polymers.
Then, polymers are hardened resulting in dry, odourless and durable anatomic

specimen.

Advanced imaging techniques, including magnetic resonance imaging (MRI) and
computed tomography (CT), enable the measurement of nasal airway
dimensions of human subjects with high accuracy and allow the creation of more
accurate models compared to casts obtained post-mortem from human cadavers.
A series of nasal casts have been developed with this approach by both academic

groups and industries.
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Models derived from single-person CT scans have been developed by Bespak
and Boehringer-Ingelheim. The scans were obtained from an healthy female and
male, respectively. Bespak cast is fabricated in nylon and it divided in 5 regions:
Nasal vestibule, front and rear turbinates, olfactory region and nasal pharynx

(Figure 1.6) [61-63].
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Figure 1.6. Scheme representing the subdivision of the Bespak cast. Reproduced

from reference [61] with permission.

Boehringer-Ingelheim cast is also made of five sections representing the nostrils,
nasal vestibule, lower, middle and upper turbinates and nasopharynx (Figure 1.7)
[64,65]. Despite the accuracy and the sectioning of the model that helps the
recovery of the material in the different sections of the nasal cavity, major
drawbacks of this models are the rigidity of the material used for the cast and the
fact that the model is representative of only one nasal cavity and not all the

population.
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Figure 1.7. Part composing Boehringer-Ingelheim nasal Cast. Reproduced from

reference [65] with permission

Casts from MRI scan of single individuals have been developed by Cheng YS co-
authors and Virginia Commonwealth University (VCU) [66]; both models are
originated from data acquired from the same 53 years old healthy Caucasian
male. VCU model is divided in 3 sections: anterior nose, middle passage and
nasopharynx [54,67]. The model developed by Cheng, is made from acrylic
plastic and it is segmented in 77 sagittal sections, feature that make the handling

of the cast challenging [66].

Liu and collaborators have developed a model obtained constructing an average
from 30 healthy volunteer CT scans. The major problem related to this model is

linked to the segmentation of the cast that is divided in only 3 parts: anterior nose,
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middle passages and nasopharynx, which does not discriminate different specific
areas such as for example the olfactory region. Moreover, during the “averaging”
process the nasal cavity was simplified, hence, losing in surface and geometry

complexity [5].

Although nasal cast are powerful tools to study and even quantify regional
deposition of nasal formulations in vitro, they have a series of drawback that are
summarised here below:

e Nasal casts can be from single or multiple CT scans. Models form single
CT scans are not representative of the general population, while models
obtained from multiple CT scans of several generally lack of anatomic
detail.

¢ Nasal casts made in either soft or hard plastic are not really representative
of the nasal cavity surface. Furthermore, for the more rigid models, the
nostrils geometry may restrict the positioning of the nasal device.

e The lack of mucus on the surface of deposition is a major problem. Casts
have been coated on their inner surface with different type of viscous
solutions like PEG 400 and glycerol, but these are poor representation of
the in vivo mucosal surface [63,65].

e Finally, the use of different casts and analytical techniques make the set

of measures obtainable very specific for the peculiar tool used.
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1.6 IN VITRO MODELS FOR ASSESSING NASAL DRUG

ABSORPTION

To investigate the amount of active ingredient absorbed after nasal administration,
two are the main approaches that have been widely used: ex vivo model from

animal mucosa or cell culture based system.

1.6.1 Ex vivo models for studying drug permeation

A number of studies have been published describing permeation experiments
using excised nasal tissue of animal origin. Porcine [28,68-70], rabbit [71-74],
bovine [75-78] and sheep nasal mucosae [79-81] have all been investigated and

used in vertical Franz’s diffusion cell or Ussing chambers [69,82].

The choice of a particular model or animal species is usually based on the
availability of the tissue rather than because of morphological, functional, or

biochemical similarities of the model to the human nasal mucosa [82]

Agu and collaborators have extensively reviewed the use of nasal excised
mucosa as ex vivo model for assessing nasal drug permeation and metabolism
[82]. They concluded that a correlation between nasal drug absorption in human
and animal ex vivo tissues is difficult due to different factors:
e Lack of mucociliary clearance, which in vivo limit the time of exposure of
the drug to the mucosa [82].
e Lack of reproducibility of the deposition and formulation related aspects

occurring in vivo. In vivo the formulation in form of fine droplets or powder
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particles get in contact with the mucosa and only then the absorption take
place, the local viscosity and concentration of active ingredient in contact

to the mucosa are difficult to reproduce [82].

Although animal nasal mucosal tissues are useful ex vivo tools to study nasal
formulations, there are some limitations to their use, related to the variability in
the mucosal tissues such as their thickness, viability, integrity observed with
specimens of different individuals or as a consequence of the excision

procedures and differences related to the species of origin of the mucosae [69,82].

1.6.2 Cell Cultures- Primary cells and cell lines

Another approach to study drug permeation is the use of cultures of primary
human nasal epithelial cells.

Both Min-ki Lee and Jin-Wook Yoo have characterized nasal mucosal models for
drug transport studies, culturing primary nasal cells obtained harvesting nasal
human cells from the inferior turbinate during surgeries [83-85]. These models
were obtained growing primary cells as Liquid Cover Culture (LCC) where, once
the cell are seeded, on a cell insert, the cell layer is covered with liquid media.
Results of permeation studies of anti-allergic drugs suggest that human nasal
epithelial culture models may be a useful in vitro tool for studying the passive

transport processes for nasal drug delivery [86].

Ong and co-authors have characterized primary nasal epithelia cell cultures
obtained from nasal brushing of the inferior turbinate, a minimally invasive

technique that can be easily reproduced. They validated a nasal epithelium model
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using Air Liquid Interface (ALI) cultures, where the apical surface of the cells is
exposed to air after seeding them on a porous membrane cell insert. The main
focus of this research was the characterization of the model in terms of barrier
formation, using trans-epithelial electrical resistance (TEER), permeability to
marker compounds, mucus production, morphology, cilia formation, and motility.
In addition, this cell model was able to produce inflammatory mediator

(interleukins) in response to different stimuli [15].

Despite the advantages of using cell models which produce viable cilia, mucus,
tight junction and inflammatory mediators to investigate nasal drug absorption,
these models have inherent problems.

Firstly, the sampling procedure can be in some cases quite invasive and
purification of the specimen obtained can be complex [87,88]. Secondly, the
expensive culture conditions, limited lifespan of the primary cells (up to passage
four), the high risk of culture contamination due to cell origin and the prolonged
period of culturing need for the model to be ready to perform permeation studies
(up to 5 weeks after seeding on cell inserts) [15,89,90]. Reproducibility of the
model due to inter- and intra-variability of the cell samples could also be an issue

[87,88].

Another approach is the use of immortalized cell lines of animal or human origin.
These cells can be purchased and the culturing costs are lower compared to
primary cells [89]. Cells lines usually grow faster than primary cells, therefore

studies can be completed sooner. In addition, these cell lines can be used for
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multiple passages without losing their features, limiting inter-laboratory variability

related to cultures differences, unlike for primary cells.

In vitro cell lines have their own drawbacks. For instance, the loss of some
features of the original tissue cells, e.g. expression of certain proteins, reduction
of interleukins and other cell signalling molecules production, absence of cilia,
can occur as a consequence of the cell transformation leading to immortalization
or after a high number of passages [89,90]. Furthermore, differences in culture
conditions (e.g. different media supplement, presence or not of culturing
antibiotics) can also have an impact on cell characteristics.

Calu-3 cell line, derived from human lung adenocarcinoma, has been extensively
used over the past years as a well-established and functional in-vitro model of
airways epithelium for the investigation of novel nasal formulation [85,89,91-96].
Despite being a suitable and well established model of the airways epithelium,
the use of Calu-3 cells have raised questions if they represent a suitable model
of the nasal mucosa. The TEER and paracellular marker permeability values
have been shown to be different from human excised mucosa, with TEER values
2 — 3 times higher compared to those reported for human mucosa (90 -180 Q -
cm?). Similarly, values of apparent permeability coefficient (Papp) for a paracellular
marker such as sodium fluorescein (Flu-Na) were found to be at least 10 times

higher than values reported in literature for excised human nasal mucosa [97,98].

The cell line RPMI 2650, originated from an anaplastic squamous cell carcinoma
of the nasal septum [99], is a commercially available human nasal cell line which

is widely used as in vitro model for nasal drug transport studies.
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Evidence for the suitability of this cell line as in vitro nasal cell model for drug
transport studies have been presented by Bai, Wengst and Reichel [97,100].
Their results showed that the conversion of RPMI 2650 cells from the classical
liquid cover culture to the air liquid interface (ALI) conditions, more representative
of the nasal physiology where the upper surface of the cells is exposed to air,
was able to induce cell differentiation leading to the formation of a cell continuous
monolayer suitable for permeation experiments [97,100]. Indeed, under these
culture conditions cell production of tight junction proteins was observed.
Moreover, TEER values as well as values of permeability to the paracellular
marker Flu-Na attained values similar to those of excised human nasal mucosa
[97,100].

On the other hand, culturing conditions have been shown to affect the cell culture
posing an eventual problem for the use of this model. Indeed, Reichl has shown
how differences in term of cell inserts (membrane polymer and porosity) and
media supplements (such as foetal bovine serum; FBS) affect the development
and tightness of the model [88]. These imply further validation of the RPMI 2650
nasal cell are needed to optimize culture condition.

Nevertheless, RPMI 2650 is undoubted one the most promising model for the
nasal drug permeation studies. Additionally, being this model relatively recent,
there are opportunities to further investigate this cell line as a relevant model of

the nasal mucosa.

24



1.7 AIM OF THE STUDY

Developing a new product for nasal route requires, before any in vivo test, the
selection of a promising drug for nasal administration, the development of a
suitable formulation and the selection of a device for the delivery of the
formulation to the nasal cavity. In fact, the nasal bioavailability will depend on the
permeation of the drug through the nasal mucosa as well as from the deposition

pattern of the formulation in the nasal cavity.

As previously stated, different model for deposition and permeation have been
developed. However, it is missing a tool able to assess both of them

simultaneously.

Hence, the primary aim of this study was to develop an apparatus able to perform
deposition and permeation of nasal formulation at the same time, mimicking so

the physiology of the process of drug administration occurring in vivo.

Secondly, demonstrate the usefulness of the novel apparatus by testing with it
the performance of two different formulations (suspension and dry powder) of the

same model drug.

Finally, after a full characterization of a commercial dry powder nasal product, the
model of the nasal mucosa will be used to characterize a new formulation trying
to overcome one of the major drawback of powder formulations of poorly soluble

drugs, i.e. delayed dissolution.
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1.8 STRUCTURE OF THE THESIS

Completion of the above research objectives was accomplished by carrying out
a set of experiments presented in Chapter 2, 3, 4 and 5 as described below.
Chapter one is a general introduction on nasal drug delivery, while Chapter 6
proposes a final conclusion and suggests future directions in this research field.
The following diagram outlines the content of the chapter presented in this thesis

aligning them to the research program.

Chapter 1: Introduction

Chapter 2: Characterization Commercial
Powder Formulation

Chapter 3: Development of Deposition/
Permation Tool

Chapter 4: Application of the novel tool to
compare Powder fomulation vs Suspension

Chapter 5: Fast Dissolving Budesonide
Formulation

Chapter 6: Conclusion and Future Work
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Details of each chapter of the research program are also listed as follow:

Chapter 1:
e Overview of nasal anatomy
e General classification of commercial nasal products, special focus on
liquid and powder dosage forms
e Outline analytical requirement to test nasal products
¢ Overview of nasal cast as deposition models

e Summary of absorption models for nasal drug delivery

Chapter 2:
e Overview of commercially available powder products and general
knowledge on nasal powder formulation
e Full analytical characterization of a dry powder spray (Rhinocort, Teijin

Pharma, Japan)

Chapter 3:
e RPMI 2650 cell culture on special cell inserts (Snapwell®)
e Optimization of the time of culture in terms of mucus production and
barrier to permeation of substances
e Development of a 3D printed prototype (modified expansion chamber; MC)
for the simultaneous nasal product deposition on cell and characterization
of particle size

e Validation of the prototype with a commercial budesonide suspension
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Chapter 4:
e Validation of the modified expansion chamber with a powder and a
suspension product
e Evaluation of the deposition/ transport of the same active ingredient
(beclomethasone dipropionate) from two different formulations (powder
and suspension)
e Comparison between the innovative deposition/ transport method with

traditional transport studies

Chapter 5:
e Application of solid amorphous dispersion to a poorly soluble drug
(Budesonide) to overcome solubility issues in nasal drug delivery
e Characterization of dissolution properties and aerodynamic performances
of the novel formulation
e Evaluation of deposition/ permeation profile across RPMI 2650 cell model

e Comparison of the novel formulation with a commercial suspension

Chapter 6:

e General conclusion and future works
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CHAPTER 2

Characterization of a Commercial Powder Product

This Chapter was published in Drug Development and Industrial Pharmacy,
42:1660-8 (2016) under the title “Dry powder nasal drug delivery: challenges,
opportunities and a study of the commercial Teijin Puvlizer Rhinocort device and
formulation”. Authours: Pozzoli M, Rogueda P, Zhu B, Smith T, Young PM, Traini

D and Sonvico F. DOI: 10.3109/03639045.2016.1160110

39



2.0 PREFACE

In Chapter 2 the advantages of nasal powder formulations and some of the test
required to characterize nasal products are introduced. In this chapter, it was our
interest to fully characterize Rhinocort® Teijin, one of the few marketed dry
powder nasal products. The characterization was based on the analytical
approach proposed by the US and European regulatory agencies in relevant
guidelines (see Chapter 1). Furthermore, an overview of nasal products market
was performed in order to contextualize this formulation under a clinical and

commercial point of view.
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21 ABSTRACT

Purpose: To discuss the challenges and opportunities for dry powder nasal
medications and to put this in to perspective by evaluating and characterizing the
performance of the Teijin- bechlomethasone dipropionate dry powder nasal
inhaler; providing a baseline for future nasal products development.

Methods: The aerosol properties of the formulation and product performance of
Teijin powder intranasal spray were assessed, with a particular focus on particle
size distribution (laser diffraction), powder formulation composition (confocal
Raman microscope) and aerosol performance data (British Pharmacopoeia
Apparatus E cascade impactor, aerosol laser diffraction).

Results: Teijin Rhinocort® (beclomethasone dipropionate, BDP) dry powder
spray formulation is a simple blend of one active ingredient, BDP with
hydroxypropylcellulose (HPC) carrier particles and a smaller quantity of lubricants
(stearic acid and magnesium stearate). The properties of the blend are mainly
those of the carrier (Dvsp = 98 + 1.3 ym). Almost the totality of the capsule fill
weight (96.5 %) was emitted with 8 actuations of the device. Using the
pharmacopeia suggested nasal chamber deposition apparatus attached to an
Apparatus E impactor. The BDP main site of deposition was found to be in the
nasal expansion chamber (90.2 + 4.78 %), while 4.64 + 1.38 % of the BDP
emitted dose was deposited on Stage 1 of the Apparatus E.

Conclusions: The Teijin powder nasal device is a simple and robust device to
deliver pharmaceutical powder to the nasal cavity, thus highlighting the
robustness of intranasal powder delivery systems. The large number of
actuations needed to deliver the total dose (eight) should be taken in

consideration when compared to aqueous sprays (usually 2 actuations), since
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this will impact on patient compliance and consequently therapeutic efficacy of

the formulation.
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2.2 INTRODUCTION

The diminishing success rate in bringing new chemical entities to market has led
pharmaceutical companies to focus their efforts on identifying new uses for
existing drugs, including the development of alternative routes of administration.
As a result, nasal drug delivery has emerged as an increasingly viable delivery
technology. A number of publications on the development of nasal dry powder
formulations for immunization, delivery of peptides and proteins as well as small
molecules can be found in the literature [1-3]. This indicates a renewed interest
from industry and academia in this area of research. Although nasal delivery is a
well-established drug delivery route, surprisingly there are no dry powder nasal
delivery systems marketed neither in Europe (EU) nor the United States (US).
Globally, only three nasal dry powder inhalers are available on the market for
local treatment: Rhinocort Turbuhaler® (Budesonide) marketed by AstraZeneca
in Canada, Rhinicort Puvlizer © (beclomethasone dipropionate, BDP) by Teijin
Japan (Figure 2.1), and Erizas® (dexamethasone cipecilate), recently launched
by Nippon Shinyaku in Japan (Table 2.1). All these products are indicated for the
treatment of rhinitis. Both the Japanese products are capsule-based, although
using two different devices; while the AstraZeneca product uses a multi-dose
breath-actuated prefilled device that is already in use for pulmonary
administration of orally inhaled products. The Teijin BDP medicinal product can
be used with either dry powder Rhinocort® capsules for nasal delivery or with
Salcoat® capsules to be administered in the oral cavity, both containing BDP [4].
The nasal powder product (Rhinocort®) was launched in December 1986 in
Japan, but is not currently available in the EU or in US. It is approved for both

allergic and vasomotor rhinitis. The recommended dose is one capsule of 50 ug
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in the nasal cavity twice daily, after waking up and just before bedtime, eight
actuations are required to empty one capsule. Teijin Nasal Spray package
comprises the device and a selection of 100, 500 or 700 unit capsules (hard
gelatin capsules No. 2 color-coded white and blue). Ten capsules are contained

in a blister and 10 blisters are wrapped together in a sealed aluminium pack. The

Puvlizer® device can also be purchased on its own (Figure 2.1).

Cleaning  Piercing Cap

Rubber Bulb Closing Cap Brusher

Figure 2.1. Disassembled Teijin Puvlizer device with accessories

In Europe, the current UK market for the treatment of rhinitis accommodates 3
generic versions of BDP in the form of nasal sprays: Nasobec (Teva, UK), Boots
Blocked Nose Relief (The Boots Company Plc, UK) and Beconase (Omega
Pharma Ltd, UK); all three are suspensions delivering 50 ug of drug for twice a

day administration; usually morning and evening.
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Nasal drug delivery is usually achieved with liquid aerosol sprays delivering
solutions or suspensions. A quick review of the marketed nasal delivery products
in the UK shows that out of the 53 over-the-counter and prescription products
listed on the Electronic Medicines Compendium (www.Medicines.org.uk,
accessed January 2015), 3 are semisolids (Naseptin®, Alliance Pharmaceutical,
chlorhexidine neomycin cream; Bactroban®, GSK, mupirocin ointment and
Happinose Nasal Decongestant Balm®, Diomed Developments Limited,
levomenthol ointment), 4 are nasal drop products (Ephedrine Nasal Drops,
Thorton & Ross Ltd and Otrivine® xylometazoline HCI Nasal Drops, Novartis
Consumer Health both in two dosages: adult and child), while the remaining 46

are liquid nasal sprays (15 suspensions vs. 31 solutions).
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Table 2.1. Summary of nasal dry powder products and water-based alternatives marketed in U.K.

Nasal Dry Powder

Product Drug Dosage Features Company/Country
Erizas Capsule Dexamethasone 400pg -First once daily dry powder type steroid nasal spray in Japan MNippon Shinyaku /
cipecilate capsule -Double nostril device Japan
-NO preservative, Less local irritation and NO dripping off from nasal cavities
-Lactose hydrate is used as an additive
Erizas Nasal Powder Dexamethasone 200ug -Once daily treatment, one spray per nostril Nippon Shinyaku /
cipecilate 28 -NO preservative, less local irritation and NO dripping off from nasal cavities Japan
metered -Lactose hydrate is used as an additive
spray -MO Capsule
Rhinocort Budesonide 100 ug -Treatment of rhinitis in both Child and Adults (400pg daily dosage), once daily AstraZeneca /
Turbohaler® 200 doses application (2 per each nostril in the morning) Canada
-Treatment or Prevention of Nasal Polyps: One application (100 pg) into each
nostril, morning and evening (total daily dose 400 ug)
-NO additives or carrier substances are included
Puvlizer Rhinocort® Beclometasone 50ug -Initially Marketed in December 1986 Teijin Pharma Limited
dipropionate Capsule -Allergic rhinitis and vasomotor rhinitis / Japan

-Additives: Hydroxypropylcellulose, Magnesium stearate, Stearatic acid
-One capsule each is sprayed into the nasal cavity, twice daily

Water Based Spray Alternatives (UK Market)

Product Drug Dosage Features Company
Beconase Aqueous Beclometasone 50ug -Suggested posology: 2 Sprays in each nostril, twice a day (morning and evening) GlaxoSmithKline UK
Nasal Spray dipropionate spray -Contain Benzalkonium Chloride and Phenethyl alcohol
monohydrate
Masobec Beclometasone 50ug -Suggested posology: 2 Sprays in each nostril, twice a day (morning and evening) Teva UK
dipropionate spray -Contain Benzalkonium Chloride and Phenethyl alcohol
Boots Hayfever Beclometasone 50ug -Suggested posology: 200 to 400 ug/day THE BOOTS
Relief dipropionate spray -Contain Benzalkonium Chloride and Phenethyl alcohol COMPANY
Budesonide Aqueous Budesonide 64 ug -Suggested initial posology: 256 ug per day, once or twice a day Sandoz Limited
Nasal Spray 50ul spray -Contain Ascorbic acid E300 and Disodium Edetate
Rhinocort Aqua® 64 Budesonide 64 ug -Treatment of rhinitis 256 ug per day, once or twice a day AstraZeneca UK
micrograms 50ul spray -Treatment Nasal Polyps 256 ug per day twice a day Limited

-Contain Disodium Edetate
-Shelf life: Use within 2 months of starting treatment
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The total volume of the nasal cavity ranges from 13 mL to 20 mL [5], allowing for
a maximum delivery of 20 mg of powder [6-9]. Nasal deposition tends to be limited
to the outer vestibule of the nasal cavity, following three mechanisms: impaction
(primary factor), sedimentation and diffusion (related to olfaction). Deposition and
subsequent absorption through the nasal mucosal surface are in competition with
a series of mechanisms contributing to drug elimination from the nasal cavity such
as physical clearance, mucociliary clearance and enzymatic metabolic activity.
As a consequence, exposure and retention of the molecules to the nasal cavity
is limited. The act of sniffing is said to enhance the diffusional deposition,
particularly relevant for submicron particles deposition, by increasing the airflow
rate and changing it from continuous to pulsatile [5]. Kaye et al. studied the
powder deposition patterns in the nasal cavity with the Aptar Unit Dose Powder
(UDP) device and found that 60 to 70% of the delivered dose was deposited no
further than the nasal vestibule. The remaining 30-40% was deposited into
deeper compartments of the nasal cavity [3].

The particle size required for efficient nasal delivery is above 10 um, i.e. cascade
impactor induction port cut off point. A recent work by Schroeter and Kimbell
indicated that particles above 20 ym deposit fully in the nasal passageways, with
lower sizes starting to deposit further down in the respiratory tract and only 15%
of 1 ym particles deposited in the nasal cavity [10].

The advantages of intranasal powder formulations include increased chemical
stability (solid state stability), no requirement for small particles size (anything
above 20 ym can be delivered), no requirement for preservatives, no need for
cold chain storage, possibility to formulate water insoluble compounds and

increased bioavailability compared to liquid formulations [1-3,11]. This has been
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demonstrated in a study by Ishikawa et al. whereby powder formulations were
found to improve nasal bioavailability of elcatonine polypeptide when blended
with a carrier such as CaCOg, talc, barium sulfate or ethyl cellulose [2,12]. This
opened up the use of nasal formulation for systemic delivery of peptides and
proteins. The increased bioavailability obtained by using an insoluble powder
carrier, such as CaCQOs, was due to the increase in residence time available for
absorption in the nasal cavity, slowing drug elimination from the absorption site,
facilitating permeation of the drug across the nasal epithelium [4,12]. However,
further studies on transmucosal permeation are still needed to elucidate how
insoluble powders contribute to nasal absorption enhancement. Colombo et al,
have proved that ribavirin has higher absorption, through rabbit nasal mucosa,
when it was delivered as powder form instead of solution. This highlights possible
future uses of powder in the nasal drug delivery and the brain targeting through
this route [13].

Another important aspect to investigate in order to obtain an efficient deposition
of the formulation in the nasal cavity is the choice of the delivery device. As
already mentioned above, there are several devices available, however these
technologies are at different stages of development, with some already used in
clinical trials (Trivair, OptiNose Bidirectional device) while others at the
development stage or only existing as blueprints [5,14]. Some of these devices
rely on the inspiration effort of the patient in order to aerosolize the powder; while
others, like the Puvlizer, requires a mechanically generated airflow, supplied by
a squeeze bottle or a pump activated by the user. The Trivair [3,6-8] and the
Optinose device [1,5,15] are unique technologies since they rely on the patient’s

own insufflation to propel the powder up the nasal cavities. In a way, these
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devices can be described as breath actuated devices, and provide the additional
advantage of minimizing lower airways deposition as a consequence of soft
palate elevation isolating the nasal cavity [3,5,16].

According to the Food and Drug Administration (FDA) Guidance, the
characterization of nasal droplet size distribution can be evaluated by either laser
diffraction or cascade impaction (Cl), with an additional 2 L expansion chamber
[3,17]. However, neither methods are representative for investigating real time
drug deposition in the nasal cavity.

As for the flow rate to be used during testing, 0 and 15 L/min are often quoted,
[3,18] although nasal inspiratory flows can be much higher than this. More
realistic peak nasal inspiratory flow should be 126-143 L/min for male adults and
104-122 L/min for female adults [19]. These values are lower for children [10,20]
and should take into account ethnic differences [4,11].

As part of an ongoing study, the aim of this investigation was to investigate the
physico-chemical properties and formulation attributes of a commercial dry
powder intranasal product, Teijin Rhinocort® with a view to understanding how
we may improve formulation of nasal dry powders and provide a baseline for

future nasal products.
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2.3 MATERIALS AND METHODS

Beclomethasone dipropionate (BDP) dry powder nasal device (Rhinocort®, batch
# 9091) was obtained from Teijin Pharma Ltd. (Tokyo, Japan). Water used in the
analyses was purified by reverse osmosis (MilliQ, Millipore, France). All solvents
were obtained from Chem-Supply (South Australia, Australia) and were of HPLC

grade.

2.3.1 The Puvlizer® device

The Puvlizer® is a single dose, capsule-based, patient operated device (Figure
2.1). The overall length of the device is 10.5 cm, similar to other classic nasal
spray devices for liquid formulations. The device is made of two parts, a stem in
which the Rhinocort® capsule is placed and pierced with the needle set in the cap,
and the lower part of the device, which is a soft plastic bulb that can be squeezed
to provide an air flow able to propel the powder from the capsule through the stem
into the nasal cavity. Holes are punctured at both ends of the capsule and the
forced airflow pass through the holes of the capsule, aerosolizing the medication.
The rubber bulb dimensions are 3.7 cm height by 2 cm width. The length of the
nasal applicator on top of the rubber ball is 6.8 cm. The activation of the device
is performed in 9 steps. Five steps for the device setting, and four steps for the
delivery to the nasal cavity, as shown in Table 2.2. To empty the content of the
capsule fully, it is recommended to squeeze the rubber ball and inhale 4 times in

each nostril, for a total of 8 inhalation acts.
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Table 2.2. Summarized Steps for the device preparation and administration of
Teijin Rhinocort®

Device Preparation Delivery Steps

Pull off the large cap and twist
off the small cap.

Place the capsule in the small

Squeeze rubber bulb to spray
medication into nasal cavity

while inhaling through the nose.

cap. Spray alternatively in each

Reaffix the small cap onto the cavity.

rubber bulb. e Remove capsule from device.
e Place large cap in its original e Clean the device with the

position to pierce other end of brusher

capsules.
e Remove the large cap to

complete the preparation for

spraying.

The device can be dismantled in 3 parts (Figure 2.1): rubber bulb (pale blue color),
small cap (cream color), large cap (white color, with piercing needle inside).
Additionally a cleaning brush is provided, as well as a disposal bag. No special
indications are given for the storage of the device, nor timing for its replacement.
The device is packaged in a cardboard box, with the capsules and an extra plastic

bag to carry the device with no extra moisture protection.
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2.3.2 Physico-chemical characterization

2.3.2.1 Powder bulk and tapped density

For the bulk density, the content of 21 Rhinocort® capsules was accurately
weighed (29.6mg each capsule) and emptied into a 5 mL graduated cylinder with
an internal diameter of 5mm. The volume occupied by the powder was recorded
to calculate the bulk density. The container was tapped for 30 min and the new
volume reading was used to calculate the tapped density value of the powder.
The tapping has been carried out manually with an amplitude and frequency of
2-5 mm and 1 tap/sec respectively. The bulk volume was measured at the
beginning of the experiment and tapped volume values recorded every 10
minutes. No significant variation was observed between 20 and 30 minutes. The
Carr index (Cl) was calculated according the following formula, where V,, was the
bulk volume and Vs was the volume after tapping. Values below 15 are considered
with good flow characteristic, while over 25 powders are considered with poor
flowability [21-23].

Vi, — V,
M =VD

Cl =
W

0

2.3.2.2 Dynamic Vapor Sorption

In order to investigate the behavior of the formulation in response to different
degrees of humidity, a dynamic vapor sorption (DVS) study was performed. In
brief, ca. 20 mg of powder from one Teijin Rhinocort capsule was weighed into a
stainless sample pan and placed in the sample chamber of the DVS analyzer
(DVS Intrinsic, Particulate Systems, London, UK). The powder was exposed to

two 0-90% relative humidity (RH) cycles at 25 °C with 10% RH increment steps
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triggered when the sample reached the equilibrium. The equilibrium moisture
content at each target RH level was determined when a weigh change rate lower

than 0.002%/min was recorded.

2.3.2.3 Specific Surface Area

The Brunauer—-Emmett-Teller (BET) method was used to determine the specific
surface area of the samples, using a Gemini VII apparatus (Micromeritics,
Norcross, USA). Measurements were carried out on 300 mg of the powder from
ten capsules, after a 24-hour degassing step at 30°C under vacuum (VacPrep

061, Micrometicsn, Norcross, USA). Measurements were performed in triplicate.

2.3.24 Particle Size Distribution by Laser Diffraction

The Mastersizer 3000 equipped with dry dispersion feeder unit Aero S (Malvern
Instrument, UK) was used to measure the particle size of the powder by laser
diffraction. The content of a single capsule was emptied into the hopper of the
feeder and dispersed with a pressure of 4 bar, the total time of analysis was set
at 10 seconds. In order to use the Mie theory to convert light scattering data to
particle size values, experimental parameters such as refraction index and
density of particles were set at 1.5 and 1, respectively, as suggested for standard
opaque particles by the manufacturer [24]. Measurements were carried out in

triplicate.

2.3.2.5 Scanning electron microscopy
Scanning electron micrographs (SEM) of the Teijin powder samples were

conducted using a Zeiss Ultra plus field emission scanning electron microscope
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(FESEM, Zeiss GmbH, Germany) operated at 4 kV. Prior to imaging, samples
were mounted on carbon sticky tabs and platinum-coated to ~10 nm thickness

using a sputter coater (Edwards E306A Sputter coater, UK)

2.3.2.6 Scanning Raman Spectroscopy

An inVia Raman microscope (Renishaw, UK), equipped with a 532 nm diode laser,
was used to collect individual Raman reference spectra from the single
components and Raman images data from the powder mixture.

The capsule powder was flattened onto a glass microscope slide to provide a
nominal flat and levelled powder surface. Raman images were generated from
200,000 spectra collected using a step size of 3 um. The Raman images were
used to show the relative location of each core species within the formulation,
using previously collected reference spectra from pure materials.

Direct Classical Least Squares Method (DCLS) was used to produce the Raman
images from over 70,000 spectra collected in roughly 1 hour. The images were
then combined to enable comparison between the relative locations of the BDP
and other components of the nasal powder.

The streamline image data were processed to remove cosmic ray features using
a nearest neighbor approach with the WIiRE 3.3 software (Renishaw, UK). The
combined image shows green features as BDP, red magnesium stearate and

blue HPC carrier particles.
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2.3.3 Analytical Characterization

2.3.3.1 BDP quantification using HPLC

The amount of active ingredient in each sample was determined using a high
performance liquid chromatography (HPLC) system equipped with a SPD-20A
UV-VIS detector (Shimadzu, Tokyo, Japan). A Novapack C18 column (150 X 3.9
mm, 4 ym, Waters, Australia) was used with a mobile phase methanol/water
80:20 v/v. The flow rate was set at 1 mL/min and BDP was detected at A= 243nm.
The retention time of BDP was found to be between 7.5 and 8 minutes. Standards
were prepared in the mobile phase, and 100 uL injected in order to obtain a
calibration curve which linearity was measured between 0.1 ug.mL" and 50

ug.mL™.

2.3.3.2 Dose Content Uniformity

The dose content uniformity of the Rhinocort® formulation was determined as an
average of three measurements. For each measurement, the powder contained
in one capsule was dissolved in 10 mL of methanol. The solution was filtered
using nylon filters (0.45 um, Sartorius, Australia) and samples collected for
quantification by HPLC. The compatibility between the filter and the drug was
assessed. No statistical difference in the BDP amount was found whether the

solutions were filtered or not.

2.3.3.3 Shoot Weight and BDP Content
The device was weighed after the capsule was placed inside and after each
actuation. The device was positioned at 30° and the emitted powder was

collected in a 15 mL centrifuge tube. In order to determine the amount of BDP
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emitted after each actuation, 5 mL of a mixture of methanol water (80:20) were
added to the container; subsequently the tubes were shaken, vortexed and
sonicated for about 30 min. The analyses were conducted in triplicate and the
amount of BDP was determined through the HPLC method previously described.
The emitted BDP (%) was calculated from the ratio between the emitted mass of
BDP for a certain actuation and the mass of powder emitted for the same
actuation. The emitted dose fraction (%) was calculated from the ratio of mass of

BDP emitted and the dose of drug contained in one capsule.

2.3.4 Aerosol performance of Teijin Rhinocort®

2.3.4.1 Cascade impaction

The aerodynamic performance of the Rhinocort® formulation delivered via the
Puvlizer device was assessed using a cascade impactor, British Pharmacopoeia
apparatus E (Westech W7; Westech Ltd., UK) equipped with a 2 L glass
expansion chamber according to the Food and Drug Administration (FDA)
guidance [2,12,17,25-27]. The expansion chamber is a 2 L single-neck round-

bottomed flask with 1 cm inlet hole at 30° angle from the neck axis (Figure 2.2).
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Figure 2.2. Apparatus E system used for the aerosol performance of the Teijin
nasal powder device equipped with the nasal expansion chamber.

The Teijin device was connected to the inlet of the expansion chamber and the
test was performed actuating the device 8 times for each capsule with airflow of
15 L/min calibrated using a flow meter (Model 3063; TSI Inc., MN, USA). For each
test, 3 capsules were used to ensure an API concentration above detection limit
of the HPLC method in the Apparatus E stages. Each Apparatus E stage was
washed with the following volumes of a washing solution 80:20 methanol/water:
expansion chamber 25 mL; capsules, connection tube, first and final stage 10 mL
each; device and all other stages 5 mL. BDP amount in each sample was
assayed using the HPLC method described above. Experiments were carried out

in triplicate.
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The emitted fraction (EF) was calculated as the total amount of drug emitted from
the device (i.e. the sum of drug deposits on the chamber, connection tube and

impactor stages) divided by the nominal dose (50ug/capsule).

2.3.4.2 In-line In Vitro Aerosol Laser Diffraction Analysis

In order to measure the particle size distribution of the emitted powder from the
Teijin device, laser diffraction was used (Spraytec, Malvern Instrument, UK). The
device was placed at 2.5 cm from the measurement cell, at a fixed angle of 30°
using an extraction flow rate of 15 L/min in order to mimic the in vivo drug
administration. The analysis was performed for 10 seconds with an acquisition
rate of 2.5 kHz. A total of three capsules were analyzed. For each, minimum of 6
puffs were measured in order to completely empty the device. In order to measure
the particle size, using the Mie theory, values of refraction index 1.5 and 1 as

density value for particles were used, respectively [24].
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2.4 RESULTS AND DISCUSSION

The regulatory requirements to characterize nasal products are well documented
[6,17]. These include: i) Single actuation through container life, ii) Droplet size
distribution by laser diffraction, iii) Drug in small particle/droplets, or
particle/droplet size distribution by cascade impactor, iv) Drug particle size
distribution by microscopy, v) Spray pattern vi) Plume geometry, and vii) Priming
and re-priming. The particle size range to be studied is above 10 uym, for which

current impactors are not suited.

2.4.1 Physicochemical characterization of the formulation

The formulation is composed of 50 ug of BDP in a 28.8 + 0.4 mg powder blend
containing hydroxypropylcellulose (HPC), magnesium stearate and stearic acid
(0.5-1 % of the formulation). The original formulation is protected by a Japanese,
US and EU patent [14,28-31]. Furthermore the formulation is a powder blend of
large excipient particles with BDP, as shown by the SEM on Figure 2.3. The main
dimension of the particles is typically 100 ym, corresponding to HPC particles,

and irregular in shape.
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Figure 2.3. SEM micrographs of the Teijin Rhinocort powder blend.

The capsule content uniformity, as measured by HPLC, showed an average of
48.11 + 2.75 pg/capsule of BDP. The bulk density of the powder was found to be
0.564 + 0.004 g/cm?®, and the tapped density was 0.621 + 0.003 g/cm?®, this values
provide a Carr's index of 9 implying that the powder has good flowability
properties. [22,23] As shown in Table 2.3, the amount of BDP emitted after each
one of the eight actuation is never constant nor a decreasing trend can be
described. Usually the first actuations release the highest amount of drug (and %
of dose), and already seven of the eight actuations required are sufficient to
deliver almost the totality of the dose. The same fluctuating trend is observed for
the amount of powder emitted, this highlights how improvements on this type

nasal powder device are needed, when compared to the liquid pumps that deliver
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always the same amount of drug solution/suspension after each spray. The same

trend was observed for the other two parameters.
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Table 2.3. Amount of Powder (mg) and BDP (ug) emitted after each actuation (n=3 £StDev)

Actuation 1 Actuation 2 Actuation 3 Actuation 4 Actuation5 Actuation 6 Actuation7 Actuation 8
Emitted Powder (mg) 8.27+0.83 4.23+2.51 3.73%1.17 3.7721.39 6.17t4.02 2.03+0.67 1.20+0.35 0.07+0.11
Emitted BDP (ug) 9.82+1.89 7.76+3.62 6.16+1.49 6.74+1.28 8.52+4.09 3.90+0.98 297+1.36 0.83+1.45

Emitted BDP (%) 0.12 0.18 0.17 0.18 0.14 0.19 0.25 1.25
Emitted Dose
Fraction (%) 20.7 16.3 13.0 14.2 17.9 8.2 6.3 1.7
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The interaction between the formulation and ambient environment (i.e. moisture)
during use and storage is an important aspect to evaluate long-term stability and
spray performances due to the possibility of powder cohesion and increased
retention of powder in the device with consequent reduced emitted dose. [32]

Dynamic Vapor Sorption was used in order to gain a better understanding of the
behavior of the powder at different relative humidity (RH) values. Figure 2.4
shows the moisture sorption isotherm (two cycles, sorption and desorption) for
Rhinocort® formulation. The powder adsorbed roughly 20% w/w of moisture from
0 to 90% RH. The vapor sorption profile is comparable to reported values in
literature for HPC over the same humidity range, which is the main component of
the formulation and is similar to an isotherm type Ill, characteristic of not porous,

or possibly macro-porous materials with low energy of adsorption [33-36].
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Figure 2.4. Dynamic vapor sorption isotherm (two cycles) of Rhinocort Teijin
Powder.

63



There were no significant differences between two subsequent adsorption cycles,
both cycles being completely reversible, suggesting moderate hygroscopicity. [37]
The large amount of water that the powder can adsorb and the process of
gelification observed during the hydration of the powder suggest the suitability of
the formulation for nasal delivery allowing a longer residence time of the powder
in the nasal cavity when hydrated [33,38,39].

The specific surface area is a derived property of powders that can be used to
determine the type and properties of a material and it is not linked to particle size,
in fact powders with similar particle size can have different area, suggesting
different particle porosity. A large surface area can ensure a better dissolution or
hydration allowing the powder to hydrate and possibly dissolve the associated
drug faster [40].

The BET method was use to evaluate the surface area of the Teijin formulation
and results showed a value of 0.426 + 0.025 m?g™, comparable to low-substituted
HPC available on the market, suggesting the main component of the formulation
is determining this property of the powder [41].

In order to gain information regarding the powder particle size distribution, the
capsule content was analyzed with Mastersizer 3000 equipped with Aero S
system for dry dispersion. Figure 2.5 shows that the powder had a broad range
of particle size (from 1 to 240 ym) divided into two distinct populations: 6.6 % of
the volume was in the small size population (peak at 9.9 um), while the rest (93%)
presented a peak at 98 ym. The volume diameters characterizing the powder
obtained from three capsule were: Dvig 51.7+ 0.7 um, Dvsp 98 £ 1.3 ym and Dvygg

162.3+ 4.0 ym, respectively.
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Figure 2.5. Patrticle size analysis by laser diffraction of Rhinocort Teijin powder
blend measured with Malvern Mastersizer MS3000 (n=3 + StDev)

Figure 2.6 shows the scanning Raman map of the Teijin formulation powder,
providing information about the localizaion of each component in the formulation
blend. The larger and more abundant particles were hydroxyl propyl cellulose,
supporting the DVS, BET and laser diffraction results. Sporadic particles of
magnesium stearate were also observed. The BDP micronized particles were
typically found on the surface of the large excipient particles but did not appear
to be uniformly distributed, suggesting that probably the powder was not an

ordered blend of the different components, see Figure 2.6.
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Figure 2.6. Overlay of Raman images on white light montage (BDP=green;, HPC

= blue and magnesium stearate = red).

2.4.2 Aerosol performance of Teijin Rhinocort

The aerosol performance of the formulation was measured using Apparatus E
equipped with a glass expansion chamber and by laser diffraction. According to
the FDA draft guidance for industry, impactor and laser diffraction experiments
should be performed to ascertain the absence of finer particles (aerodynamic
diameter <10 ym) likely to penetrate the conductive airways and reach the lungs

[17].
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As shown in Table 2.4 almost the total amount of the BDP was found in the
expansion chamber and roughly 95% of the APl was deposited in stages with a
cut-off diameter larger than 10 um. Around 3% remained in the capsule and the
device, indicating that the dose was not completely emitted. In only one
experiment some BDP was detected (0.24% of the total) on stage 4; no drug was

found in any lower cut-off stages.

Table 2.4. Percentage of Active ingredient in each stage of the Apparatus E
Impactor equipped with the 2L expansion glass chamber for nasal delivery (n=3,
1 StDev).

Part or Stage Cut off Diameter (um) % BDP (£StDev)
Expansion Chamber - 90.2+4.78
Connection Tube - 0.57 £0.12
Stage 1 > 14.1 4.64 +1.39
Stage 2 14.1 - 8.61 0.61+0.25
Stage 3 8.61- 5.39 0.36 £ 0.17
Stage 4 5.39-3.3 0.08 £0.14
Stage 5 3.3-2.08 NA

Stage 6 2.08 - 1.36 NA

Stage 7 1.36 - 0.98 NA

Final Stage <0.98 NA
Capsules (3) - 2.01£0.46
Device - 0.74 £ 0.11
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In order to determine if any formulation excipient (i.e. HPC) could reach the lower
airways, additional studies using Spraytech laser diffraction particle sizing were
performed. The frequency and cumulative undersize particle size distribution
profiles for the aerosolized powder are shown in Figure 2.7. It can be noticed that
there are two populations, the first with a peak around 16 uym, and the other one
at 108 pym. More than the 99% of the powder has a volume size larger than 10
pm and the Dyso was 93.7+ 2.9 ym. The Dyso value of the emitted dose is slightly
smaller and significantly different from the one obtained for the capsule content,
suggesting that a phenomenon of de-agglomeration is occurring during the in vivo

simulated administration process using the Spraytech.
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Figure 2.7. Particle size distribution of the powder emitted from Teijin Rhinocort
using the Spraytech laser diffraction apparatus (n=3, £ StDev).
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The D,10, Dyso and D,go for each actuation necessary to empty one capsule were
determined with the Spraytech. Figure 2.8 shows Dv4, Dvsg and Dvg, for each
actuation obtained averaging 3 capsules. No statistical difference was observed.
However, it was not possible to obtain data for the last two actuations of the 8
required for drug administration, since six actuations were enough to empty the
capsule to the point where any further emitted powder was not enough to trigger
the analysis, in disagreement to what is suggested on the patient information

leaflet, where 4 actuations for each nostril are indicated to complete the process.
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Figure 2.8. Equivalent volume diameter values (Dv 90, 50 and 10) measured by

laser diffraction for Teijin Rhinocort, 8 insufflations for one dose (n=3, + StDev).
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Clinical studies on the efficacy of Teijin formulation, on nasal allergies, were
performed in Japan on over 220 people. Results from 1986 shows that the dry
powder formulation was able to decrease the daily dosage by one quarter when
compared to a pressurized nasal formulation (from 400ug to 100ug daily), with
the same overall therapeutic improvement and less incidence of side effects. [42]
The better efficacy of the powder formulation was explained as a result of the
presence of HPC and its ability to prolong the residence of BDP in the nasal cavity.
Furthermore, the fewer side effects were related to the lower daily frequency of
administration needed and the reduced irritation due to the presence of the main
excipient, HPC, compared to equivalent Freon based pMDI nasal formulations.
[42] Similar results have been found in literature also for Rhinocort Turbuhaler®
(Budesonide, Astrazenca), where patients were found to prefer the use of a dry
powder device (formulation) compared to a water nasal spray. Specifically, the
patients found the DPI product to have a less unpleasant taste and to cause less
nasal irritation, compared to the reference liquid product [43].

In another study, the Optinose® device has been used for the systemic delivery
of sumatriptan powder through the nose, reporting fast absorption (tmax= 20
minutes) of the drug and no bitter aftertaste [9]. Furthermore, in another study, it
was shown that when compared to water spray, the Optinose powder formulation
had less clearance in the fist two minutes after the administration due to lack of

anterior drip-out and less sniffing that prevented further dripping [15].

2.5 CONCLUSION

Teijin Puvlizer Rhinocort® is one of the few nasal powder inhalers on the market

worldwide and the oldest. The device comprises of a squeeze bulb-based
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insufflator able to administer the powder loaded in a capsule via repeated
actuations. Despite the simple device, the particle size distribution was highly
reproducible, suggesting a consistent deposition of the drug in the nasal cavity,
complying with the FDA guidance requirements for nasal formulations. Practically,
the fact that six consecutive and repeated steps are required to administer the
required dose can be considered as a limiting step for patient compliance, in

comparison with multi-dose pre-metered water nasal products now on the market.
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CHAPTER 3

Development of an in vitro tool to test nasal products

This chapter was published in European Journal of Pharmaceutics and
Biopharmaceutics, 107:223-33 (2016) under the title “Application of RPMI 2650
nasal cell model to a 3D printed apparatus for the testing of drug deposition and
permeation of nasal products”. Authors: Pozzoli M, Ong HX, Morgan L, Sukkar

M, Traini D, Young PM and Sonvico F. DOI: 10.1016/j.ejpb.2016.07.010
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3.0 PREFACE

Chapter 2 has shown the use of analytical methods to characterize a nasal
formulation and the robustness of dry powder formulation. In detail, the
application of the FDA expansion chamber in order to characterize aerodynamic
particle size of a nasal product. However, that traditional approach for the
characterization of nasal product heightened the need for a novel tool able to
integrate analytical tools with a biological model. In this chapter an in vitro tool
was develop to allow the deposition of nasal product over a nasal mucosa model.
A conventional nasal liquid formulation was used in this chapter to validate the
novel apparatus in order to make demonstrate the applicability of this o be applied

to the majority products.
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3.1 ABSTRACT

The aim of this study was to incorporate an optimized RPMI2650 nasal cell model
into a 3D printed model of the nose to test deposition and permeation of drugs
intended for use in the nose. The nasal cell model was optimized for barrier
properties in terms of permeation marker and mucus production. RT-PCR was
used to determine the xenobiotic transporter gene expression of RPMI 2650 cells
in comparison with primary nasal cells. After 14 days in culture, the cells were
shown to produce mucus, and to express TEER (define) values and sodium
fluorescein permeability consistent with values reported for excised human nasal
mucosa. In addition, good correlation was found between RPMI 2650 and primary
nasal cells transporters expression values.

The purpose built 3D printed model of the nose takes the form of an expansion
chamber with inserts for cells and an orifice for insertion of a spray drug delivery
device. This model was validated against the FDA glass chamber with cascade
impactors that is currently approved for studies of nasal products. No differences
were found between the two apparatus.

The apparatus including the nasal cell model was used to test a commercial
nasal product containing budesonide (Rhinocort, AstraZeneca, Australia). Drug
deposition and transport studies on RPMI 2650 were successfully performed.
The new 3D printed apparatus that incorporate cells can be used as valid in vitro
model to test nasal products in conditions that mimic the delivery from nasal

devices in real life conditions.
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3.2 INTRODUCTION

Over recent decades, interest in the nose as an alternative site for drug
administration has increased steadily [1]. The nose is attractive for drug delivery
because the highly vascularised mucosa with low enzymatic activity potentiates
peptide permeation and rapid, high concentration drug absorption that avoids first
pass metabolism. [2-6]. However, there are a number of limitations and
challenges associated with nasal drug delivery. Normal mucociliary clearance
would clear the nasal cavity of liquid formulations within 45 minute. The nasal
cavity, even in health, is a small volume and geometrically complex space,
rendered smaller by mucosal inflammation. Finally, the small volume of the cavity
and the relatively low volume of fluid available for drug dissolution limits the doses

that can be administered [7-10].

Together, these highlight the specificity of this administration route and the need
for further research into the development of new nasal formulations that are able
to overcome the challenges related to efficient administration. In particular, there
is an increasing need for reliable preclinical tools to screen new products and
formulations intended for nasal delivery that can predict deposition and

permeation through the mucosa and transport across the epithelium.

Different in vitro models have been proposed to investigate the deposition of
nasal products. One approach is the use of transparent silicone anatomical casts

such as one originated from a Japanese male cadaver Koken (Koken LM-005,
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Bunkyo-ku Tokyo, Japan). However, this as well as other casts, appears to have
some limitations related to the fact that the Food and Drug Administration (FDA)
do not regulate the deposition experiments, each cast is not representative of the
anatomical variability of different nasal cavities and its polymeric surface is far

from representative of the mucosal surface present in the nose.

Another approach is to use Pharmacopoeia impactors, which have been used to
predict aerodynamic particle size distributions and thus deposition profiles of
aerosolized particles/droplets in the lower respiratory tract [11]. Specifically, for
nasal drug delivery, the FDA guidance for industry on “Bioavailability and
Bioequivalence Studies for Nasal Aerosols and Nasal Sprays for Local Action”
suggests to determine particles/droplets size distribution using a cascade
Impactor (Cl) [12]. In particular, the guideline suggests the use of an induction
port, i.e. a glass expansion chamber (EC), to be connected to a cascade impactor
in order to maximise drug deposition below the top stages of the CI [11-13]. This
allows a better discrimination of particles with aerodynamic diameters smaller
than 10 ym that could be inhaled and therefore not suitable for the nasal

deposition.

While impactors and casts are important tools to determine deposition on the
different areas of the respiratory tract, they don’t offer any information related to
either drug dissolution or permeation through the mucosa in the nasal cavity.
Recently, various approaches that integrate lower airway epithelia cell cultures
into compendia-based impactors have been proposed and used to study the

deposition and permeation of particles emitted by dry powder inhalers and
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pressurized metered dose inhalers [14-16]. To our knowledge, nothing similar

has been proposed for nasal products as yet.

Among the in vitro cell lines available commercially, RPMI 2650 is the only
immortalized human nasal cell line. It has been studied as a drug permeation tool
by different researchers [2,17-22]. Initially, it was reported that this cell line was
unsuitable for permeation studies because it was not able to form a confluent
layer in conventional culture conditions [17]. However, Bai and collaborators and,
two years later, Wengst and Reichel, started to further investigate culture
condition for this cell line and to characterize some of the culture features using
transepithelial electrical resistance measurements (TEER), permeation of
paracellular markers and tight junctions’ protein expression. The key findings of
these studies were that the change from the conventional Liquid Cover Culture
(LCC) to an Air Liquid Interface cultures (ALI), where the upper surface of the
cells was exposed to air, was able to induce cell differentiation leading to the
formation of cells layers suitable for permeation experiments [18,19]. A few years
later, Reichel and colleagues tried to optimize culturing conditions using different
cell growth media and different types of cell-culture insert membrane; the main
studies were based on TEER observation and paracellular marker permeation. A
pronounced dependence of TEER on medium and membrane material were
observed; with the best culture condition being achieved when using polyethylene
terephthalate (PET) 3 ym porosity Transwell™ inserts, using Minimum Essential
Medium (MEM) supplemented with 10% of foetal bovine serum with cells

cultivated using the ALI condition [21].
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Based on these previous findings, the aim of the present study is to incorporate
RPMI 2650 nasal cell epithelia, grown under ALI conditions into a modified
expansion chamber connected to a cascade impactor. This approach, will allow
the study of real nasal aerosols products, their deposition and permeation after
nasal device actuation. In order to develop this new impactor/deposition
apparatus, larger Snapwell™ cell culture inserts detachable from its plastic frame
that can be accommodated in to the 3D apparatus without altering the aerosol
performances of the impactor have been selected [14]. Firstly, the optimization of
the RPMI 2650 cell line culture conditions on Snapwell inserts as nasal drug
permeation model, specifically focusing on parameters that characterize the
barrier properties of the model, i.e. TEER measurement, para-cellular marker
permeation, tight junction localization and mucus production, were investigated.
To further validate the model, a thorough analysis of the xenobiotic transporter
expression in comparison with that of freshly brushed human nasal cells was

carried out.

Then, RPMI 2650 grown in ALI conditions on Snapwell inserts were
accommodated into a custom-built 3D printed modified expansion chamber in
order to study nasal product deposition and permeation after device actuation.
This new apparatus was validated against the original glass expansion chamber,
recommended in the FDA guidelines, in terms of drug deposition on the Cl stages
and was tested in terms of drug deposition and permeation through the RPMI

2650 nasal cell model, using a commercially available budesonide nasal spray.
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There is a clear need for a reliable preclinical model to test new products and
formulations intended for nasal delivery that can predict drug deposition,

permeation and transport across the epithelium.

3.3 MATERIALS AND METHODS

3.3.1 Materials

Minimum essential medium added with phenol red (MEM), non-essential amino
acids solution (x100), fetal bovine serum (FBS), L-glutamine (200 mM), Hank’s
balanced salt solution (HBSS), TrypLE Express, bovine serum albumin (BSA)
and phosphate buffered saline (PBS) were purchased from Gibco, Invitrogen
(Sydney, NSW, Australia). Snapwell™ cell culture inserts (1.13 cm? polyester,
0.4 ym pore size) and black 96-well black plates were supplied by Corning Costar
(Lowell, MA, USA). All other culture plastics were from Sarstedt (Adelaide, SA,
Australia). Trypan blue solution (0.4%, w/v), paraformaldehyde and dimethyl
sulfoxide (DMSQO) were obtained from Sigma-Aldrich (Sydney, NSW, Australia).
Fluorescein-sodium (Flu-Na) was purchased from May & Baker Ltd. (Dagenham,
England). Alcian blue 1% (pH 2.5) in 3% acetic acid was purchased from Fronine
laboratory (Sydney, NSW, Australia). NucleoSpin® RNA extraction kit was kindly
provided by Scientifix (Cheltenham, VIC, Australia), a custom TagMan® Array-96
well plate and all buffers where purchased by Applied Biosystem (ThermoFisher
Scientific, Scoresby, VIC, Australia). Rhinocort nasal spray (AstraZeneca, North
Ryde, NSW, Australia) was purchased at a local pharmacy. All chemicals and

reagents were of the highest analytical grade.
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3.3.2 Cell Culture Nasal Cell Line

The cell line RPMI 2650 (CCL-30) was purchased from the American Type Cell
Culture Collection (ATCC, Manassas, VA, USA). Cells between passage 16-30
were grown in 75 cm? flasks in complete Minimum Essential Medium (MEM)
containing 10% (v/v) foetal bovine serum, 1% (v/v) non-essential amino acid
solution and 2mM L-glutamine and maintained in a humidified atmosphere of 95%
air 5% CO, at 37°C. Cells were propagated and sub-cultured according to ATCC
protocol. The cell culture inserts were coated with 250uL of 1ug/mL collagen
solution in PBS (rat collagen type 1 in PBS, BD Biosciences, Australia) and left
overnight to increase the adherence of cells to the membrane [18]. In order to
establish the ALI model, 200 uL of cell suspension were seeded on to the
collagen coated Snapwell inserts at three different seeding concentrations: 1.25,
2.5, 5.0 x10° cells/mL (equivalent to 221, 442, 885 x10° cells/cm?). The media on
the apical compartment was removed after 24 hours post-seeding. Media in the
basolateral chamber was replaced 3 times per week. Cell layers were allowed to

grow and differentiate under ALI conditions up to 21 days.

3.3.3 Transepithelial electrical resistance Measurements

Transepithelial electrical resistance was recorded with EVOM2® epithelial
voltohmmeter (World Precision Instruments, Sarasota, FL, USA) every 2-3 days
from day one. Briefly, pre-warmed media was added to the apical chamber and
allowed to equilibrate for at least 30 minutes in a cell culture incubator (humidified
air with 5% CO3 at 37°C). Blank filter values were subtracted and TEER values
were calculated normalizing the resistance values with the Snapwell inserts area

(1.13 cm?).
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3.3.4 Sodium Fluorescein Permeation Experiments

Sodium Fluorescein, a paracellular marker (Flu-Na, MW 367 Da), was used to
evaluate barrier formation and tight junction functionality in the ALI culture. Three
time-points were chosen to conduct the experiments (1, 2, 3 weeks) and at each
time point, three Snapwell inserts were washed twice with warm HBSS before
each experiment. 250 uL of 2.5 mg/mL Flu-Na solution were added to the apical
chamber (donor) and 1.5 mL of pre-warmed HBSS into the basolateral chamber
(acceptor). At pre-determined time points, 200 uL of solution are sampled from
the acceptor chamber every 30 minutes over 4 hours and equal volume of fresh
HBSS was added for replacement.

Samples were collected into a black 96-well plates and fluorescence of Flu-Na
was measured with a SpectraMax M2 plate reader (Molecular Devices,
Sunnyvale, CA, USA), using excitation and emission wavelengths of 485 nm and
535 nm, respectively. The calibration coefficient of determination was 0.999, with
standards prepared between 1.25 and 0.0125 ug/mL.

Samples were analysed and the permeation coefficient (Pap,) was calculated
according Eq. (1.1):

dQ

Py =—F—
WP dt-Cy- A

Where dQ/dt is the flux (ug/s) of the Flu-Na across the barrier, Cy is the initial

donor concentration (ug/mL) and A is the surface area (cm?).

85



3.3.5 Evaluation of Mucus Production

To assess the ability of the cell line RPMI 2650 to produce mucus when cultured
at the ALl configuration, Alcian Blue was used according to a previously
established method [23]. Mucus production of the ALI model was assessed at
different time points (1, 7, 14, 21 days) for three seeding densities (1.25, 2.5, 5.0
x10° cells/mL), respectively. On the day of the experiment, cell layers were
washed twice with 300 uL of pre-warmed PBS and fixed using 4% (w/v)
paraformaldehyde for 20 minutes. After the fixing agent was washed with PBS,
the surface of the cells was stained with Alcian Blue. Excess staining was washed
with PBS and inserts allowed to air-dried for approximately three hours. The
membrane was cut from the insert and mounted on to the glass slide with
Entellan™ mounting medium (ProSciTech, Thuringowa, QLD, Australia) and
sealed. Subsequently, images were taken using an Olympus BX60 (Olympus,
Hamburg, Germany) microscope equipped with an Olympus DP71 camera.
Three images were taken per well, with all conditions performed in triplicate.
Images were analysed using Image J software (NIH, Bethesda, MD, USA) and
values of RGB (Red Green Blue) were measured for each image [24]. The ratio
of blue (RGBb ratio) was calculated by dividing the mean RGBb by the sum of

the RGB values for each image (RGBr + RGBg + RGBbD) [23].

3.3.6 Immunocytochemistry Experiment

In order to visualise the tight junction proteins on RPMI 2650 cells: ZO-1 (zone
occluding 1) and E-cadherin immunocytochemistry was performed. RPMI 2650
cells grown on Snapwell inserts for 14 days under ALI condition were used for

immunocytochemistry. The cells were washed 3 times for 30 min with PBS to
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decrease the amount of mucus on the cell layers and improve visualisation. Then,
the cells were fixed with 4% paraformaldehyde solution for 10 min. Afterwards,
the cells were incubated for 10 min in PBS containing 50 mM NH4ClI, followed by
8 min with 0.1% (w/v) Triton X-100 in PBS for permeabilization of the cell

membrane.

Cells were then incubated for 60 min with primary antibodies, i.e. 200 yL of E-
cadherin (H-108) rabbit polyclonal IgG (1:100, Santa Cruz Biotechnology, Dallas,
TX, USA) and ZO-1 (D7D12) rabbit monoclonal IgG (1:1000, Cell Signaling
Technology, Danvers, MA, USA). Afterwards, cell monolayers were rinsed three
times with PBS containing BSA 2%, before 30 minutes incubation with 200 uL of
a 1:500 dilution in PBS containing 2% BSA of a goat anti-Rabbit IgG secondary
antibody labelled with Alexa Fluor® 488 (LifeTechnologies, Waltham, MA, USA).
4' 6-diamidino-2-phenylindole (DAPI, 1 pg/mL in PBS) was used to counterstain
cell nuclei. After 30 min of incubation, the specimens were again rinsed three
times with PBS containing 2% BSA and embedded in Entellan™ new mounting
medium (Merk-Millipore, Darmstadt, Germany). Images were obtained using a
confocal laser-scanning microscope (Nikon A1, Nikon Instruments Inc., Melville,

NY, USA), using a laser at 488 nm and 60x objective.

3.3.7 Expression of Xenobiotic Transporters

3.3.7.1 RPMI 2650 Cell Culture and Sample Collection of Primary Nasal
Cell
RPMI 2650 cells were cultured for 14 days on Snapwell porous membranes under

ALl conditions at a density of 2.5 x10° cells/mL. To obtain primary nasal cells,

87



bilateral nasal mucosal brushing was performed using a disposable cytology
brush (Model BC-202D-2010, Olympus Australia Pty. Ltd., Notting Hill, VIC,
Australia) on human subjects to collect nasal epithelium as described previously
[25-28]. Samples were pooled together from eight healthy volunteers between
ages 20 and 40, with two groups of four people per gender. Samples were
washed and centrifuged twice with PBS solution and left in -80°C freezer

overnight prior to RNA extraction.

3.3.7.2 RNA Isolation, Target Synthesis, Microarray Data Analysis

In order to analyse the protein transporter expression in the cells samples, RNA
was isolated and purified using the NucleoSpin® RNA kit (Machery-Nagel, Diiren,
Germany). The RNA samples were treated with RNase-free DNase sets and
dissolved in RNase-free water. Concentration and purity was determined by
spectrophotometry (NanoDrop 2000, ThermoFischer Scientific, Scoresby, VIC,
Australia). TagMan® Array Plates (LifeTechnologies, Sydney, NSW, Australia)
was used to perform rt-PCR assays. The array, ad hoc designed, enabled the
assessment of 46 human drug transporter genes, including 13 ATP-binding
cassette transporters, 23 solute carrier transporters, and 10 solute carrier organic
anion transporters (see Table 3.1 for a list of all genes and proteins). Reverse
transcription was carried out using a standardized internal protocol. Briefly, to 5
uL of RNA were added a mixture of general primer and deoxynucleotide (dNTP,
1:1) and 5 uL of PCR grade water; the mixture was heat at 65°C for 5 min and
quickly cooled in ice. Subsequently, 4 uL of first strand buffer, 2 uL of 0.1 M
solution of DTT (Dithiothreitol) and 1 uL of ribonuclease inhibitor were added; the

solution was incubated at 37°C for 2 minutes and 1 uL of M-MLV (Moloney Murine
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Leukemia Virus) reverse transcriptase was added. The mixture was incubated
firstly at 25°C for 10 minutes and then at 37°C for 50 minutes; in order to stop the
reaction the temperature was raised to 70°C for 15 min. The cDNA for all the
samples was uniformly diluted to 20 ng/uL and mixed with TagMan® mastermix.
Thermal-cycling conditions were set to manufacturer specifications, with 20 uL of
mixture (sample and mastermix 1:1) were added to each well. The plates were
analysed using the StepOnePlus™ Real-Time PCR System (Applied biosystem,
ThermoFisher Scientific, Scoresby, VIC, Australia) for a total of 40 cycles. Data
analysis was performed using the ACq method, where the ACq value is
normalized to the 18S ribosomal RNA (18S rRNA) used as a reference gene.
Ribosomal RNA, the central component of the ribosome is an abundant and one
of the most conserved genes in all cells. Recently, 18S rRNA has been indicated
as the most suit- able reference gene for RT-qPCR normalization of data from

primary human bronchial epithelial cells [29].

3.3.8 Development and Validation of Aerosol Nasal Deposition

Apparatus

3.3.8.1 Development of the Modified Expansion Chamber

Rapid prototyping with 3D printing technique was used to manufacture the
custom-made modified expansion chamber (MC) (Figure 3.1). The MC was
designed to accommodate up to 3 Snapwell cell culture inserts, using CAD
software (Catia 3D, 3DS, Boston, MA, USA). The modified expansion chamber
was designed based on the 2 L glass expansion chamber (EC) as suggested in

the FDA guidance for nasal products [12]. The MC comprises of two interlocking
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hemispheres: the lower part presents the connection to the cascade impactors
(through a connection adaptor), and an inlet hole for nasal devices at 30° from
the axis. The upper half is designed to allow the incorporation of three Snapwell

cell culture inserts, located opposite to the inlet hole (Figure 3.1).

Acrylonitrile butadiene styrene (ABS) was used as printing material using a
commercial 3D printer (Dimension Elite, StrataSys, Eden Praire, MN, USA), at
layer thickness of 178 um. Due to the intrinsic porosity of the printed material, the
internal and external surfaces were chemically treated with small quantities of
acetone to seal internal surfaces; absence of leakage was successfully tested

with different mixtures of water and methanol.

Upper Hemisphere

Snapwell Cell
Insert Housing

Inlet Hole

Interlocking
System

Cascade
Impactor
Connection

Lower Hemisphere

Figure 3.1. 3D drawing of the modified expansion chamber.
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3.3.8.2 Validation of the Impactor Deposition Performances: Standard vs.
Modified Expansion Chamber

Rhinocort, a commercial available nasal spray for the treatment of rhinitis
(AstraZeneca, North Ryde, NSW, Australia), containing a suspension of
Budesonide (32 pg/spray) as active ingredient, was used to validate the modified
chamber. Aerodynamic particle size distributions were evaluated using a British
Pharmacopoeia Apparatus E — Next Generation Impactor (Westech W7,
Westech Scientific Instruments, Upper Stondon, UK) (Figure 3.2). Analyses were
performed in triplicate with either the glass expansion chamber or the modified
chamber fitted with Snapwell inserts. The device was primed to waste and for
each analysis, three actuations were fired. Briefly, the impactor was connected
to a rotary pump (Westech Scientific Instruments, Upper Stondon, UK) at a flow-
rate of 15 L/min using a calibrated flow meter (Model 4040, TS| Precision
Measurement Instruments, Aachen, Germany). Each impactor stage was
washed with a solution 80:20 (% v/v) methanol/water and samples analysed by

high performance liquid chromatography (HPLC) using a validated method [30].

Figure 3.2. British Pharmacopoeia apparatus E equipped with FDA glass
expansion chamber (A) and modified expansion chamber (B).
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3.3.8.3 Validation of the Cell Layer Integrity in the Modified Chamber

RPMI 2650 were cultivated on Snapwells at the optimized seeding condition. At
day 14, three cell inserts were washed with pre-warmed HBSS, and placed into
the modified expansion chamber. An HBSS solution into a VP3 Aptar nasal pump
(Aptar, Le Vaudreuil, France) was used as blank to simulate the deposition
process into the modified chamber. After 6 actuations of the buffer blank solution,
with the same deposition method previously described, the inserts were
transferred into a cell culture plate. Flu-Na permeation studies were performed
as mentioned above in order to confirm that the integrity of the cell layers after

aerosol deposition. The P4p, was compared with untreated control cells.

3.3.9 Deposition and Transport of a Commercial Budesonide
Nasal Spray on Optimized RPMI 2650 cell Model using the

Modified Expansion Chamber

RPMI 2650 cells were used after 14 days from seeding on Snapwells (2.5 x10°
cells/mL). Three cell inserts were washed with pre-warmed HBSS buffer and
fitted into the upper hemisphere of the modified expansion chamber. The aerosol
deposition of budesonide on the cell surface from the Rhinocort device
(AstraZeneca, North Ryde, NSW, Australia) was obtained according method
described above, with a total dose of 96 pg of budesonide (3 sprays) was
delivered into the chamber. The cell inserts were then removed from the modified
chamber and transferred to a 6-well plate containing 1.5 mL of fresh pre-warmed
HBBS. Samples of 200 uL were collected from the basal chamber every hour and

replaced with the same volume of fresh buffer. After four hours, the apical surface
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of the epithelia was washed twice in order to collect any remaining drug.
Subsequently, cells were scraped from the insert membrane and lysed with
CelLytic™ buffer (Invitrogen, Sydney, NSW, Australia) in order to quantify the
amount of budesonide inside the cells by HPLC. TEER measurements were
performed prior and after the deposition in order to confirm that the integrity of

the cell layer was maintained.

3.3.10 Analytical Quantification of Budesonide

The amount of budesonide in each sample was determined according to a
validated method in literature; using an HPLC system equipped with a SPD-20A
UV-Vis detector (Shimadzu, Tokyo, Japan) [30]. A Luna C18 column (150 X 4.6
mm, 3 ym, Phenomenex, Lane Cove, NSW, Australia) was used with a mobile
phase methanol/water 80:20 % v/v. The flow rate was set at 1 mL/min and

Budesonide was detected at A=240 nm. The retention time of budesonide was ~

5 minutes. Standards were prepared in the mobile phase, and 100 pl injections

were used. Linearity was confirmed between 0.1 pg/mL and 50 pg/mL [30].

3.3.11 Statistics

Unless differently stated, data represent the mean * standard deviation of at least
three independent experiments. t-Test was used to compare data, with

differences considered significant for p< 0.05.
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3.4 RESULT AND DISCUSSION

3.4.1 Transepithelial Electrical Resistance (TEER)

Measurements

Transepithelial electrical resistance can be used as an indicator of the
development and integrity of the epithelial barrier. Various studies have tried to
optimize and standardize the culture conditions of RPMI 2650 [21]. However, the
effects of seeding density on RPMI 2650 cultured in the ALl conditions on this
Snapwell insert with a larger surface area has not been previously evaluated. The
Snapwell inserts offers a more flexible membrane compared to the more common
0.33 cm? Transwell inserts due to their larger surface area and different support

structure.

94



150+ =

2 1.25x108 Cells/ml
-®- 2.50x10° Cells/ml
4 5.00x10° Cells/ml

50-

1 4 6 7 10 12 14 17 19 21
Time (Days)

Figure 3.3. TEER of three different seeding densities of RPMI2650 cells cultured
in the ALI conditions over time (n=3; = StDev).

The progressive formation of the tight junction barrier by cultured RPMI 2650 cells
seeded onto Snapwell inserts with respect to time is shown in Figure 3.3. The
TEER for the three different seeding densities steadily increases with time until
day 14, starting from values around 20 Q+scm? and reaching a plateau between
115 Qecm? (5x10° cells/mL seeding) and 150 (1.25x10° cell/mL seeding) up to
day 17 when the TEER starts to decrease. Data indicate that at least 14 days are

required for the cell to reach a tight confluent layer with the highest TEER barrier

95



when cultured in the ALI conditions. After 17 days, a decrease of the TEER values
is observed, suggesting that the cells either start to die or lose their tight junction
integrity a few days after full maturation. This trend is similar to previously
published data [21]. Regarding the three different seeding levels, no statistical
differences were found at days 14 and 17, reaching values around 90-150 Qscm?.
Therefore, values above 90 Qecm? were considered sufficient to perform

experiments.

We report a clear correlation with the range of TEER values reported for human
nasal mucosa. our results are very similar to those reported previously [18,21,31].
In particular, TEER values from excised human mucosa obtained from
turbinectomy surgeries and used within an hour from the extraction, showed
TEER values around 90-180 Q-cm?. Therefore, this data support the use of ALI

cultured RPMI 2650 as a representative model of the nasal mucosa.

3.4.2 Sodium Fluorescein Permeation Experiments

The relatively high variability in TEER values reported in literature for RPMI 2650
cells suggests that this measurement is affected by many factors related to the
technique (inter/intra laboratory), therefore other parameters have to be
considered when trying to establish a model for drug deposition and transport.
Thus, permeation studies of Flu-Na were performed in order to confirm and
support the TEER measurements. Sodium fluorescein, due to its hydrophilic
characteristic, is used as a paracellular permeation marker. The transport of Flu-
Na across RPMI 2650 cell layer was evaluated over a period of 4 hours (Table

3.2). In order to confirm that, the Snapwell insert membrane were not the rate-
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limiting step of the permeation process, permeability of Flu-Na through the
Snapwells membrane alone was also tested and showed a significantly higher

value (1.38 x10™° cm/s).

Table 3.2. P,y values (x10° cm/s) of Flu-Na across RPMI 2650 cultured in ALl
conditions for three different seeding densities (n=3; + StDev) compared to

values obtained for excised human nasal mucosa

Flu-Na P, values (x10°® cm/s)

_ 1.25 5.00
Seeding 5 2.50 5 Human  Nasal
_ (x10 5 (x10
Density (x10° cells/mL) Mucosa
cells/mL) cells/mL)
Freshly
. - - - 3.12£1.99 [18]
excised
Week 1 5.32+0.37 5.21+0.27 5.47+0.49
Week 2 3.67%0.21 2.68+0.60 2.95+0.17
Week 3  3.4710.20 3.55+0.30 2.69+0.18

As shown in Table 3.2, no statistical difference was observed between the Pgpp
values of the three different seeding densities after a week of culture, suggesting
that seven days in ALI conditions are not sufficient to have a tight confluent cell
layer. After 14 day of culture, the P,y values significantly decreased, when
compared to the values of week 1, supporting the findings of the TEER
experiments. It was also found that the intermediate seeding density reaches the
lowest value of 2.68 + 0.60 x10® cm/s after two weeks in culture. On the other
hand, the lowest seeding density (1.25 x10° cells/mL) shows higher permeability

compared to the others two, suggesting that the amount of cell may not sufficient
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to guarantee enough barrier properties. No significant differences between the
Papp values for the two higher seeding densities were observed. After three
weeks in culture, no significant difference in the Flu-Na permeability was found
for any of the seeding densities, suggesting two weeks in culture is enough to

reach a mature model with confluent cells for RPMI 2650.

Different research groups have tried to characterize the paracellular permeability
of RPMI 2650 grown in ALI conditions: Bai et al obtained values of 5.07x10®
using mannitol as marker [19]; Wengst and Reichel, using Flu-Na, on cells grown
on Transwell® polycarbonate membrane, presented values of 6.09x10 cm/s
[18]; and Reichel obtained lower values of 1.91x10® cm/s using Thincert® inserts
with polyethylene terephthalate membranes, confirming that the supporting
material may affect the adhesion and the layer/barrier formation of RPMI 2650
cell line [18,21]. More recently, Kreft reported P4y, values of 6.08x1 07 cm/s using
dextran conjugated to fluorescein isothiocyanate (MW 10,000), an extremely low
value that is related to the higher molecular weight of the molecule used for the

investigation [20].

3.4.3 Evaluation of Mucus Production

Mucus plays an important role in protecting the nasal epithelium. Furthermore,
this mucus is the first barrier that any drug administered into the nose has to
overcome in order to be absorbed; it has a key role also in the dissolution process
of drug that will allow subsequent permeation [32]. Thus, an appropriate model

of the nasal epithelium requires mucus of specific depth, biochemistry and
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rheology. Therefore, the production of mucus in the RPMI 2650 cellular model

grown in ALI condition was investigated.

Figure 3.4. Optical microscope images of Alcian blue mucus staining on RPMI

2650 grown on Snapwell® inserts at 2.50 x10° cell/mL seeding density.

Alcian Blue allows mucus detection by reaction with acidic polysaccharides
(mucopolysaccharides) and sialic acid containing glycoproteins, producing a blue
color. Figure 3.4 shows an example of the staining of the mucus layer of

RPMI2650 seeded at 2.50 x10° cell/mL over a 3 weeks period.

Observing the images in Figure 3.4 it can be seen that, after one day of culture,
just few light blue spots appear, most probably due to the staining of the

extracellular matrix. After one week of culture the cell layer is almost completely
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covered by a thin but discontinuous light blue layer, but the increased blue
intensity implies that a small amount of mucus has been produced. At 14 days,
the higher intensity of the colour and its uniformity suggest that the production of
mucus has increased and that a mucus blanket uniformly covers the cell layer.
At day 21, the mucus still covers all the area but not uniformly, dark blue areas
are alternate to light ones; this could be related to the concurrent decrease in

TEER between day 14-21 suggesting cell integrity and/or death occurs.

The relative quantification of the mucus production was measured by the RGBb
ratio. Figure 3.5 shows the mucus production in terms of RGBb ratio over three
weeks. No differences in mucus production can be observed between the
different seeding densities at day 1 and day 7. However, at week 2, the
intermediate (2.50 x1 0° cell/mL) seeding shows a statistically significant increase
in mucus production that was statistically higher than the other two densities. This
RGBDb value subsequently plateaus from day 14 to day 21. While the lowest and
highest seeding densities (1.25 and 5.0 x10° cell/mL) showed no statistically
differences at both day 14 and 21. These two seeding conditions showed a
steady increase in the RGBb ratio value indicating a build-up in the mucus
production during all the culturing time. Finally, at day 21, all three seeding
density managed to attain similar amount of mucus produced with no significant

differences observed between them.

These results suggest that the intermediate seeding density (2.50 x10° cell/mL)
is the optimum condition that allows the cells to form confluent layer with a

uniform mucus blanket in 2 weeks in the Snapwell insert. This is probably due to
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the optimisation of the growth conditions that allow for the cells to proliferate,
sufficient nutrients and space to interact and form tight junctions and produce

mucus.

The plateau observed for the intermediate seeding density, can also be a result
of the limitations of measurement technique leading to a saturation of the blue
RGBDb ratio [23]. In addition, being an in vitro model, one of the limitations is the
static nature of this system where the mucus cannot be cleared leading to build

up in the wells with the increasing cell numbers.

Based on the above results for mucus production, TEER measurements and Flu-

Na permeability, the optimal seeding density was found to be 2.50 x10° cell/mL

for RPMI 2650 cells grown on Snapwell inserts.

101



0.55+
1.25x10° Cells/ml _
- 2.50x10° Cells/ml _
0.504 -4 5.00x10° Cells/ml 1
—4
© 0.45-
@ ®
m
11}
T}
X 0.40-
0.35+
0.30 T T T T
0 5 10 15 20

Time (Days)

Figure 3.5. RGBb ratio values obtained after mucus staining as function of time

in culture for the three different cell seeding densities (n=3; + StDev).
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3.4.4 Immunocytochemical investigation

Tight junctions play an important role in the control of the paracellular permeation
across the epithelia [33]. In order to confirm that the RPMI 2650 cells on Snapwell
inserts were also able to produce tight junctions, the expression and localization
of two proteins essential for the formation and maintenance of tight junction were
investigated; specifically, E-cadherin and zonula occludens protein 1 (ZO-1)
(Figure 3.6). Figure 3.6A shows the localization of E-cadherin (green) around the
nucleus stained with DAPI (blue) and Figures 2.6B and C show in green the

expression of ZO-1 and in red DAPI.

As expected, the proteins are found at the edge of the cells where they are
involved in the formation of tight junction in the RPMI 2650 cells. Furthermore,
the RPMI 2650 cells was found to form multilayers as seen with the overlapping
nuclei in Figure 3.6C. This is different from what Bai et al as observed, where
cells were forming a monolayer. However it is in good agreement with Kreft et al
that noticed a multi-layering growth of RPMI 2650 when cultured in ALI conditions

[19,20].
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Figure 3.6. Confocal Microscope Images of RPMI 2650 cells tight junction

proteins- stained in green: E-cadherin (A) and ZO-1 (B-C). The blue and red
colours in A and B respectively represent the DAPI staining of nuclei. C, the cross

section of cell layers during confocal imaging: green ZO-1 and red cell nucleus.

3.4.5 Expression of Xenobiotic Transporters

When paracellular transport across epithelia is not involved, membrane carrier
proteins can have a key role in the absorption, distribution and elimination
processes of both endogenous compounds and xenobiotics [34,35]. In order to
cross the epithelia a molecule needs to pass through two barriers; specifically, it
needs to be taken up from apical membrane and effluxed from the basal

membrane. These processes are often carrier mediated [36].
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In order to evaluate if RPMI 2650 could be a representative model of the nasal
mucosa, further investigation on the transporters expression in the cell line model

was performed and was compared with freshly brushed human nasal cells.

Specifically, 47 xenobiotic transporters were investigated. The genes
investigated were those expressing ATP Binding Cassette (ABC), Solute Carrier
(SLC) and Solute Carrier Organic anion (SLCO) proteins. Table 3.1 graphically
summarizes which of these 47 xenobiotic transporters were present in the RPMI
2650 cells and compared with gene present on PNC: human primary nasal cells

from brushing (average between male and female).
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Table 3.1. List of drug transporters evaluated and their gene expression (ACt) in
RPMI2650 cultivated on Snapwells at 2.50 x106 cell/mL, PNC: human primary
nasal cells from brushing (average between male and female). Scale from not
expressed (red) to highly expressed (dark green)

RPMI
2650

Protein Name Protein Description Gene code ‘ PNC ‘ACT Classification

P-gp. |P-glycoprotein |ABCB1
BSEP |Bile Salt Export Pump /ABCB11
MDR3 |Multidrug resistance protein 3 :ABCEM
MRP1 Multidrug resistance-associated protein 1 /ABCC1
MRP7 Multidrug resistance-associated protein 7 ABCC10
MRP8 Multidrug resistance-associated protein 8 |ABCC11.
MRP9 |Multidrug resistance-associated protein 9 /ABCC12
IMRP2 Multidrug resistance-associated protein 2 /ABCC2
MRP3 Multidrug resistanc ciated protein 3 ABCC3
MRP4 |Multidrug resistance-associated protein 4 /ABCC4
MRP5 Multidrug resistance-associated protein /ABCCS5
MRP6 Multidrug resistance-associated protein 6 ABCCH
BCRP breast cancer resistance protein ABCG2
NTCP | Sodium-taurocholate cotransporting polypeptide SLC10A1
PEPT1 |Peptide transporter 1 SLC15A1
PEPT2 |Peptide transporter 2 |SLC15A2
MCT1 Monocarboxylate transporter 1 SLC16A1
MCT2 Monocarboxylate transporter 2 SLC16A7
NaPi1 |Renal type | sodium/phosphate transporter |SLC17A1
(OCT1) _Organic cation transporter 1 _SLC22A1
URAT1 _Organic anion/urate transporter 1 |SLC22A12
(OCT2) Organic cation transporter 2 |SLC22A2
(OCT3)  Organic cation transporter 3 /SLC22A3
OCTN1 Organic cation transporter, novel 1 SLC22A4
OCTN2 Organic cation transporter, novel 2 |SLC22A5
OAT1 Organic anion transporter 1 |SLC22A6
OAT2 |Organic anion transporter 2 |SLC22A7 |
OAT3 Organic anion transporter 3 SLC22A8
CNT1 /Anti-Concentrative Nucleoside Transporter 1 SLC28A1
CNT2 /Anti-Concentrative Nucleoside Transporter 2 |SLC28A2
CNT3 \Anti-Concentrative Nucleoside Transporter 3 SLC2BA3
|ENT1 |[Equilibrative nucleoside transporter 1 |SLC29A1
[ENT2 |[Equilibrative nucleoside transporter 2 |SLC29A2
ENT3 _Equilibrative nucleoside transporter 3 _SLC29A3
ENT4 _Equilibrative nucleoside transporter 4 SLC29A4
OSTa Organic Solute Transporter, Alpha |SLC51A
Sodium- and chloride-dependent neutral and
ATB(0+) |basic amino acid transporter B(0+) |SLC6A14
OATP-A Organic anion transporter polypeptide A ISLCO1A2
OATP-C Organic anion transporter polypeptideC ~ |SLCO1B1
OATP-8 Organic anion transporter polypeptide 8 SLCO1B3
OATP-F  Organic anion transporter palypeptide F sLco1ct
PGT  Prostaglandin Transporter SLCO2A1
OATP-B Organic anion transporter polypeptide B SLCO2B1
OATP-D Organic anion transporter polypeptide D SLCO3A1
OATP-E  Organic anion transporter polypeptide E SLCO4A1
OATP-H Organic anion transporter polypeptide H SLCO4C1
OATP-J |Organic anion transporter polypeptide J |SLCO5A1 |
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For the RPMI 2650 cells, the highly expressed genes (ACt<5) were found to be
MRP1 and MRP9 proteins while the poorly expressed genes (ACt>15) were
found to be for the following transporters: BSEP (Bile Salt Export Pump), MRP5
(Multidrug Resistance-associated Protein 5), MRP7, MRP8, OCT3 (Organic
Cation Transporter 3), CNT3 (Anti-Concentrative Nucleoside Transporter 3),
ENT1 (Equilibrative nucleoside transporter 1) and ENT3. Some genes, such as
those expressing MRP6, PEPT1 (Peptide transporter 1), PEPT2, NaPi1 (Renal
type | sodium/phosphate transporter), OCT1, OCT2, URAT1 (Organic
anion/urate transporter 1), ATB(0+) (Sodium- and chloride-dependent neutral
and basic amino acid transporter B(0+)), OATP-C (Organic anion transporter
polypeptide C), OATP-8, OATP-F, OATP-B were not expressed at all. All the

other genes were expressed at an intermediate level (5<ACt<15).

In terms of the primary nasal cells obtained by nasal mucosa brushing, no
differences were found between male and female volunteers. Highly expressed
genes were those encoding for the following transporter proteins: MDR3, MRP1,
MRP9, MRP2, MRP3, MRP4, NTCP (Sodium-taurocholate cotransporting
polypeptide), MCT1 (Monocarboxylate transporter 1), OCTN2 (Organic cation
transporter, novel 2), CNT3, ENT1, ENT2 and OATP-H. No genes were classified
as poorly expressed and only 11 genes were not expressed at all (MRP6, OCT1/2,
OCTN1, OAT1/2/3, CNT1/2, ATB (0+) and OATP-F). Corticosteroids, which are
one of the main topical nasal active ingredients, are an example of a drug class
that is associated with these cell transporters [37,38]. In particular, budesonide
and beclomethasone dipropionate (BDP) have shown effect of the expression of

BCRP, PGP, OCT1 and OCT2 in Calu-3 and breast cancer cell lines [39,40]. In
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addition, budesonide has been identified as substrate of P-glycoprotein (ABCB1)
during transport across Caco-2 cell line [41].

Nevertheless, to our knowledge there is a lack of information about their role in
the nose [35]. Our data shows that BRCP and PGP are expressed in the nasal
epithelium and in the RPMI 2650 model, suggesting that an avenue for future

investigations in this direction.

Although the xenobiotic genes expression was found to be higher for primary
cells than for RPMI 2650 in general, the same genes were expressed in both
primary human mucosa nasal cells and RPMI 2650, highlighting the potential use
of RPMI2650 grown on ALI as a suitable model for nasal mucosa. In addition,
from the 47 genes that encode for transporter proteins, the 11 that were not
expressed in primary cells were also absent in RPMI 2650, further supporting a
good correlation between the RPMI 2650 cell model and human nasal mucosa.
The following proteins: NaPi1, URAT1, PEPT1, PEPT2, OATP-C and OATP-8
were found to be expressed in brushed nasal cells, but not in RPMI 2650; this
could be considered as a limitation to the RPMI 2650 model in terms of transport

of peptides and organic anionic substances.

Kreft et al. had previously described the expression of some of xenobiotic
transporter genes in RPMI 2650 grown in ALl conditions with two different
culturing media and at two culturing time points: 1 and 3 weeks, without finding
any relevant differences [20]. Our data correlate nicely with those published by

Kreft, suggesting good reproducibility of RPMI2650 cell model.
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3.4.6 Development and Validation of the Modified Expansion

Chamber

The different materials used for the manufacturing of the FDA guideline
expansion chamber (glass) and the 3D printed modified chamber (ABS) could
raise the question whether or not the aerosol performances and particle
deposition in the two chambers could be different. Therefore, in order to validate
the 3D printed modified chamber, the aerosol performance of a commercially
available nasal spray (Rhinocort Nasal Spray, AstraZeneca, Australia) was
evaluated using a NGI cascade impactor using both expansion chambers. Table
3.3 shows the percentage of budesonide (calculate from the nominal dose
emitted: 96 ug) recovered in each stage of NGI after 3 actuations of the Rhinocort

device (average of 3 runs), using both devices.

Table 3.3. Amount of Budesonide (% of the nominal dose) recovered from each
Stage of the NGI using the Glass and Modified chamber (n=3 + StDev).

Connection
Chamber Stage 1 Stage 2*
Tube
Glass
98.75+0.09 0.57+0.05 0.50+0.03 0.18+0.04
Chamber
Modified
98.73+0.09 0.57+0.07 0.51+0.03 0.19+0.01
Chamber

* No Budesonide was found below Stage 2

The amount of drugs in the 3D printed modified chamber was calculated as sum

of the mass recovered from both the upper and lower hemisphere and the three
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Snapwells in the chamber. As expected, the majority of the drug was found in the
chamber demonstrating that the device produced a coarse spray with an
aerodynamic diameter that is higher than 10 ym, with minimal respirable fraction.
Overall, there were no statistical differences in aerosol performance for Rhinicort
between the modified and the glass chamber for all NG| stages (no drug was
recovered for stages lower than 2). With the deposition onto the Snapwell inserts,
13.12 + 0.07 ug of budesonide were recovered from the three cell inserts after
the extraction with 80:20 (v/v) methanol/ water, with approximately 4.4 pg of
budesonide on each well. This is equivalent to roughly 13.7% of the dose emitted

with each spray of the Rhinocort suspension that reaches each Snapwell inserts.

Having validated the modified chamber in terms of aerosol performance, the
RPMI 2650 cells grown on Snapwell inserts were introduced into the modified
chamber in order to perform cells permeation experiments. The maintenance of
barrier properties and the integrity of the cell layers are key factors for permeation
studies. In order to confirm that the handling of the Snapwell inserts and the
process of deposition into the modified chamber were not hampering the barrier
properties of RPMI 2650 nasal cell model, a solution of HBSS was sprayed 6
times on the RPMI2650 nasal cells into the chamber. The cells were removed
from the chamber and after 4 hours of Flu-Na permeation studies, the P,p, was
calculated. No statistical differences were found (p<0.05) between the Pap,

values of control and treated cells.

Finally, deposition and permeation experiments were performed using a

budesonide commercial spray and with the 3D printed modified expansion

110



chamber connected to the cascade impactor, using the three Snapwells inserts
with RPMI 2650 cells grown for 14 days. The formulation was deposited on the
cells after device actuation and RPMI 2650 cells inserts were placed back in cell

culture plates to perform the permeation study.
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Figure 3.7. Amount of budesonide transported through RPMI 2650 nasal cell
model after NGI aerosols deposition using the 3D modified chamber (n=5 +
StDev).

Figure 3.7 shows the percentage of budesonide transported across the nasal cell

model after deposition in the 3D MC; the In the first hour, approximately 47.3 £
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5.0 % of the drug was transported. This can be explained, as suggested by
Baumann, due to the high quantity of available budesonide dissolved in the
commercially available product to bind and diffuse readily through the epithelium
[42,43]. At the end of the experiment (4 hours), 83.1 £ 6.3 % of the total drug
deposited reached the basal compartment. Between three to four hours, a
decreased permeation rate was observed, probably due to the depletion of
budesonide on the surface of the cells that consequently decreases the gradient
between the two compartments (apical and basal). The total amount of
budesonide found on each well was on average of 0.79 £ 0.25 pg. This was
calculated from the sum of the budesonide on, in and transported across the cell
layer; the total amount recovered from each single well was used as 100%
reference values for the calculation in the cell deposition/ transport studies. This
variability of the amount of budesonide deposited on each well could be related
to both the plume geometry of Rhinocort nasal spray and the manual activation
of the device, that don'’t allow a uniform deposition on each well. The integrity of
the cell layer was maintained within the time scaled study with no statistical
differences (p>0.05) was found between TEER values before (126 + 21 Qscm?)

and after (127 + 14 Q-cm?) the transport studies.

As shown in Figure 3.8, after 4 hours 14.4 £ 4.9 % of the drug remains on the
surface of the cell and 2.5 £ 1.6 % of budesonide was found inside the cells,
suggesting low binding and internalization within the cells of the RPMI 2650 nasal
mucosa model. This is in good agreement with results found by Baumann where
lower levels of budesonide drug bind to human nasal tissue when compared with

other glucocorticoids [42].
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Figure 3.8. Distribution of the budesonide recovered at the end of the experiment
(4 hours) after the aerosol deposition using the 3D the modified expansion
chamber (n=5 + StDev).

3.5 CONCLUSION

This research has shown that RPMI 2650 cells could be successfully grown on
Snapwell inserts. The cells form a continuous layer offering a permeation barrier
similar in terms of trans-epithelial electrical resistance and sodium fluorescein
paracellular permeation to previously reported nasal epithelium models and more
importantly to excised human nasal mucosa. It was also shown that RPMI 2650
cells produce mucus and its production is related to seeding density and time in

culture. The optimal conditions for RPMI 2650 to achieve the highest epithelial
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barrier and a complete coating with mucus layer are: Snapwell polycarbonate
inserts at seeding density of 2.50 x10° cell/mL and cultured for 14 days in ALI
culture. Regarding protein transporters expression, RPMI 2650 cells represent a
good model of the nasal epithelium, correlating well with gene expression of
freshly collected human nasal epithelial cells. A 3D printed modified expansion
chamber, which allow deposition of nasal formulation directly on RPMI 2650
grown on Snapwell inserts has been successfully designed, validated and tested
using a commercial nasal spray, showing that this model could be used
concomitantly to study nasal formulations aerosol deposition and permeation

through a nasal epithelium model of the aerosolized formulation.
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CHAPTER 4

Evaluation of Beclomethasone Dipropionate

formulations: Suspension VS Powder

This chapter is the combination of two peer-reviewed conference proceeding:
1. Validation of a Novel Apparatus for Deposition Studies of Nasal Products.
In Respiratory Drug Delivery Europe (RDD 2015). 2015: 537-541. Authors:
Pozzoli M, Cattaneo S, Zhu B, Traini D, Young PM and Sonvico F.
2. . Transport of Beclometasone Dipropionate Across RPMI 2650 Model of
Nasal Epithelium: Evaluation of Two Different Approaches to Drug
Delivery. In Respiratory Drug Delivery (RDD 2016). 2016: 607—610.

Authors: Pozzoli M, Ong HX, Sonvico F., Young PM and Traini D.
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4.0 PREFACE

In Chapter 3, RPMI 2650 cell line was developed and characterized as nasal
model for drug absorption using ALI culturing conditions. Subsequently, the cell
model was integrated with a modified expansion chamber for cascade impactor
studies and validated using a commercial nasal suspension.

In this chapter, the main focus was the validation of the apparatus with two
different commercial products, containing the same active ingredient but
delivered with different dosage forms (powder and suspension). Secondly, the
evaluation of their absorption profiles after the drug is deposited on RPMI 2650
using the modified expansion chamber. Lastly, a comparison between the novel

approach of deposition/ transport studies and a more conventional way.
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4.1 INTRODUCTION

Allergic rhinitis is a hypersensitivity reaction to inhaled allergens. It produces
inflammation of the nasal mucosa characterized by nasal congestion, sneezing,
itching and rhinorrhoea [1]. Intranasal corticosteroids are highly effective in
preventing and relieving early- and late-phase symptoms. Different types of
formulations are available on the market for the treatment of rhinitis.

As discussed in Chapter 1, powder formulations present some potential
advantages, such as the absence of harmful preservatives and higher chemical
stability, compared to water spray pumps [2-4].

An important parameter for the development of a nasal product, both in form of
powder or suspension, is the particle size distribution of the aerosolized particles
[5-7]. Indeed, particle size affects the area of deposition inside the nasal cavity
and thereafter the absorption profiles [4,8,9]. Specifically, droplets or particles are
required to provide optimal nasal deposition and prevent inhalation into the lower
airways, with an aerodynamic diameter requirement exciding 9 pm [10].
According to the 2003 Food and Drug Administration (FDA) draft guidance
“Bioavailability and Bioequivalence Studies for Nasal Aerosols and Nasal Sprays
for Local Action”, the evaluation of nasal droplet size distribution can be
performed by either laser diffraction or cascade impaction (Cl), employing in this
latter case an additional 2 L expansion chamber as induction port [11]. However,
neither methods are suitable for investigating real-time drug deposition on the
nasal mucosa.

In Chapter 3 the development of a new apparatus to test the
deposition/permeation of a nasal spray was described. The new apparatus was

validated using a commercial budesonide nasal spray suspension. However,
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different drugs and formulations are available on the nasal products market.
Therefore, the need to validate and evaluate the performances of other different
formulations arises. This is of special interest for the characterisation of powder
formulations. Indeed, the interactions (e.g. electrostatic) between the different
materials composing the chambers (glass and plastic) could have an effect on
the aerosol performances of the formulation [12].

Beclomethasone dipropionate (BDP) is a commonly used glucocorticoid pro-drug
which is hydrolysed to its active form, beclomethasone-17-monopropionate (BMP)
[13]. In Australia, BDP is commercially available over the counter as an aqueous
suspension, e.g. Beconase (Glaxosmithkline), delivered via a metered-dose
nasal spray pump. In Japan, BDP is also available as a powder formulation
commercialized as Rhinocort (Teijin Pharma, Tokyo, Japan) [14].

Furthermore, the conventional way to test in vitro permeation of drugs through
cells monolayers is to add the drug solution or suspension at different
concentrations to their apical side when growing on transwell inserts [15,16].
However, this method is not representative of the in vivo processes that occur
following nasal steroid administration, where aerosolized drugs in either
suspension or powder form are deposited on to the nasal mucosa by impaction.

The first aim of this study was to validate the modified expansion chamber,
presented in Chapter 3, using two different type of formulation of the
corticosteroid pro-drug BDP: a water based suspension (Beconase) and a dry
powder spray (Rhinocort).

The second aim this study was to compare the conventional in vitro BDP drug

permeation of a suspension with a novel deposition method that allows the
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delivery of drug aerosols generated from both liquid-based and powder-based

nasal devices directly onto the surface of cultured nasal cells.

4.2 MATERIAL AND METHODS

4.2.1 Materials

Beclomethasone dipropionate and monopropionate (BDP and BMP) powder
standards were kindly provided by Chiesi Farmaceutici (Chippenham, UK).
Water used in the analyses was purified by reverse osmosis (MilliQ, Millipore-
Merck, Germany). Beconase (Glaxosmithkline, Abbotsford, VIC, Australia) BDP
suspension nasal spray and Rhinocort (Teijin Pharma, Tokyo, Japan) dry powder
spray were purchased and used as supplied.

Human nasal septum carcinoma derived cells (RPMI 2650) were purchased from
the American Type Cell Culture Collection (ATCC, Rockville, USA). Minimum
Essential Medium (MEM), Phosphate Buffer Saline (PBS) and Hank’s Balanced
Salt Solution (HBSS) were all purchased from Life Technologies (Sydney,
Australia). CelLytic™ M reagent was purchased from Sigma-Aldrich (Sydney,
Australia). All solvents were obtained from Chem-Supply (South Australia,

Australia) and were of HPLC grade.

4.2.2 Aerosol Performances and Modified Expansion Chamber

Validation

A Next Generation Impactor (NGI, Westech Ltd., UK) equipped with a standard
glass expansion chamber for nasal testing was used for determining the

aerodynamic particle size distribution of nasal product (Figure 4.1A).
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Figure 4.1. NGI configuration with Glass Expansion Chamber (A) and Modified
Chamber printed in ABS (B).

A 2 L single-neck round bottomed glass flask with a 1 cm inlet hole at 30° from
the neck axis was used as an expansion chamber (EC) for the aerosol deposition
experiments (Fig 4.1A). The modified expansion chamber (MC, Fig 2A) was
designed using Catia 3D design software (3DS, Boston, USA, see Figures 1B
and 2) as previously described in Chapter 3. Briefly, computer designed drawings
were printed in acrylonitrile butadiene styrene (ABS) using a 3D printer
(Dimension Elite, USA).

The modified expansion chamber was composed of two spherical interlocking
hollow hemispheres. The lower hemisphere contained the opening for the NGI
connection and the inlet hole for the nasal device at 30° from the neck axis. The
upper hemisphere was designed in order to accommodate three cell culture
inserts (Snapwell™, Corning Costar, USA) located directly opposite to the inlet

hole, Figure 4.2.
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Figure 4.2. CAD 3D drawing of the Modified Expansion Chamber. Modified from
Chapter 3.

The system design allowed easy access to the expansion chamber inner surface
and handling of cell inserts.

Two different nasal products used for the treatment of rhinitis, both containing
beclomethasone dipropionate (BDP) as active ingredient, were chosen to
compare the two expansion chambers and validate the deposition in the modified
expansion chamber.

Beconase® (GSK, Australia) was used as it is a nasal liquid product providing a
nominal dose of 50 ug/spray with a 100 uL spray. It contains microcrystalline
cellulose, sodium carboxymethylcellulose, dextrose, polysorbate 80, phenylethyl

alcohol (2.5 uL/g) and benzalkonium chloride (0.2 mg/g). Teijin Rhinocort® (Teijin,
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Japan) was used as the BDP nasal dry powder formulation. Teijin Rhinocort is a
capsule-based device with each capsule containing a nominal dose of 50 ug of
BDP, hydroxypropylcellulose (HPC) as carrier and magnesium stearate.

For each product (dry powder and liquid suspension) aerosol deposition
experiments were performed, using both the glass EC and the 3D printed MC.
The NGI was connected to a pump (Westech Scientific, UK) and flow rate set at
15 L.min™, using a calibrated flow meter (Model 4040F; TSI Incorporated, MN,
USA).

For each experiment, 3 capsules were used (8 actuations for each capsule) for

the Teijin Rhinocort and 3 actuations and Beconase, respectively.

4.2.3 In-line In Vitro Aerosol Laser Diffraction Analysis

Particle sizing of the emitted dose was measured using laser diffraction
(Spraytec™, Malvern Instrument, UK). Briefly, the devices were placed at 2.5 cm
from the Inhaler Nebulizer Accessory (i.e. 5.5 cm from the laser beam), tilted at
a fixed angle of 30° and actuated at a flow rate of 15 L.min™", resembling the in
vivo process of drug administration. Data were analysed considering the stable

phase of the spray only.

4.2.4 Cultivation of RPMI 2650 cell line in Air Liquid Interface

A nasal epithelia cell line (RPMI 2650; ATCC, USA), was grown and passaged
according to ATCC protocol, with complete Minimum Essential Medium
containing 10% foetal bovine serum (Gibco, Life Technologies, Australia) 1X non-
essential amino acid solution (Sigma Aldrich, Australia) and 2 mM L-glutamine,

which was incubated at 37°C in a humidified atmosphere containing 5% CO,. To
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establish an air-liquid interface (ALI) model, 200 uL of nasal cells suspensions
(2.5x10° cell/ mL) were seeded on Snapwell™ polyester membrane inserts (1.13
cm?, 0.4 ym pore size, Corning Costar, USA). After 24 hours, the media from the
apical compartment was removed. Transport studies were performed after 14

days of cell differentiation at the ALI configuration [17].

4.2.5 Transport Studies on Nasal Cell Model (Conventional and

after Deposition)

To investigate and compare the effects of BDP aerosol deposition, a
‘conventional’ transport study was performed by adding 250 uL of 15 ug/ mL BDP
HBSS (Hanks' Balanced Salt Solution, Life Technologies, Australia) suspension
directly to the apical surface of RPMI 2650 nasal cells (control formulation) Figure

4.3A [16].

A B

Figure 4.3. Exemplification of conventional transport (A), Deposition of Nasal

Products on cells (B)
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To study the transport of BDP after aerosol deposition, Apparatus E British
Pharmacopoeia (Westech Scientific, Bedfordshire, UK) equipped with a
previously described modified expansion chamber, that holds Transwell Cell
inserts, was used to mimic the deposition of BDP from both the dry powder and
suspension nasal formulations (Figure 4.3B) [18,19]. Briefly, cell inserts were
removed from the cultured plates and washed with pre-warmed HBSS.
Subsequently, the Snapwell inserts were transferred into the modified nasal
deposition chamber. For each formulation (dry powder and liquid suspension) a
total of 150 pg of BPD was delivered into the chamber where the wells were
located. Apparatus E was connected to a pump (Westech Scientific, Bedfordshire,
UK) and flow rate was set to 15 L.min™", using a calibrated flow-meter (Model
4040F; TSI Incorporated, MN, USA). Cell inserts after deposition were
repositioned on culture plates and transport studies were performed for a total of
4 hours. Samples (200 uL) were withdrawn every hour and media restored with
fresh HBSS buffer to maintain the same buffer level. At the end of the experiment,
the cell layer surface was washed to collect the drug on the surface of the cells

before cell lysis to analyse the intracellular content of drugs.

4.2.6 Chemical Quantification of Beclomethasone Dipropionate

and its Metabolites

BDP and BMP samples were quantified using reverse phase HPLC system
equipped with UV-detector (Shimadzu Corporation, Japan) and Luna C18 column
(3 um, 4.6x150 mm, Phenomenex, NSW, Australia). Mobile phase was a mixture

methanol: water (80:20 %v/v), flow rate 0.8 mL.min™", with detector operating at
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243 nm and retention time of ~ 6 and 9 minutes for BMP and BDP respectively.
Standards were prepared in the mobile phase, and 100 uL injections were used.

Linearity was confirmed between 0.1 ug/mL and 50 pg/mL.

4.2.7 Statistics

Unless stated otherwise, data represent the mean + standard deviation of at least
three independent experiments. A student t-Test was used to compare data, with

differences considered statistically significant where p < 0.05.

4.3 RESULTS AND DISCUSSION

4.3.1 Aerosol Performances Expansion Chamber Validation

The difference in aerosol deposition between the MC and reference EC for the
two nasal products were evaluated using NGI and results are listed below in

Table 4.1.
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Table 4.1. Comparison of BDP mass deposition in the standard glass and the modified chamber using the NGI (n=3 + StDev)

Mass BDP Mass BDP Mass BDP

Expansion Chamber (ug) Throat (Connection) (pg) Stage 1 (ug)

Standard Modified Standard Modified Standard Modified
Rhinocort 130.2+6.9 126.8+6.9 0.83+0.17 0.85+0.13 6.7£2.0 6.4+0.3
Beconase 158.1+2.5 155.1+2.5 0.44+0.15 0.34+0.13 NA NA
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No BDP was deposited on stages below Stage 1 of the NGI, confirming that the
aerodynamic diameter of the products is suitable for nasal purposes. For both
Rhinocort and Beconase, no statistical difference (p=0.05) was found between
the amount of BDP deposited in the glass and the modified chamber, suggesting
that the modified expansion chamber could be used routinely for aerodynamic
size fractioning and deposition studies. For the powder formulation tested,
Rhinocort, BDP was found deposited also on the first stage of the NGI. On the
contrary, no BDP reached stage 1 of the NGI when a suspension formulation,
Beconase, was used. Regarding BDP deposited on the Snapwells using the
modified chamber, for the liquid suspension formulation 40.0% of the BDP was
recovered on the 3 Snapwell inserts, while only 3.4% was recovered on the
Snapwell inserts when the dry powder formulation was used. This could be
attributed to the different shape and velocity of the aerosol plume obtained from
the two devices.

Cascade impaction does not provide information about the final particle size of
the whole formulation, but only the fraction containing the active ingredients. In
order to fully characterize the particle size distribution of the emitted
droplets/particles from the two nasal devices, laser diffraction was used.

As shown in Table 4.2, the particle size distribution of the BDP powder is larger

than the particle size of the droplets obtained with the spray device.
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Table 4.2. Summary of the particle size of Teijin Rhinocort and Beconase (n=3,
t StDev)

Rhinocort Beconase (um)

(um)

Dv10 47.7 +6.6 242+ 3.7
Dv50 93.7+29 58.5+11.1
Dv90 163.3+4.2 122.7 +24.7

%<10 ym 1.0+ 0.7 1.1+0.3

The absence of BDP on NGI Stage 1 for Beconase (despite a lower Dv50 and
the higher percentage of deposition on the Snapwell) could be explained by the
higher kinetic energy provided to the particles expelled from the liquid pump,
resulting in the spray hitting the wall of the expansion chamber without complete
aerosolization [10]. The lower energy provided by the dry powder formulation and
device allows a complete development of the plume in the expansion chamber

and the deposition of a small particle fraction in NGI Stage 1.

4.3.2 Transport Studies on Nasal Cell Model

The sum of BDP and BMP (expressed as a percentage of total drug recovered)
transported across the RPMI 2650 nasal cell model is shown in Figure 4.4.
Overall, the 15 pg/mL suspension delivered by direct addition on the surface of
the cells, showed the highest drug permeation across the cell layer, with 35% of
the drug transported after 4 hours. The Beconase aerosol suspension showed
the highest drug permeation of 10.5% after one hour, while only 3.2% of drug

was transported from the BDP dry powder formulation (Rhinocort). This may be
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because dry powder aerosols require additional time for wetting and dissolution
once in contact with the nasal mucus layer. No statistical difference (p<0.05) was
found between the two commercial formulations after 4 hours, suggesting that
dissolution was the rate-limiting step for the transport of BDP across cells. It is
envisaged that, upon deposition, the particles in both formulations start to
dissolve in the nasal mucus creating an in situ saturated BDP area leading to a

higher concentration gradient driving the diffusion process [20].

404
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Figure 4.4: Total amount (%) of BDP and BMP transported across the RPMI 2650

nasal cell model over 4 hours (n= 3, = StDev).

The amount (%) of BDP and BMP found on the surface and inside the nasal cells
is shown in Table 4.3. It was found that around 25% of the BDP remained on the
surface of the cell when BDP was delivered as a suspension, either by

conventional transport method or as an aerosol using the nasal spray. Meanwhile,
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for the dry powder formulation, only 9.4% was found to remain on the cells
surface, confirming that the dry powder particles provide a higher permeation into
the cell membrane after the deposition; this could be possibly due to a higher
local gradient during the powder dissolution. As for the values of BMP, the dry
powder formulation showed the highest percentage of BMP inside the cells, with
64% of total drug deposited, suggesting that once penetrated into the cells, the
BDP is rapidly converted into the active compound, BMP. However, no statistical
differences were found between the Beconase and the Rhinocort formulations.

The 15 pg/mL suspension showed the lowest percentage of BMP inside the cell
but the highest drug transport across the cell layers. This could be due to the
liquid-liquid interface conditions of the transport study. This approach may dilute
the mucus layer barrier present on cell surface and ultimately maximize the
paracellular permeation rate of the drug. Therefore, the new approach/ model is
believed to be more representative of the physiological conditions during nasal

drug deposition.

Table 4.3. Percentage of BDP and BMP found ‘on’ the surface and inside ‘in’
RPMI2650 cells after 4 hours from the deposition/transport studies (n=3, + StDev)

BDP BMP

ON IN ON IN

15 uyg/mL Suspension 25.4+0.7 1.4+0.2 0.720.1 34.7+2.1
Beconase, GSK 26.4+8.4 1.0£0.1 1.7+1.2 52.9+3.3

Rhinocort, Teijin 9.4+3.6 3.0+0.9 0.9+0.6 64.0£15.2
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4.4 CONCLUSION

Overall, the 3D printed modified expansion chamber for assessing nasal
formulation can be reliably used as an alternative to the standard glass chamber
when using the Next Generation Impactor.

The model has been proved to be reliable for both powder and suspension
formulations. Indeed, both Rhinocort (50 pg per capsule) and Beconase (100
uL/spray) have shown similarity in results.

Furthermore, it has been shown that there were no statistical differences between
two commercially available nasal BDP formulations, for both the total drug
permeated and the amount of active compound (BMP) recovered inside the cells
after deposition studies. However, differences were found between classical
aliquot addition based transport studies and the in vitro deposition method
described herein, highlighting the importance of choosing a more physiological
method to assess nasal formulations in vitro.

The good performances of the Teijin Rhinocort, raise the desire to further
investigate deeply powder formulations and try to improve possible issues related

to lack of solubility.
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CHAPTER 5

Poorly Soluble Drugs:

Development of a Novel Nasal Formulation

This chapter has been accepted for publication by the Drug Development and
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Soluplus® Budesonide Freeze-Dried Powder for Nasal Drug Delivery”. Authors:
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5.0 PREFACE

In the previous chapters were highlighted the advantages of powder formulations
for nasal delivery such as increased chemical stability, longer permanence in the
nasal cavity and as shown in Chapter 4 faster permeation across a cell monolayer
absorption model such as RPMI 2650. In this chapter an innovative formulation
approach is proposed to overcome one of the possible limitations of nasal
powders, i.e. lack of solubility. In detail, the objective is to increase the dissolution
properties of a poorly soluble active ingredient, through the use of amorphous
solid dispersion. Budesonide was chosen as drug model instead the previously
described BDP, as BDP has the inconvenient of being easily metabolized in BMP.
MIAT nasal sprayer was used instead of Teijin Puvlizer in order to avoid the

multiple actuations required to deliver the dose for the latter (see Chapter 2).
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5.1 ABSTRACT

The small volume of fluid present in the nasal cavity limits the absorption of poorly
soluble drug. Budesonide is a corticosteroid, practically insoluble, and normally
administered as suspension-based nasal spray.

Amorphous solid dispersions/solutions (ASD) have been proposed to increase
permeation and dissolution rate for different administration routes. The aim of this
work was to develop an ASD of a poorly soluble drug, Budesonide (BUD) with a
novel polymer Soluplus® (BASF, Germany) using a freeze-drying technique. The
formulation was assessed for its physico-chemical and aerodynamic properties
as well as transport in vitro using RPMI 2650 nasal cells, in order to elucidate the
efficacy of the Soluplus-budesonide formulation.

The freeze-dried Soluplus-budesonide formulation (LYO) showed a porous
structure with a specific surface area of 1.4334 + 0.0178 m?g. Calorimetric
analysis confirmed an interaction between budesonide and Soluplus and X-ray
powder diffraction the amorphous status of the drug. The freeze-dried formulation
(LYO) showed faster release compared to both water-based suspension and dry
powder commercial products. Furthermore, a LYO formulation, bulked with
calcium carbonate (LYO-Ca), showed suitable aerodynamic characteristics for
nasal drug delivery. The permeation across RPMI 2650 nasal cell model was

higher compare to a commercial water-based BUD suspension.
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6.1 GENERAL CONCLUSION

The main aim of this work was to develop and validate a new in vitro apparatus
as a preclinical tool for the evaluation of nasal products. This apparatus
comprised of the RPMI 2650 nasal cell line as a biological model of nasal mucosa,
grown as ALl, included in a 3D printed modification of the FDA approved
expansion chamber for testing aerosol performances by cascade impaction

(analytical model).

In Chapter 1, a general introduction of the nose and the advantages and limitation
of nasal drug delivery is proposed. A brief overview of the various nasal products,
with a focus on liquid and powder dosage forms, leads to the description of the
test required by authorities to develop a product. Subsequently, a summary of
tools developed in the literature the study the formulation deposition in the nasal

cavity and biological model to study drug absorption is proposed.

Chapter 2 offered a brief overview of powder formulations for nasal drug
administration, highlighting features of marketed products and strategies to
improve these formulations. The full analytical characterization of Teijin Rhinocort,
one of the few marketed nasal powder products, showed the robustness of its
intranasal powder delivery systems. In fact, Rhinocort was found to be quite
consistent in its performance despite the high number of repeated actuations
required to deliver one dose. On the other hand, it was highlighted the need for a
new approach able to bring to an upper level the characterization and

development of nasal products.
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The use of RPMI 2650 cells as a model for drug transport studies is relatively
novel. This thesis has demonstrated for the first time the ability of RPMI 2650
cells to produce mucus and express xenobiotic transporters under ALI conditions
and thus highlighting the importance of creating a model with characteristics
closer to the human nasal mucosa for drug absorption studies. Furthermore, the
values obtained for the permeation of paracellular marker and TEER are
comparable to the ones reported in literature for excided human nasal mucosa.
Even the expression of a number of cell transporters was showed to be
comparable to that of freshly brushed human nasal cells.

All this evidences strengthen even more RPMI 2650 as powerful in vitro tool to

study drug permeation across the nasal mucosa.

A modified expansion chamber able to accommodate cell culture inserts has
been proved to be a valid alternative to the FDA proposed glass expansion
chamber for cascade impactor studies on nasal products (Chapter 3). This
modified chamber was intentionally designed to be geometrically identical to the
FDA one. ABS was chosen as plastic material because offered the same
performances compared to glass. The holes to allocate the Snapwell were
positioned directly opposite to the inlet in order to maximize the deposition of
nasal products on cells. Furthermore, the ability to deposit drug aerosol on the
blank cell inserts opens up opportunities to study drug dissolution more in detail.
Even though the modified chamber could be used as a powerful tool to develop
a new formulation, due to its simple design, it cannot be used the predict the site
of deposition in the nasal cavity. Therefore, it will not be able to discriminate

products for “special targeting” such as the nose to brain delivery.
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From the results obtained during the comparison between the classical transport
studies and the proposed model of deposition/transport thorough a cell
monolayer it is clear that the innovative model undoubtedly offers some
advantages such as the maintenance of the ALI cell model conditions. Indeed,
this is clearly lacking during classical transport studies when the cells are covered
with a large volume of fluid containing drug (Chapter 4). Furthermore, the
proposed model offers a better representation of the in vivo process, where

aerosolized particles interact with the mucosa and not a large volume of fluid.

In Chapter 4, the effect of formulation type on nasal drug absorption has been
investigated. Whilst suspension formulations are more commonly available than
powder products for nasal drug delivery, powder formulations have some known
advantages. These include increased chemical stability and longer residence
time in the nasal cavity. Results have showed that powder formulations have the
ability to permeate faster across the RPMI 2650 nasal ALI model. This could be
explained through the higher concentration gradient generated when a powder
particle hit the nasal mucosa surface. This is beneficial as it will allow for better

drug delivery and potentially increased bioavailability and reduced side effects.

A limitation of the delivery of power to the nose is represented by the small
volume of fluid present in the nasal cavity that may delay the dissolution of the
powder formation. In Chapter 5, a new formulation based on amorphous solid
dispersion was proposed (Chapter 5). This formulation was obtained through

freeze-drying of budesonide (poorly soluble drug) with an amphiphilic polymer
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(Soluplus®). This combination showed increased dissolution properties in a
Franz’s diffusion cell and permeation across the proposed RPMI 2650 cell model
of nasal mucosa. This formulation platform opens up opportunities to formulate
and increase dissolution profiles of other nasally administered poorly soluble

drugs.

Corticosteroids, such as Budesonide and Beclomethasone dipropionate, were
used throughout the thesis for various reasons. Firstly, corticosteroids are
available as a commercial product in various formulation types such as water-
based suspensions, dry powder inhaler, and pressurized metered dose inhaled.
Therefore, they are the best option to validate the different in-vitro testing tools
developed in this thesis. Secondly, considered the fact that they are supposed to
have a local effect on the nasal mucosa and epithelial cell might be their major
cellular target; drugs, in order to be effective, need to dissolve and penetrate
through the mucus layer, then be absorbed by the epithelial cell layer and
possibly permeate in the lowers layer of the mucosa. Consequently, the use of
corticosteroids to test RPMI 2650 nasal cell model is still meaningful due to the
presence of mucus in the model and to the fact, the epithelial cells are not the
only target of this drug class. Lastly, the delivery of corticosteroids and in general
of poorly soluble drugs is challenging, therefore it opens up opportunities to
develop new a type of formulation approaches and platforms that could be used

for different type of drugs in the future.

The current market of nasal product and formulation is really simplistic.
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The majority of the nasal products present on the market nowadays are for local
use. The regulation of the manufacturing of these products is based on the FDA
and EMEA guidelines which require a simple analytical test to guarantee the
performances. Under this regulations, product cannot be really ranked.

Indeed, these products are mostly based on traditional water-based pumps; with
the exception of a couple of products, to whom some particular technology has
been applied to the formulation in order to gain some advantages such as

prolonged residence in the nasal cavity.

Overall, the research work presented has addressed some of the limitations still
existing for nasal product characterization. First of all, RPMI 2650 cells cultivated
in Air-Liquid Interface condition have been optimized and validated as a model of
the human nasal mucosa suitable for drug permeation studies. Furthermore, a
3D printed apparatus able to include cell culture inserts was developed to test at
the same time formulation deposition and permeation and has been shown to be
more representative of real nasal product administration compared to
conventional methods. Finally, the advantages of powder formulation and
strategies to overcome the downsides have unfold opportunities for future

developments in this area.
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6.2 FUTURE DIRECTIONS

Whilst the work presented in this thesis has expanded the current knowledge on
nasal drug delivery through the development of a nasal cell culture model, a novel
in vitro deposition model and the investigation of different formulations, further
studies should be focused to investigate:

e Develop further the RPMI 2650 ALl model to mimic a diseased state such
as rhinitis; to evaluate the production of inflammatory mediators and
increased mucus production.

¢ Investigate a co-culture of RPMI2650 with neuronal cells in order to model
specific regions of the nasal cavity such as the olfactory epithelium.

¢ Incorporate the RPMI 2650 ALI model into an anatomical nasal cast to
improve the relevance of aerosol deposition experiments. This will help to
better mimic the in vivo process of drug administration.

e Apply Soluplus® amorphous solid dispersion platform formulation to
various type of drugs (soluble and not soluble) and compare them with
conventional solution and suspensions formulations in order to gain better

knowledge of mechanisms behind nasal drug absorption.
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1. Introduction

Over recent decades, interest in the nose as an alternative site
for drug administration has increased steadily [1]. The nose is
attractive for drug delivery because the highly vascularized
mucosa with low enzymatic activity potentiates peptide perme-
ation and rapid, high concentration drug absorption that avoids
first pass metabolism |2-6]. However, there are a number of limi-
tations and challenges associated with nasal drug delivery. Normal
mucociliary clearance would clear the nasal cavity of liquid formu-
lations within 45 min. The nasal cavity, even in health, is a small
volume and geometrically complex space, rendered smaller by
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mucosal inflammation. Finally, the small volume of the cavity
and the relatively low volume of fluid available for drug dissolution
limit the doses that can be administered |[7-10],

Together, these aspects highlight the specificity of this adminis-
tration route and the need for further research into the develop-
ment of new nasal formulations that are able to overcome the
challenges related to efficient administration. In particular, there
is an increasing need for reliable preclinical tools to screen new
products and formulations intended for nasal delivery that can pre-
dict deposition and permeation through the mucosa and transport
across the epithelium.

Different in vitro models have been proposed to investigate the
depaosition of nasal products. One approach is the use of transpar-
ent silicone anatomical casts such as one originated from a Japa-
nese male cadaver Koken (Koken LM-005, Bunkyo-ku Tokyo,
Japan). However, this as well as other casts, appears to have some
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limitations related to the fact that the Food and Drug Administra-
tion (FDA) do not regulate the deposition experiments, each cast is
not representative of the anatomical variability of different nasal
cavities and its polymeric surface is far from representative of
the mucosal surface present in the nose.

Another approach is to use Pharmacopoeia impactors, which
have been used to predict aerodynamic particle size distributions
and thus deposition profiles of aerosolized particles/droplets in
the lower respiratory tract [11]. Specifically, for nasal drug deliv-
ery, the FDA guidance for industry on “Bioavailability and Bioe-
quivalence Studies for Nasal Aerosols and Nasal Sprays for Local
Action” suggests to determine parricles/droplets size distribution
using a cascade impactor (C1) [ 12]. In particular, the guideline sug-
gests the use of an induction port, i.e. a glass expansion chamber
(EC), to be connected to a cascade impactor in order to maximize
drug deposition below the top stages of the C1 [11-13]. This allows
a better discrimination of particles with aerodynamic diameters
smaller than 10 pm that could be inhaled and therefore not suit-
able for the nasal deposition,

While impactors and casts are important tools to determine
deposition on the different areas of the respiratory tract, they don't
offer any information related to either drug dissolution or perme-
ation through the mucosa in the nasal cavity. Recently, various
approaches that integrate lower airway epithelia cell cultures into
compendia-based impactors have been proposed and used to study
the deposition and permeation of particles emitted by dry powder
inhalers and pressurized metered dose inhalers [14-16]. To our
knowledge, nothing similar has been proposed for nasal products
as yet,

Among the in vitro cell lines available commercially, RPMI 2650
is the only immortalized human nasal cell line. It has been studied
as a drug permeation tool by different researchers [2,17-22]. Ini-
tially, it was reported that this cell line was unsuitable for perme-
ation studies because it was not able to form a confluent layer in
conventional culture conditions [17]. However, Bai and collabora-
tors and, two years later, Wengst and Reichl, started to further
investigate culture condition for this cell line and to characterize
some of the culture features using transepithelial electrical resis-
tance measurements (TEER), permeation of paracellular markers
and tight junctions’ protein expression. The key findings of these
studies were that the change from the conventional Liquid Cover
Culture (LCC) to an Air Liquid Interface cultures (ALl), where the
upper surface of the cells was exposed to air, was able to induce
cell differentiation leading to the formation of cell layers suitable
for permeartion experiments | 18,19]. A few years later, Reichl and
colleagues tried to optimize culturing conditions using different
cell growth media and different types of cell-culture insert mem-
brane; the main studies were based on TEER observation and para-
cellular marker permeation. A pronounced dependence of TEER on
medium and membrane material was observed; with the best cul-
ture condition being achieved when using polyethylene terephtha-
late (PET) 3 pm porosity Transwell™ inserts, using Minimum
Essential Medium (MEM) supplemented with 10% of fetal bovine
serum with cells cultivated using the ALl condition [21].

Based on these previous findings, the aim of the present study
was to incorporate RPMI 2650 nasal cell epithelia, grown under
ALl conditions into a modified expansion chamber connected to a
cascade impactor. This approach, will allow the study of real nasal
aerosols products, their deposition and permeation after nasal
device actuation. In order to develop this new impactor/deposition
apparatus, larger Snapwell™ cell culture inserts detachable from its
plastic frame that can be accommodated into the 3D apparatus
without altering the aerosol performances of the impactor have
been selected [14]. Firstly, the optimization of the RPMI 2650 cell
line culture conditions on Snapwell inserts as nasal drug perme-
ation model, specifically focusing on parameters that characterize

the barrier properties of the model, i.e, TEER measurement, para-
cellular marker permeation, tight junction localization and mucus
production, was investigated. To further validate the model, a thor-
ough analysis of the xenobiotic transporter expression in compar-
ison with that of freshly brushed human nasal cells was carried
out.

Then, RFMI 2650 grown in ALl conditions on Snapwell inserts
was accommodated into a custom-built 3D printed modified
expansion chamber in order to study nasal product deposition
and permeation after device actuation. This new apparatus was
validated against the original glass expansion chamber, recom-
mended in the FDA guidelines, in terms of drug deposition on
the Cl stages and was tested in terms of drug deposition and per-
meation through the RPMI 2650 nasal cell model, using a commer-
cially available budesonide nasal spray.

There is a clear need for a reliable preclinical model to test new
products and formulations intended for nasal delivery that can pre-
dict drug deposition, permeation and transport across the
epithelium.

2. Materials and methods
2.1. Materials

Minimum essential medium added with phenol red {MEM),
non-essential amino acids solution (100x), fetal bovine serum
(FBS), i-glutamine (200 mM), Hank’s balanced salt solution (HBSS),
TrypLE Express, bovine serum albumin {(BSA) and phosphate buf-
fered saline (PBS) was purchased from Gibco, Invitrogen (Sydney,
NSW, Australia), Snapwell™ cell culture inserts (1,13 cm? polyester,
0.4 pum pore size) and black 96-well black plates were supplied by
Corning Costar (Lowell, MA, USA). All other culture plastics were
from Sarstedt (Adelaide, SA, Australia). Trypan blue solution
(0.4%, wiv), paraformaldehyde and dimethyl sulfoxide (DMSO)
were obtained from Sigma-Aldrich (Sydney, NSW, Australia).
Fluorescein-sodium (Flu-Na) was purchased from May & Baker
Ltd. (Dagenham, England ). Alcian blue 1% (pH 2.5} in 3% acetic acid
was purchased from Fronine laboratory (Sydney, NSW, Australia).
NucleaSpin® RNA extraction kit was kindly provided by Scientifix
(Cheltenham, VIC, Australia), a custom TagMan™ Array-96 well
plate and all buffers were purchased by Applied Biosystem (Ther-
moFisher Scientific, Scoresby, VIC, Australia). Rhinocort nasal spray
(AstraZeneca, North Ryde, NSW, Australia) was purchased at a local
pharmacy. All chemicals and reagents were of the highest analyti-
cal grade.

2.2, Cell culture nasal cell line

The cell line RPMI 2650 (CCL-30) was purchased from the Amer-
ican Type Cell Culture Collection (ATCC, Manassas, VA, USA). Cells
between passage 16-30 were grown in 75 em? flasks in complete
Minimum Essential Medium (MEM) containing 10% (v/v) fetal
bovine serum, 1% (v/v) non-essential amino acid solution and
2mM t-glutamine and maintained in a humidified atmosphere of
95% air 5% CO; at 37 °C. Cells were propagated and sub-cultured
according to ATCC protocol. The cell culture inserts were coated
with 250 pl of 1 pg/ml collagen solution in PBS (rat collagen type
1 in PBS, BD Biosciences, Australia) and left overnight to increase
the adherence of cells to the membrane [ 18], In order to establish
the ALl model, 200 ul of cell suspension was seeded onto the colla-
gen coated Snapwell inserts at three different seeding concentra-
tions: 1.25, 2.5, and 5.0 = 10° cellsfml (equivalent to 221, 442,
885 = 107 cells/em?), The media on the apical compartment were
removed after 24 h post-seeding. Media in the basolateral chamber
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were replaced 3 times per week. Cell layers were allowed to grow
and differentiate under ALl conditions up to 21 days.

2.3. Transepithelial electrical resistance measurements

Transepithelial electrical resistance was recorded with EVOM2™
epithelial voltohmmeter (World Precision Instruments, Sarasota,
FL, USA) every 2-3 days from day one. Briefly, pre-warmed media
were added to the apical chamber and allowed to equilibrate for at
least 30 min in a cell culture incubator [ humidified air with 5% CO»
at 37 °C). Blank filter values were subtracted and TEER values were
calculated normalizing the resistance values with the Snapwell
inserts area (1.13 cm?).

2.4, Sodium fluorescein permeation experiments

Sodium  Fluorescein, a paracellular marker (Flu-Na, MW
367 Da), was used to evaluate barrier formation and tight junction
functionality in the ALl culture. Three time points were chosen to
conduct the experiments (1, 2, and 3 weeks) and at each time
point, three Snapwell inserts were washed twice with warm HBSS
before each experiment. 250 pl of 2.5 mg/ml Flu-Na solution was
added to the apical chamber (donor) and 1.5 ml of pre-warmed
HESS into the basolateral chamber (acceptor). At pre-determined
time points, 200 pl of solution is sampled from the acceptor cham-
ber every 30 min over 4 h and equal volume of fresh HBESS was
added for replacement.

Samples were collected into a black 96-well plates and fluores-
cence of Flu-Na was measured with a SpectraMax M2 plate reader
(Molecular Devices, Sunnyvale, CA, USA), using excitation and
emission wavelengths of 485 nm and 535 nm, respectively. The
calibration coefficient of determination was 0.999, with standards
prepared between 1.25 and 0.0125 pg/mi.

Samples were analyzed and the permeation coefficient (Pap,)
was calculated according to Eqg. (1)
Py = 2

PG CarA
where dQ/dt is the flux (pg/s) of the Flu-Na across the barrier, Gy is

the initial donor concentration (pg/ml) and A is the surface area
(em?).

(1}

2.5, Evaluarion of mucus praduction

To assess the ability of the cell line RPMI 2650 to produce
mucus when cultured at the ALl configuration, Alcian Blue was
used according to a previously established method (23], Mucus
production of the ALl model was assessed at different time points
(1, 7, 14, 21 days) for three seeding densities (125, 2.5, and
5.0 = 10% cells/ml), respectively. On the day of the experiment, cell
layers were washed twice with 300 pl of pre-warmed PBS and
fixed using 4% (w/v) paraformaldehyde for 20 min. After the fixing
agent was washed with PBS, the surface of the cells was stained
with Alcian Blue. Excess staining was washed with PBS and inserts
were allowed to air-dry for approximately three hours, The mem-
brane was cut from the insert and mounted onto the glass slide
with Entellan™ mounting medium {ProSciTech, Thuringowa, QLD,
Australia) and sealed, Subsequently, images were taken using an
Olympus BX60 (Olympus, Hamburg, Germany) microscope
equipped with an Olympus DP71 camera. Three images were taken
per well, with all conditions performed in triplicate. Images were
analyzed using Image ] software { NIH, Bethesda, MD, USA) and val-
ues of RGB (Red Green Blue) were measured for each image [24].
The ratio of blue (RGBb ratio) was calculated by dividing the mean
RGBb by the sum of the RGB values for each image (RGBr + RGBg +
RGBb) [23].

2.6. Immunocytochemistry experiment

In order to visualize the tight junction proteins on RPMI 2650
cells, Z0-1 (zone occluding 1) and E-cadherin immunocytochem-
istry was performed. RPMI 2650 cells grown on Snapwell inserts
for 14 days under ALl condition were used for immunocytochem-
istry. The cells were washed 3 times for 30 min with PBS to
decrease the amount of mucus on the cell layers and improve visu-
alization. Then, the cells were fixed with 4% paraformaldehyde
solution for 10 min, Afterward, the cells were incubated for
10 min in PBS containing 50 mM NH.CI, followed by 8 min with
0.1% (w/v) Triton X-100 in PBS for permeabilization of the cell
membrane.

Cells were then incubated for 60 min with primary antibodies,
ie. 200 pl of E-cadherin (H-108) rabbit polyclonal IgG (1:100,
Santa Cruz Biotechnology, Dallas, TX, USA) and Z0-1 (D7D12]) rab-
bit monoclonal IgG (1:1000, Cell Signaling Technology, Danvers,
MA, USA). Alterward, cell monolayers were rinsed three times with
PBS containing B5A 2%, before 30 min incubation with 200 pl of a
1:500 dilution in PBS containing 2% BSA of a goat anti-Rabbit 1gG
secondary antibody labeled with Alexa Fluor™ 488 (Life Technolo-
gies, Waltham, MA, USA). 4'6-diamidino-2-phenylindole (DAPI,
1 pg/ml in PBS) was used to counterstain cell nuclei, After 30 min
of incubation, the specimens were again rinsed three times with
PBS containing 2% BSA and embedded in Entellan™ new mounting
medium (Merl-Millipore, Darmstadt, Germany). Images were
obtained using a confocal laser-scanning microscope (Nikon Al,
Nikon Instruments Inc, Melville, NY, USA), using a laser at
438 nm and 60= objective.

2.7, Expression of xenobiotic transporters

2.7.1. RPMI 2650 ceil culture and sample collection of primary nasal
cell

RPMI 2650 cells were cultured for 14 days on Snapwell porous
membranes under ALl conditions at a density of 2.5 = 10° cells/mL
To obtain primary nasal cells, bilateral nasal mucosal brushing was
performed using a disposable cytology brush (Model BC-202D-
2010, Olympus Australia Pry. Ltd, Notting Hill, VIC, Australia} on
human subjects to collect nasal epithelium as described previously
[25-28]. Samples were pooled together from eight healthy volun-
teers between ages 20 and 40, with two groups of four people
per gender. Samples were washed and centrifuged twice with
PBS solution and left in ~80°C freezer overnight prior to RNA
extraction,

2.7.2, RNA isolation, target synthesis, microairay dara analysis

In order to analyze the protein transporter expression in the cell
samples, RNA was isolated and purified using the NucleoSpin™ RNA
kit (Macherey-Nagel, Diren, Germany). The RNA samples were
treated with RNase-free DNase sets and dissolved in RNase-free
water. Concentration and purity were determined by spectropho-
tometry (NanoDrop 2000, ThermoFischer Scientific, Scoreshy, VIC,
Australial. TagMan™ Array Plates (Life Technologies, Sydney,
NSW, Australia) was used to perform RT-qPCR assays. The array,
ad hoc designed, enabled the assessment of 46 human drug trans-
porter genes, including 13 ATP-binding cassette transporters, 23
solute carrier transporters, and 10 solute carrier organic anion
transporters (see Table 1 for a list of all genes and proteins). Rev-
erse trapscription was carried out using a standardized internal
protocol, Briefly, to 5 pl of RNA was added a mixture of general pri-
mer and deoxynucleotide (ANTP, 1:1) and 5 pl of PCR grade water;
the mixture was heat at 65 °C for 5 min and quickly cooled in ice.
Subsequently, 4 pl of first strand buffer, 2 pl of 0.1 M selution of
DTT (Dithiothreitol ) and 1 pl of ribonuclease inhibitor were added;
the solution was incubated at 37 °C for 2 min and 1 pl of M-MLV
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Table 1

List of drug transporters evaluated and their gene expression [ACq) in RPMI 2650
cultivated on Snapwells at 2,50 = 10° cell{mi, PNC: human primary nasal cells from
brushing (average between male and female). Scale from not expressed (red) to
highly expressed (dark green)

]hwm Gena  RFMI Classific
Nams Proteln Description code 2650 ation
ABC
Pgp P-glycopratein B1
ABC
BEER Bila Sait Expart Pump B11
ABC
MO Multidrug resistance protein B4
Multidrug  resistance-associatad  ABC
MRPY | peotun 3 D1
Multicriy resistance-associsted ABC
MRPT jprotein T cio
Multidrug  resistance-assoclated ABC
MRPE jprotein B c11
Multicrug resistance-sssocisted  ABC
MRPE protein 9 ciz
Multidrug resistance-associated  ABC
MRP2 protein 2 2
Multidrug  rosilanes-associated  ABC
MRP3 _ protein 3 £3
Multidrug  resistance-associated ABC
MRP4 profein 4 c4
Multidrug  resistance-assoclated  ABC
Multidrug resistance-sssocisted ABC
MRPE jproein 6 ch
ABC
BCRP braast cancer resistance prateln G2
Sodium-aurecholate 5LCY
NTCP cotransparting polypeplide a1
SLCY
PEPTY  Poptide transporter 4 sA1
5LCY
PEPTZ _ Peptide transporter 2 _5AZ
SLer
MET1 Monocarboxylate transporter 1 BAT

MCTZ  Manocarbexylate transporter 2 &
Renal type | sodiumiphosphate SLCT

NalPi1 transporter Tad
5LC2

(BETH)  Organic cation transporter 1 281
Organic anioniurate Transporter SLCT
URATT 1 212
SLC2
(0CT2)  Organio cation transporter :Aéa

L

(DCT3)  Organic cation iransporier 3 A3
‘Organic cation transporter, novel  SLC2

ocTRY 1 M
Drganic cation transpartar, noval  SLED

ocTM2 2 2A5

oaTt Organic anion transporer 1
OaATZ ‘Organic anlon transporter 2

sLCE
0AT3 Organic anion transporter 3 I0E
Anti-Concentrative  Nucleoside SLC2
CHTY Transporter 1 aa1
Antl-Concertrative  Nuchoside SLC2
CNT2  Transparter 2 BAZ
Anti-Concentrative  Nucheoside SLC2
CNT3 Transparter 3 A3
Equilibrative nuckeosids  SLC2
ENTY transportar 4 a1
Equilibrative nAucleoside SLCZ
ENTZ transporter 2 an2
Equilibrative nuckeoside  SLC2
ENT3 transporter 3 . A3
Equilibrative Aucleoside SLCI
ENT4 transporter 4 _Baa
Organic ~ Solte  Transporior, SLCH
08Ta Alpha 14 | E
Sodiim- and chioride-gependant
mauteal and Basic amino acid SLOG
ATB{D4)  transporter Bi0s) At
Organic  anion  transporter SLC
OATP-A  polypeptide A o1A2
Organic  anfon  transporier SLC
OATP-C __ poiypeptide C 0181
Organic transporier SLC
OATP.0  polypeptide 8 163
Organia  ankon  transporier SLC
OATP-F  polypaptide F o1c1
SLC
PGT Prostagiandin Transporter 0za1
Organic 5L
OATP.-B  polypoptide B o1
ganic  anion  Transporisr SLC
OATP-D_ polypeptide D o L DRAL
rganic  anion sporter SLC i
OATP-E  polypeptide E a4a1
Organic  @nion  transperier SLC
(OATP-H  polypeptide H o4ct
Organic  anfon  transporier SLC
OATP-J  polypeptide J 081

(Moloney Murine Leukemia Virus) reverse transcriptase was
added. The mixture was incubated firstly at 25 °C for 10 min and
then at 37 °C for 50 min; in order to stop the reaction the temper-
ature was raised to 70 °C for 15 min, The cDNA for all the samples
was uniformly diluted to 20 ng/pl and mixed with TagMan™ mas-
termix. Thermal-cycling conditions were set to manufacturer spec-
ifications, with 20 pl of mixture (sample and mastermix 1:1) was
added to each well. The plates were analyzed using the StepOne-
Plus™ Real-Time PCR System (Applied biosystem, ThermoFisher
Scientific, Scoresby, VIC, Australia) for a total of 40 cycles. Data
analysis was performed using the ACq method, where the ACq
value is normalized to the 185 ribosomal RNA (185 rRNA) used
as a reference gene. Ribosomal RNA. the central component of
the ribosome is an abundant and one of the most conserved genes
in all cells. Recently, 185 rRNA has been indicated as the most suit-
able reference gene for RT-gPCR normalization of data from pri-
mary human bronchial epithelial cells [29].

2.8. Development and validation of aerosol nasal deposition apparatus

2.8.1, Development of the modified expansion chamber

Rapid prototyping with 3D printing technique was used to man-
ufacture the custom-made modified expansion chamber (MC)
(Fig. 1). The MC was designed to accommodate up to 3 Snapwell
cell culture inserts, using CAD software (Catia 3D, 3DS, Boston,
MA, USA). The modified expansion chamber was designed based
on the 2 L glass expansion chamber (EC) as suggested in the FDA
guidance for nasal products | 12]. The MC comprises of two inter-
locking hemispheres: the lower part presents the connection to
the cascade impactors (through a connection adaptor), and an inlet
hole for nasal devices at 30° from the axis. The upper half is
designed to allow the incorporation of three Snapwell cell culture
inserts, located opposite to the inlet hole (Fig. 1).

Acrylonitrile butadiene styrene (ABS) was used as printing
material using a commercial 3D printer (Dimension Elite, Stra-
taSys, Eden Prairie, MN, USA), at layer thickness of 178 pm. Due
to the intrinsic porosity of the printed material, the internal and
external surfaces were chemically treated with small guantities
of acetone to seal internal surfaces; the absence of leakage was
successfully tested with different mixtures of water and methanol.

2.8.2. Validation of the impactor deposition performances: Standard
vs. modified expansion chamber

Rhinocort, a commercial available nasal spray for the treatment
of rhinitis (AstraZeneca, North Ryde, NSW, Australia), containing a
suspension of budesonide (32 pg/spray) as active ingredient, was
used to validate the modified chamber, Aerodynamic particle size

Upper Hemisphere

Snapwell Cell
Insert Housing:

Interiocking!
System

Cascade
imaactae
Connaction

Lower Hemisphere

Fig. 1. 30 drawing of the modified expansion chamber.
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Fig. 2. Brinsh Pharmacopoeia Apparatus E equipped with FDA glass expansion chamber [A) and modified expansion chamber (B},

distributions were evaluated using a British Pharmacopoeia Appa-
ratus E — Next Generation Impactor (Westech W7; Westech Scien-
tific Instruments, Upper Stondon, UK) (Fig. 2). Analyses were
performed in triplicate with either the glass expansion chamber
or the modified chamber fitted with Snapwell inserts. The device
was primed to waste and for each analysis, three actuations were
fired. Briefly, the impactor was connected to a rotary pump (Wes-
tech Scientific Instruments, Upper Stondon, UK) at a flow rate of
15 L/min using a calibrated flow meter (Model 4040, TSI Precision
Measurement Instruments, Aachen, Germany). Each impactor
stage was washed with a solution 80:20 (% v/v) methanol/water
and samples were analyzed by high performance liquid chro-
matography [HPLC) using a validated method |30,

2.8.3. Validarion of the cell layer integrity in the modified chamber

RPMI 2650 were cultivated on Snapwells at the optimized seed-
ing condition. At day 14, three cell inserts were washed with pre-
warmed HBSS, and placed into the modified expansion chamber.
An HBSS solution into a VP3 Aptar nasal pump ( Aprar, Le Vaudreuil,
France) was used as blank to simulate the deposition process into
the modified chamber. After 6 actuations of the buffer blank solu-
tion, with the same deposition method previously described, the
inserts were transferred into a cell culture plate. Flu-Na perme-
ation studies were performed as mentioned above in order to con-
firm the integrity of the cell layers after aerosol deposition. The
P.pp was compared with untreated control cells.

2.9, Deposition and transport of a commercial budesonide nasal spray
on optimized RPMI 2650 cell model using the modified expansion
chamber

RPMI 2650 cells were used after 14 days from seeding on Snap-
wells (2.5 = 10% cells/ml). Three cell inserts were washed with pre-
warmed HBSS buffer and fitted into the upper hemisphere of the
modified expansion chamber., The aerosol deposition of budes-
onide on the cell surface from the Rhinocort device (AstraZeneca,
North Ryde, NSW, Australia) was obtained according to the method
described above, with a total dose of 96 pg of budesonide (3
sprays) was delivered into the chamber, The cell inserts were then
removed from the modified chamber and transferred to a 6-well
plate containing L5 ml of fresh pre-warmed HBBS. Samples of
200wl were collected from the basal chamber every hour and
replaced with the same volume of fresh buffer. After four hours,
the apical surface of the epithelia was washed twice in order to col-
lect any remaining drug, Subsequently, cells were scraped from the
insert membrane and lysed with CelLytic™ buffer (Invitrogen, Syd-
ney, NSW, Australia) in order to quantify the amount of budes-
onide inside the cells by HPLC. TEER measurements were
performed prior and after the deposition in order to confirm that
the integrity of the cell layer was maintained.

2.10. Analytical quantification of budesonide

The amount of budesonide in each sample was determined
using an HPLC system equipped with a SPD-20A UV-vis detector
(Shimadzu, Tokyo, Japan) according to a validated method reported
in the literature |30, Briefly, a Luna C18 column (150 = 4.6 mm,
3 um, Phenomenex, Lane Cove, NSW, Australia) was used with a
maobile phase methanol/water 80:20% vjv. The flow rate was set
at 1 ml/min and budesonide was detected at »=240nm. The
retention time of budesonide was around 5 min. Standards were
prepared in the mobile phase, and 100 pl injections were used, Lin-
earity was confirmed between 0.1 pgfml and 50 pg/ml [30].

2.11. Statistics

Unless differently stated, data represent the mean £ standard
deviation of at least three independent experiments, r-Test was
used to compare data, with differences considered significant for
p < 0.05.

3. Result and discussion
3.1. Trunsepithelial electrical resistance {TEER) measurements

Transepithelial electrical resistance can be used as an indicator
of the development and integrity of the epithelial barrier. Various
studies have tried to optimize and standardize the culture condi-
tions of RPMI 2650 [21.22], However, the effects of seeding density
on RPMI 2650 cultured in the ALl conditions on this Snapwell
insert with a larger surface area has not been previously evaluated.
The Snapwell inserts offer a more flexible membrane compared to
the more common 0.33 em? Transwell inserts due to their larger
surface area and different support structure,

The progressive formation of the tight junction barrier by cul-
tured RPMI 2650 cells seeded onto Snapwell inserts with respect
to time is shown in Fig. 3. The TEER for the three different seeding
densities steadily increases with time until day 14, starting from
values around 20€cm® and reaching a plateau between
115 Q2 cm? (5 = 10° cells/ml seeding) and 150 (1.25 = 10° cell/ml
seeding) up to day 17 when the TEER starts to decrease, Data indi-
cate that at least 14 days are required for the cell to reach a tight
confluent layer with the highest TEER barrier when cultured in
the ALI conditions. After 17 days, a decrease in the TEER values is
observed, suggesting that the cells either start to die or lose their
tight junction integrity a few days after full maturation. This trend
is similar to previously published data |21]. Regarding the three
different seeding levels, no statistical differences were found at
days 14 and 17, reaching values around 80-150 £2cm’, Therefore,
values above 90£2cm® were considered sufficient to perform
experiments,

We report a clear correlation with the range of TEER values
reported for human nasal mucosa. Our results are very similar to
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Fig. 3. TEER of three different seeding denssties of RPMI 2650 cells cultured in the
ALl conditions over time [n=3; £5iDev),

those reported previously [18.21.31). In particular, TEER values
from excised human mucosa obtained from turbinectomy surg-
eries and used within an hour from the extraction, showed TEER
values around 90-180 Q em?®. Therefore, these data support the
use of ALl cultured RMPI 2650 as a representative model of the
nasal mucosa.

3.2. Sodium fluorescein permeation experiments

The relatively high variability in TEER values reported in the lit-
erature for RPMI 2650 cells suggests that this measurement is
affected by many factors related to the technigue (interfintra lab-
oratory); therefore, other parameters have to be considered when
trying to establish a model for drug deposition and transport. Thus,
permeation studies of Flu-Na were performed in order to confirm
and support the TEER measurements. Sodium fluorescein, due to
its hydrophilic characteristic, is used as a paracellular permeation
marker. The transport of Flu-Na across RPMI 2650 cell layer was
evaluated over a period of 4 h (Table 2). In order to confirm that,
the Snapwell insert membrane was not the rate-limiting step of
the permeation process, and permeability of Flu-Na through the
Snapwells membrane alone was also tested and showed a signifi-
cantly higher value {1.38 = 1077 cmfs).

As shown in Table 2, no statistical difference was observed
between the Py, values of the three different seeding densities
after a week of culture, suggesting that seven days in ALl condi-
tions are not sufficient to have a tight confluent cell layer. After
14 days of culture, the Py, values significantly decreased, when
compared to the values of weel 1, supporting the findings of the

Table 2

Py values (=10 " em(s) of Flu-Na across RPMI 2650 cultured in AL conditions for
three different seeding densities (n =30 25tDev} compared to values ohtained for
excised human nasal mucosa.

Flu-Na Py, values { = 10° cmjs]

Seeding 125 250 5.00 Human nasal

density (10" cells/ml} [ =10% cells/ml) |« 10% cells/ml) mucosa

Freshly - - - 3124199 (18]
excised

Week 1 5324037 5214027 547 £ 049

Week 2 367+0.21 2,68 £ DGO 295+0.17

Week 3 347 £0.20 3552030 269+£018

TEER experiments. It was also found that the intermediate seeding
density reaches the lowest value of 2.68 £0.60 x 10 % cm/s after
two weeks in culture. On the other hand, the lowest seeding den-
sity (1.25 = 10° cellsiml) shows higher permeability compared to
the other two, suggesting that the amount of cell may not sufficient
to guarantee enough barrier properties. No significant differences
between the Papp values for the two higher seeding densities were
observed. After three weeks in culture, no significant difference in
the Flu-Na permeability was found for any of the seeding densities,
suggesting two weeks in culture are enough to reach a mature
model with confluent cells for RPMI 2650,

Different research groups have tried to characterize the paracel-
lular permeability of RPMI 2650 grown in ALl conditions: Bai et al.
obtained values of 5.07 » 10°% using mannitol as marker [19];
Wengst and Reichl, using Flu-Na, on cells grown on Transwell™
polycarbonate membrane, presented values of 6.08 = 10 % emys
[18]; and Reichl obtained lower values of 1.91 = 10" cm/s using
Thincert® inserts with polyethylene terephthalate membranes,
confirming that the supporting material may affect the adhesion
and the layer/barrier formation of RPMI 2650 cell line [1821].
Mare recently, Kreft reported Py, values of 5.08 = 107 cm/s using
dextran conjugated to fluorescein isothiocyanate (MW 10,000), an
extremely low value that is related to the higher molecular weight
of the molecule used for the investigation [20],

3.3. Evaluation of mucus production

Mucus plays an important role in protecting the nasal epithe-
lium. Furthermore, this mucus is the first barrier that any drug
administered into the nose has to overcome in order to be
absorbed; it has a key role also in the dissolution process of drug
that will allow subsequent permeation [32]. Thus, an appropriate
model of the nasal epithelium requires mucus of specific depth,
biochemistry and rheology. Therefore, the production of mucus
in the RPMI 2650 cellular model grown in ALl condition was
investigated.

Alcian Blue allows mucus detection by reaction with acidic
polysaccharides (mucopolysaccharides) and sialic acid containing
glycoproteins, producing a blue color. Fig. 4 shows an example of
the staining of the mucus layer of RPMI 2650 seeded at 2.50 = 10°
cell/ml over a 3 week period.

Observing the images in Fig. 4 it can be seen that, after one day
of culture, just few light blue spots appear, most probably due to
the staining of the extracellular matrix. After one week of culture
the cell laver is almost completely covered by a thin but discontin-
uous light blue layer, but the increased blue intensity implies that a
small amount of mucus has been produced. At 14 days, the higher
intensity of the color and its uniformity suggest that the produc-
tion of mucus has increased and that a mucus blanket uniformly
covers the cell layer. At day 21, the mucus still covers all the areas
but not uniformly, dark blue areas are alternate to light ones: this
could be related to the concurrent decrease in TEER between day
14 and 21 suggesting cell integrity and/or death oceurs.

The relative quantification of the mucus production was mea-
sured by the RGBb ratio, Fiz. 5 shows the mucus production in
terms of RGBb ratio over three weeks. No differences in mucus pro-
duction can be observed between the different seeding densities at
day 1 and day 7. However, at week 2, the intermediate
(2,50 = 10% cell{ml) seeding shows a statistically significant
increase in mucus production that was statistically higher than
the other two densities. This RGBb value subsequently plateaus
from day 14 to day 21, while the lowest and highest seeding den-
sities (1.25 and 5.0 « 10° cell/ml) showed no statistically differ-
ences at both day 14 and 21. These two seeding conditions
showed a steady increase in the RGBb ratio value indicating a
build-up in the mucus production during all the culturing time.
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Fig. 4. Optical microscope images of Alcian blue mucus staining on RPMI 2650 grown on Snapwell” inserts at 2.50 « 107 celljmi seeding density. {Fer interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. RGBb ratio values obtained after mucus staining as function of time in
culture for the three different cell seeding densities (n = 3; £5:Dev).

Finally at day 21, all three seeding density managed to attain sim-
ilar amount of mucus produced with no significant differences
observed between them.

These results suggest that the intermediate seeding density
(2.50 = 10° cell/ml) is the optimum condition that allows the cells
to form confluent layer with a uniform mucus blanket in 2 weeks
in the Snapwell insert, This is probably due to the optimization
of the growth conditions that allow for the cells to proliferate, suf-
ficient nutrients and space to interact and form tight junctions and
produce mucus.

The plateau observed for the intermediate seeding density, can
also be a result of the limitations of measurement technique lead-
ing to a saturation of the blue RGBb ratio [23]. In addition, being an

in vitro model, one of the limitations is the static nature of this sys-
tem where the mucus cannot be cleared leading to build up in the
wells with the increasing cell numbers.

Based on the above results for mucus production, TEER mea-
surements and Flu-Na permeability, the optimal seeding density
was found to be 2,50 « 10° cell/ml for RPMI 2650 cells grown on
Snapwell inserts.

34, Immunocytochemical investigation

Tight junctions play an important role in the control of the para-
cellular permeation across the epithelia {33, In order to confirm
that the RPMI 2650 cells on Snapwell inserts were also able to pro-
duce tight junctions, the expression and localization of two pro-
teins essential for the formation and maintenance of tight
junction were investigated: specifically, E-cadherin and zonula
occludens protein 1 (Z0-1) (Fig. 6). Fig. 6A shows the localization
of E-cadherin (green) around the nucleus stained with DAPI (blue)
and Fig, 6B and C show in green the expression of ZO-1 and in red
DAPI.

As expected, the proteins are found at the edge of the cells
where they are involved in the formation of tight junction in the
RPMI 2650 cells. Furthermore, the RPMI 2650 cells were found ta
form multilayers as seen with the overlapping nuclei in Fig. GC.
This is different from what Bai et al. as observed, where cells were
forming a monolayer. However it is in good agreement with Kreft
et al. that noticed a multi-layering growth of RPMI 2650 when cul-
tured in ALI conditions [19.20],

3.5. Expression of xenobintic transporters

When paracellular transport across epithelia is not involved,
membrane carrier proteins can have a key role in the absorption,
distribution and elimination processes of both endogenous com-
pounds and xenobiotics [34,35]. In order to cross the epithelia a
molecule needs to pass through two barriers; specifically. it needs
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Fig. 6. Confocal microscope images of RPMI 2650 cells tight junction proteins-stained in green: E-cadherin {A) and 20-1 {B and C). The blue and red colors in A and B
respectively represent the DAP staining of nuclei. C, the cross section of cell layers during confocal imaging: green Z0-1 and red cell nucleus. (For interpretation of the
references to color in this-fAigure legend, the reader is referved to the web version of this article.}

to be taken up from apical membrane and effluxed from the basal
membrane. These processes are often carrier mediated |36,

In order to evaluate whether RPMI 2650 could be a representa-
tive model of the nasal mucosa, further investigation on the trans-
porters expression in the cell line model was performed and was
compared with freshly brushed human nasal cells.

specifically, 47 xenobiotic transporters were investigated. The
genes investigated were those expressing ATP Binding Cassette
(ABC), Solute Carrier (SLC) and Solute Carrier Organic anion (S5LCO)
proteins, Table 1 graphically summarizes which of these 47 xeno-
biotic transporters were present in the RPMI 2650 cells and com-
pared with gene present on PNC: human primary nasal cells
from brushing (average between male and female),

For the RFMI 2650 cells, the highly expressed genes (ACq < 5)
were found to be MRP1 and MRPY proteins while the poorly
expressed genes (ACg > 15) were found to be for the following
transporters: BSEP (Bile Salt Export Pump), MRP5S (Multidrug
Resistance-associated Protein 5), MRP7, MRPS, OCT3 (Organic
Cation Transporter 3), CNT3 (Anti-Concentrative Nucleoside Trans-
porter 3}, ENT1 (Equilibrative nucleoside transporter 1) and ENT3,
Some genes, such as those expressing MRPG, PEPT1 (Peptide trans-
porter 1), PEFT2, NaPil (Renal type | sodium/phosphate trans-
porter), OCT1, OCT2, URAT1 [Organic anionfurate transporter 1),
ATB(0+) (Sodium- and chloride-dependent neutral and basic amino
acid transporter B{0+)), OATP-C (Organic anion transporter
polypeptide C), OATP-8, OATP-F, and OATP-B were not expressed
at all, All the other genes were expressed at an intermediate level
(5<ACq<15).

In terms of the primary nasal cells obtained by nasal mucosa
brushing, no differences were found between male and female vol-
unteers. Highly expressed genes were those encoding for the fol-
lowing transporter proteins: MDR3, MRP1, MRP9, MRPF2, MRP3,
MRP4, NTCP (Sodium-taurocholate cotransporting polypeptide),
MCT1 {Monocarboxylate transporter 1), OCTN2 {Orzanic cation
transporter, novel 23, CNT3, ENT1, ENT2 and OATP-H. No genes
were classified as poorly expressed and only 11 genes were not

expressed at all (MRPG, OCT1/2, OCTN1, OAT1/2/3, CNT1/2, ATB
(0+) and OATP-F). Gene expressions were calculated vusing 185
rRNA as reference gene, Using a single reference gene could repre-
sent a limitation of the study; however, 185 rRNA has been indi-
cated as the most suitable reference gene in qPCR normalization
of data in the case of other primary human airway epichelial tis-
sues |29}

Corticosteroids, which are one of the main topical nasal active
ingredients, are an example of a drug class that is associated with
these cell transporters [3738]. In particular, budesonide and
beclomethasone dipropionate (BDP) have shown effect of the
expression of BCRP, PGP, OCT1 and OCT2 in Calu-3 and breast can-
cer cell lines | 39.40], In addition, budescnide has been found to be
a substrate of P-glycoprotein (ABCB1) in transport experiments
across Caco-2 cell line [41],

Nevertheless, to our knowledge there is a lack of information
about their role in the nose |35|. Our data show that BRCP and
PGP are expressed in the nasal epithelium and in the RPMI 2650
model, suggesting that an avenue for future investigations in this
direction,

Although the xenobiotic gene expression was found to be
higher for primary cells than for RPMI 2650 in general, the same
genes were expressed in both primary human mucesa nasal cells
and RPMI 2650, highlighting the potential use of RPMIZ650 grown
on ALl as a suitable model for nasal mucosa. In addition, from the
47 genes that encode for transporter proteins, the 11 that were not
expressed in primary cells were also absent in RPMI 2650, further
supporting a good correlation between the RPMI 2650 cell model
and human nasal mucosa, The following proteins: NaPil, URATT,
PEFT1, PEFTZ, DATP-C and OATP-8 were found to be expressed in
brushed nasal cells, but not in RPMI 2650; this could be considered
as a limitation to the RPMI 2650 model in terms of transport of
peptides and organic anionic substances.

Kreft et al, had previously described the expression of some of
xenobiotic transporter genes in RPMI 2650 grown in ALl conditions
with two different culturing media and at two culturing time
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points: 1 and 3 weeks, without finding any relevant differences
[20]. Our data correlate nicely with those published by Kreft, sug-
gesting good reproducibility of RPMI 2650 cell model.

3.6. Development and validation of the modified expansion chamt

The different materials used for the manufacturing of the FDA
guideline expansion chamber (glass) and the 3D printed modified
chamber (ABS) could raise the question whether or not the aerosol
performances and particle deposition in the two chambers could
be different, Therefore, in order to validate the 3D printed modified
chamber, the aerosol performance of a commercially available
nasal spray (Rhinocort Masal Spray, AstraZeneca, Australia) was
evaluated using a NGI cascade impactor using both expansion
chambers, Table 3 shows the percentage of budesonide {calculated
as percentage of the emitted nominal dose, 96 pg) recovered in
each stage of NGI after 3 actuations of the Rhinocort device (aver-
age of 3 runs), using both devices.

The amount of drugs in the 3D printed modified chamber was
calculated as sum of the mass recovered from both the upper
and lower hemispheres and the three Snapwells in the chamber.
As expected, the majority of the drug was found in the chamber
demonstrating that the device produced a coarse spray with an
aerodynamic diameter that is higher than 10 pm, with minimal
respirable fraction. Overall, there were no statistical differences
in aerosol performance for Rhinocort between the modified and
the glass chamber for all NGI stages (no drug was recovered for
stages lower than 2). With the deposition onto the Snapwell
inserts, 13.12+0.07 pg of budesonide was recovered from the
three cell inserts after the extraction with 80:20 (v/v) methanol/
water, with approximately 4.4 g of budesonide on each well. This
is equivalent to roughly 13.7% of the dose emitted with each spray
of the Rhinocort suspension that reaches each Snapwell inserts.

Having validated the modified chamber in terms of aerosol per-
formance, the RPMI 2650 cells grown on Snapwell inserts were
introduced into the modified chamber in order to perform cell per-
meation experiments. The maintenance of barrier properties and
the integrity of the cell layers are key factors for permeation stud-
ies. In order to confirm that the handling of the Snapwell inserts
and the process of deposition into the modified chamber were
not hampering the barvier properties of RPMI 2650 nasal cell
model. a solution of HBSS was sprayed 6 times on the RPMI 2650
nasal cells into the chamber. The cells were removed from the
chamber and after 4 h of Flu-Na permeation studies, the P,y, was
calculated. No statistical differences were found (p < 0.05) between
the Py values of control and treated cells.

Finally, deposition and permeation experiments were per-
formed using a budesonide commercial spray and with the 3D
printed modified expansion chamber connecred to the cascade
impactor, using the three Snapwells inserts with RPMI 2650 cells
grown for 14 days. The formulation was deposited on the cells after
device actuation and RMPI 2650 cells inserts were placed back in
cell culture plates to perform the permeation study.

Fig. 7 shows the percentage of budesonide transported across
the nasal cell model after deposition in the 3D MC. In the first hour,

Table 3
Amount of budesonide {2 of nominal dose) recovered from each stage of the NGI
using the glass and modified chamber (n=3; 45tDev).

Chamber Connection  Stage 1 Stage 2°
tube
Glass chamber 9875009 D0.57:005 050003 0.18:004
Madified 9R73+0.08 057007 051003 0192000
chamber

? Mo budesenide was found below stage 2.
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Fig. 7. Amount of budezonide transported through EPMI 2650 nasal cell model

after NGIE aerosols using the 30 fificd chamber (n = 5; #5tDev).
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Fig. 8. Distribution of the budesonide recovered at the end of the experiment (4 h)
after the aerosol deposition using the 3D the modified expansion chamber (n = 5;
£5tDew),

approximately 47.3 + 5.0% of the drug was transported. This can be
explained, as suggested by Baumann, due to the high quantity of
available budesonide dissolved in the commercially available pro-
duct to bind and diffuse readily through the epithelium [42,43]. At
the end of the experiment (4 h), 83.1 + 6.3% of the total drug depos-
ited reached the basal compartment. Between three to four hours,
a decreased permeation rate was observed, probably due to the
depletion of budesonide on the surface of the cells that conse-
quently decreases the gradient between the two compartments
(apical and basal). The total amount of budesonide found on each
well was on average of 0.79 £ 0.25 pg. This was calculated from
the sum of the budesonide on, in and transported across the cell
layer; the total amount recovered from each well was used as
100% reference value for the calculation in the cell deposition/-
transport studies. This variability of the amount of budesonide
deposited on each well could be related to both the plume geom-
etry of Rhinocort nasal spray and the manual activation of the
device, that don't allow a uniform deposition on each well. The
integrity of the cell layer was maintained within the time scaled
study with no statistical differences (p > 0.05) was found between
TEER values before (126 +21 Q2cm?) and after (127 £ 14 Q2 cm?)
the transport studies.
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As shown in Fig. 8, after 4 h 14.4 £ 4.9% of the drug remains on
the surface of the cell and 2.5+ 1.6% of budesonide was found
inside the cells; suggesting low binding and internalization within
the cells of the RPM] 2650 nasal mucosa model. This is in good
agreement with data published by Baumann showing that lower
levels of budesonide bind to human nasal tissue when compared
with other glucocorticoids [42].

4. Conclusion

This research has shown that RPMI 2650 cells could be success-
fully grown on Snapwell inserts. The cells form a continuous layer
offering a permeation barrier similar in terms of trans-epithelial
electrical resistance and sodium fluorescein paracellular perme-
ation to previously reported nasal epithelium models and more
importantly to excised human nasal mucosa. It was also shown
that RPMI 2650 cells produce mucus and its production is relared
to seeding density and time in culture. The optimal conditions
for RPMI 2560 to achieve the highest epithelial barrier and a com-
plete coating with mucus layer are as follows: Snapwell palycar-
bonate inserts at seeding density of 2.50 = 10%cellfml and
cultured for 14 days in ALl culture, Regarding protein transporter
expression, RPMI 2650 cells represent a good model of the nasal
epithelium, correlating well with gene expression of freshly col-
lected human nasal epithelial cells. A 3D printed modified expan-
sion chamber, which allows deposition of nasal formulation
directly on RPMI 2650 grown on Snapwell inserts has been suc-
cessfully designed, validated and tested using a commercial nasal
spray, showing that this model could be used concomitantly to
study nasal formulation aerosol deposition and permeation
through a nasal epithelium model of the aerosolized formulation.
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ABSTRACT
Purpose: To discuss the challenges and opportunities for dry powder nasal medications and to put this in
to perspective by evaluating and characterizing the performance of the Teijin beclomethasone dipropionate
(BDP) dry powder nasal Inhaler; providing a baseline for future nasal products development.

Methods: The acrosol properties of the formulation and product performance of Teijin powder intranasal
spray were assessed, with a particular focus on particle size distribution (laser diffraction), powder formula-
tion compaosition (confocal Raman microscope) and aerosol performance data (British Pharmacopeia
Apparatus E cascade impactor, aerosol laser diffraction).

Results: Teijin Rhinocort™ (BDP) dry powder spray formulation is a simple blend of one active Ingredient,
BDP with hydroxypropylcellulose (HPC) carrier particles and a smaller quantity of lubricants (stearic acid and
magnesium stearate). The properties of the blend are mainly those of the carrier {Dyso=98 = 1.3 pm).
Almaost the totality of the capsule fill weight (96.5%) was emitted with eight actuations of the device. Using
the pharmacopela suggested nasal chamber deposition apparatus attached 1o an Apparatus E impactor.
The BDP main site of deposition was found to be in the nasal expansion chamber (90.2 = 4.78%), while
4,64 + 1.38% of the BDP emitted dose was deposited on Stage 1 of the Apparatus E.

Conclusions: The Teijin powder nasal device is a simple and robust device to deliver pharmaceutical pow-
der to the nasal cavity, thus highlighting the robustness of intranasal powder delivery systems. The large
number of actuations needed to deliver the total dose (eight) should be taken in consideration when com-
pared to agueous sprays (usually two actuations), since this will impact on patient compliance and conse-

ARTICLE HISTORY
Received 11 November 2015
Revised 17 February 2016
Accepted 19 February 2016
Published online 22 March
2016

KEYWORDS

BOP; dry powder nasal
delivery; nasal drug defivery;
particle size; Teijin Rhinocort

quently therapeutic efficacy of the formulation.

Introduction

The diminishing success rate in bringing new chemical entities to
market has led pharmaceutical companies to focus their efforts on
identifying new uses for existing drugs, including the development
of alternative routes of administration. As a result, nasal drug deliv-
ery has emerged as an increasingly viable delivery technology. A
number of publications on the development of nasal dry powder
formulations for immunization, delivery of peptides and proteins as
well as small molecules can be found in the literature' ™, This indi-
cates a renewed interest from industry and academia in this area
of research. Although nasal delivery is a well-established drug
delivery route, surprisingly there are no dry powder nasal delivery
systerns marketed neither in Europe (EU) nor in the United States
(US). Globally, only three nasal dry powder inhalers are available
on the market for local treatment: Rhinocort Turbohaler®
(Budesonide) marketed by AstraZeneca (London, UK) in Canada,
Rhinicort Puvlizer” (beclomethasone dipropionate [BDP)) by Teijin
(Osaka, Japan) (Figure 1), and Erizas” (dexamethasone cipecilate),
recently launched by Nippon Shinyaku (Kyote, Japan) in Japan. All
these products are indicated for the treatment of rhinitis. Both the
Japanese products are capsule-based, although using two different
devices; while the AstraZeneca product uses a multi-dose breath-
actuated prefilled device that is already in use for pulmonary

administration of orally inhaled products. The Teijin BDP medicinal
product can be used with either dry powder Rhinocort” capsules
for nasal delivery or with Salcoat” capsules to be administered in
the oral cavity, both containing BDP®.

The nasal powder product (Rhinocort”) was launched in
December 1986 in Japan, but is not currently available in the EU
or In US. It is approved for both allergic and vasomotor rhinitis.
The recommended dose is one capsule of 50ug in the nasal cavity
twice daily, after waking up and just before bedtime, eight actua-
tions are required to empty one capsule. Teijin Nasal Spray pack-
age comprises the device and a selection of 100, 500 or 700 units
capsules (hard gelatin capsules No. 2 color-coded white and blue).
Ten capsules are contained in a blister and 10 blisters are wrapped
together in a sealed aluminum pack. The Puvlizer” device can also
be purchased on its own (Figure 1).

In Europe, the current UK market for the treatment of rhinitis
accommodates three generic versions of BDP in the form of nasal
sprays: Nasobec (Teva, Petach Tikva, lsrael), Boots Blocked Mose Relief
(The Boots Company Ple, Nottingham, UK) and Beconase (Omega
Pharma Ltd, London, UK); all three are suspensions delivering 50 pg
of drug for twice a day administration; usually morning and evening.

Nasal drug delivery is wsually achieved with liquid aerosol
sprays delivering solutions or suspensions. A quick review of the
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Figure 1. Disassembled Teijin Puvlizer device with accessories,

marketed nasal delivery products in the UK shows that out of the
53 over-the-counter and prescription products listed on the
Electronic  Medicines  Compendium  (www.Medicines.org.uk,
accessed January 2015), three are semisolids (Maseptin®, Alliance
Pharmaceutical, Chippenham, UK, chlorhexidine neomycin cream;
Bactraban®™, GSK, Brentford, UK, mupirocin  olntment and
Happinose Nasal Decongestant Balm”™ Diomed Developments
Limited, Hitchin, UK, levomenthol ocintment), four are nasal drop
products (Ephedrine MNasal Drops, Thorton & Ross Ltd, Linthwaite,
UK; and Otrivine®™ xylometazoline HCl Masal Drops, Novartis Basel,
Switzerland both in two dosages: adult and child), while the
remaining 46 are liquid nasal sprays (15 suspensions versus 31 sol-
utions), For a summary of marketed nasal dry powder products
and water-based spray alternatives in UK market see Table 1.

The total volume of the nasal cavity ranges from 13ml to
20mL°, allowing for a maximum delivery of 20mg of powder®*.
Masal deposition tends to be limited to the outer vestibule of the
nasal cavity, following three mechanisms: impaction (primary fac-
tor), sedimentation and diffusion (related to olfaction). Deposition
and subsequent absorption through the nasal mucosal surface are
in competition with a series of mechanisms contributing to drug
elimination from the nasal cavity such as physical clearance, muco-
clliary clearance and enzymatic metabolic activity. As a conse-
quence, exposure and retention of the molecules to the nasal
cavity is limited. The act of sniffing is said to enhance the diffu-
sional deposition, particularly relevant for submicron particles
deposition, by increasing the airflow rate and changing it from
continuous to pulsatile®, Kaye et al. studied the powder depaosition
patterns in the nasal cavity with the Aptar Unit Dose Powder (UDP,
Aptar, Louveciennes, France) device and found that 60-70% of the
delivered dose was deposited no further than the nasal vestibule.
The remaining 30-40% was deposited into deeper compartments
of the nasal cavity”.

The particle size required for efficient nasal delivery is above
10pm, ie. cascade impactor induction port cut off point. A recent
work by Schroeter and Kimbell indicated that particles above
20pm deposit fully in the nasal passageways, with lower sizes
starting to deposit further down in the respiratory tract and only
15% of 1 um particles depasited in the nasal cavity'™,

The advantages of intranasal powder formulations include
increased chemical stability (solid state stabilityl, no reguirement
for small particles size {anything above 20 pum can be delivered),
no requirement for preservatives, no need for cold chain storage,
possibility to formulate water insoluble compounds and increased
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binavailability compared to liquid formulations' ", This has been
demonstrated in a study by Ishikawa et al. whereby powder formu-
lations were found to improve nasal bioavailability of elcatonine
polypeptide when blended with a carrier such as CaCO,, talc, bar-
jum sulfate or ethyl cellulose™". This opened up the use of nasal
formulation for systemic delivery of peptides and proteins. The
increased bioavailability obtained by using an insoluble powder
carrier, such as CaC0Os, was due to the increase in residence time
available for absorption in the nasal cavity, slowing drug elimin-
ation from the absorption site, facilitating permeation of the drug
acrass the nasal epithelium™'?. However, further studies on trans-
mucosal permeation are still needed to elucidate how insoluble
powders contribute to nasal absorption enhancement. Colombo
et al., have proved that ribavirin has higher absorption, through
rabbit nasal mucosa, when it was delivered as powder form
instead of solution, This highlights possible future uses of powder
in the nasal drug delivery and the brain targeting through this
route’,

Another important aspect to investigate in order to obtain an
efficient deposition of the formulation in the nasal cavity is the
choice of the delivery device. As already mentioned above, there
are several devices available, however these technologies are at
different stages of development, with some already used in clinical
trials (Trivalr, Acerus Pharma, Mississauga, Canada; OptiNose
Bidirectional device, Yardley, PA) while others at the development
stage or anly existing as blueprints®'?, Some of these devices rely
on the inspiration effort of the patient in order to aerosolize the
powder; while others, like the Puvlizer, requires a mechanically
generated airflow, supplied by a squeeze bottle or a pump acti-
vated by the user. The Trivair™® and the Optinose device'*'® are
unique technologies since they rely on the patient's own Insuffla-
tion to propel the powder up the nasal cavities. In a way, these
devices can be described as breath actuated devices, and provide
the additional advantage of minimizing lower airways deposition
as a consequence of soft palate elevation isolating the nasal
cavity™8,

According to the Food and Drug Administration (FDA)
Guidance, the characterization of nasal droplet size distribution can
be evaluated by either laser diffraction or cascade impaction (CI),
with an additional 2L expansion chamber®'’. However, neither
methods are repr ive for i igating real time drug depos-
ition in the nasal cavity.

As for the flow rate to be used during testing, 0 and 15 L/min
are often quoted™'®, although nasal inspiratory flows can be much
higher than this. More realistic peak nasal inspiratory flow should
be 126-143L/min for male adults and 104-122 L/min for female
adults'’, These values are lower for children'™*® and ethnic differ-
ences should be taken into account™™,

As part of an ongoing study, the aim of this investigation was
to investigate the physico-chemical properties and formulation
attributes of a commercial dry powder intranasal product, Teijin
Rhinocort™ with a view to understanding how we may improve for-
mulation of nasal dry powders and provide a baseline for future
nasal products.

Materials and methods

BDP dry powder nasal device (Rhinocort®, batch # 9091) was
obtained from Teijin Pharma Ltd, (Tokyo, Japan), Water used in the
analyses was purified by reverse osmaosis (MilliQ, Millipore, France).
All solvents were obtained from Chem-Supply (South Australia,
Australia) and were of high performance liquid chromatography
(HPLC) grade.
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Table 1. Summary of nasal dry powder products and water-based alternatives marketed in UK

Masal dry powder
Product ) Drug Dosage
Enizas capsule Dexamethasone cpecilate 400 pg capsule

Erizas nasal powder Dexamethasone cipecilate 200 pg 28 metered

spray

Rhinacort Turbohaler™ Budesonide 100 pg 200 doses

Puvlizer Rhinocort™ Beclometasone diproplonate 50 pg Capsule
Water based spray alternatives (UK market)

Product Drug Dosage
Beconase agueous Baclometasone dipropionate 50 1g spray
nasal spray manchydrate

Masobec Baclometasone diproplonate 50 pg spray
Boots hayfever rellef Beclometasone diproplonate 50 pg-spray

Budesonide agueous Budesanide 64 pa, 50 pl spray
nasal spray
Rhinacort Aqua™ 64 Budesonide 64 jug, 50 pl spray

micrograms

Features

Featuras

First once daily dry powder type steroid nasal
spray in Japan

Double nostril device

MO preservative, less local irritation and NO
dripping off from nasal cavities

Lactose hydrate is used as an additive

Once daily treatment, ane spray per nostril
MO preservative, less local irritation and NO
dripping off from nasal cavities

Lactose hydrate Is used as an additive

MO capsule

Treatment of rhinitis in both child and adults
(400 pg daily dosage), once daily application
{2 per each nostril in the morming)

Treatment or Prevention of Masal Polyps: One
application (100 ) into each nostril, moming
and evening (total dally dose 400 po)

MO additives or carrier substances are included
Initially marketed in December 1986

Allergic rhinitis and vasomator rhinitis

Fiydie

) Company/Country
Mippan Shinyaku/Japan

Mippan Shinyaku/Japan

AstraZeneca/Canada

Teijin Pharma Limited/lapan

stearate, stearatic acid
One capsule each is sprayed into the nasal cavity,

twice daily

Company
Suggested posology: two sprays in each nostril,  GlaxoSmithKline/UK
twice a day (moming and evening)

Contain benzalkonium chioride and phenethyl
alcohol

Suggested posology: two sprays in each nostril,
twice & day (morming and evening)

Contain benzalkonium chioride and phenethyl
aleohol

Suagested posology: 200-400 pa/day

Contain benzalkonium chloride and phenethyl
alcohol

Suggested initial posology: 256 pug per day, once
or twice a day

Contain ascorbic acid E300 and disodium edetate
Treatment of rhinitis 256 ug per day, once or
twice a day

Treatment nasal polyps 256 pg per day twice a
day

Contain disodium edetate

Shelf life: use within two months of starting

Teva/UK

The Baots Compamy/UK

Sandoz Limited/UK

AstraZeneca UK Limited

The Puvlizer device

The Puvlizer™ is a single dose, capsule-based, patient operated
device (Figure 1). The overall length of the device is 10.5cm, simi-
lar to other classic nasal spray devices for liquid formulations. The
device is made of two parts, a stem in which the Rhinocort™ cap-
sule is placed and pierced with the needle set in the cap, and the
lower part of the device, which is a soft plastic bulb that can be
squeezed to provide an air flow sufficient to propel the powder
from the capsule through the stem into the nasal cavity. Holes are
punctured at both ends of the capsule and the forced airflow pass
through the holes of the capsule, aeroselizing the medication.

The rubber bulb dimensions are 3.7 em height by 2em width.
The length of the nasal applicator on top of the rubber ball is
6.8cm. The activation of the device is performed in nine steps.
Five steps for the device setting, and four steps for the delivery to
the nasal cavity, as shown in Table 2. To empty the content of the
capsule fully, it is recommended to squeeze the rubber ball and
Inhale four times in each nostril, for a total of eight inhalation acts,

The device can be dismantled in three parts (Figure 1): rubber
bulb (pale blue color), small cap (cream color), large cap (white

color, with piercing needle inside), Additionally a cleaning brush is
provided, as well as a disposal bag. Mo special indications are
given for the storage of the device, nor timing for its replacement.
The device is packaged in a cardboard box, with the capsules and
an extra plastic bag to carry the device with no extra moisture
protection.

Physico-chemical characterization

Powder bulk and tapped density

For the bulk density, the content of 21 Rhinocort™ capsules was
accurately weighed (29.6mg each capsule) and emptied into a
S5mL graduated cylinder with an Internal diameter of Smm. The
volume occupied by the powder was recorded to calculate the
bulk density. The container was tapped for 30min and the new
volume reading was used to calculate the tapped density value of
the powder, The tapping has been carried out manually with an
amplitude and frequency of 2-5mm and 1 tap/s, respectively. The
bulk volume was measured at the beginning of the experiment
and tapped volume values recorded every 10min. No significant
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Table 2. Summarized Steps for the device preparation and administration of Taijin Rhinocort™,

Device preparation

Pull off the large cap and twist off the small cap

Place the capsule in the small cap

Reaffix the small cap ento the rubber bulb

Place large cap in its original position to pierce other end of capsules
Remove the large cap to complete the preparation for spraying

Delivery steps
Squeeze rubber bulb to spray medication into nasal cavity while inhaling
through the nose
Spray alternatively In each cavity
Remave capsule from device
Clean the device with the brusher

variation was observed between 20 and 30 min. The Carr index (Cl)
was calculated according to the following formula, where V, was
the bulk volume and V; was the volume after tapping. Values
below 15 are considered with good flow characteristic, while over

25 powders are considered with poor flowabifity™ %,

— Ve — Yol

ql
Ve

100

Dynamic vapor sorption. In order to investigate the behavior of
the formulation in response to different degrees of humidity, a
dynamic vapor sorption (DVS) study was performed. In brief, ca.
20mg of powder from one Teijin Rhinocort capsule was weighed
into a stainless sample pan and placed in the sample chamber of
the DVS analyzer (DVS Intrinsic, Particulate Systems, London, UK).
The powder was exposed to two 0-90% relative humidity (RH)
cycles at 25°C with 10% RH increment steps triggered when the
sample reached the equilibrium, The equilibrium maoisture content
at each target RH level was determined when a weigh change rate
lower than 0.002%/min was recorded,

Specific surface orea. The Brunauer-Emmett-Teller (BET) method
was used to determine the specific surface area of the samples,
using a Gemini VIl apparatus (Micromeritics, Norcross, GA).
Measurements were carried out on 300 mg of the powder from ten
capsules, after a 24-h degassing step at 30°C under vacuurm
(VacPrep 061, Micromeritics, Norcross, GA]. Measurements were
performed in triplicate.

Particle size distribution by laser diffraction. The Mastersizer 3000
equipped with dry dispersion feeder unit Aero S (Malvern
Instrument, Malvern, UK) was used to measure the particle size of
the powder by laser diffraction. The content of a single capsule
was emptied into the hopper of the feeder and dispersed with a
pressure of four bar, the total time of analysis was set at 10s. In
order to use the Mie theory to convert light scattering data to par-
ticle size values, experimental parameters such as refraction index
and density of particles were set at 1.5 and 1, respectively, as sug-
gested for standard opaque particles by the manufacturer™,
Measurements were carried out in triplicate.

Scanning electron microscopy

Scanning electron micrographs (SEM] of the Teijin powder samples
were conducted using a Zeiss Ultra plus field emission scanning
electron microscope (FESEM, Zeiss GmbH, Germany) operated at
4kV. Prior to imaging, samples were mounted on carbon sticky
tabs and platinum-coated to ~10nm thickness using a sputter
coater (E306A Sputter coater, Edwards Vacuum, Crawley, UK).

Scanping Raman spectroscopy. An inVia Raman microscope
(Renishaw, Wotton-under-Edge, UK), equipped with a 532 nm diode
laser, was used to collect individual Raman reference spectra from
the single components and Raman images data from the powder
mixture.

The capsule powder was flattened onto a glass microscope slide
to provide a nominal flat and leveled powder surface. Raman
images were generated from 200000 spectra collected using a
step size of 3 um. The Raman images were used to show the rela-
tive location of each core species within the formulation, using
previously collected reference spectra from pure materials.

Direct Classical Least Squares Method (DCLS) was used to pro-
duce the Raman images from over 70,000 spectra collected in
roughly 1h. The images were then combined to enable compari-
son between the relative locations of the BDP and other compo-
nents of the nasal powder.

The streamline image data were processed to remove cosmic ray
features using a nearest neighbor approach with the WIiRE 3.3 soft-
ware (Renishaw, Wotton-under-Edge, UK). The combined image
shows green features as BDP, red magnesium stearate and blue
HPC carrier particles.

Analytical characterization

BDP quamtification using HPLC

The amount of active ingredient in each sample was determined
using a HPLC system equipped with a SPD-20A UV-VIS detector
(Shimadzu, Tokyo, Japan). A Novapack C18 column {150 % 3.9mm,
4pum, Waters, Australia} was used with a mobile phase methanol/
water 80:20 v/v. The flow rate was set at 1mL/min and BDP was
detected at 4 =243 nm. The retention time of BDP was found to be
between 7.5 and 8 min. Standards were prepared in the mobile phase,
and 100 pl injected in order to obtain a calibration curve whose linear-
ity was measured between 0.1 pg mL ' and 50pgmL .

Dose content uniformity. The dose content uniformity of the
Rhinocort” formulation was determined as an average of three
measurements. For each measurement, the powder contained in
one capsule was dissolved in 10 mL of methanol. The solution was
filtered using nylon filters (0.45um, Sartorius, Goettingen,
Germany) and samples collected for guantification by HPLC. The
compatibility between the filter and the drug was assessed. No
statistical difference in the BDP amount was found whether the
solutions were filtered or not.

Shoot weight and BDP content. The device was weighed after the
capsule was placed inside and after each actuation. The device
was positioned at 307 and the emitted powder was collected in a
15ml centrifuge tube. In order to determine the amount of BDP
emitted after each actuation, 5ml of a mixture of methanol water
(80:20) were added to the container; subsequently the tube were
shaken, vortexed and sonicated for about 30min. The analyses
were conducted in triplicate and the amount of BDP was deter-
mined through the HPLC method previously described. The emit-
ted BDP (%) was calculated from the ratio between the emitted
mass of BOP for a certain actuation and the mass of powder emit-
ted for the same actuation, The emitted dose fraction (%) was cal-
culated from the ratio of mass of BDP emitted and the dose of
drug contained in one capsule,
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Figure 2. Apparatus E system used for the aerosol performance of the Teijin nasal powder device equipped with the nasal expansion chamber,

Aerasol performance of Teijin Rhinocort

Cascade impaction

The aerodynamic performance of the Rhinocort” formulation
delivered via the Puvlizer device was assessed using a cascade
impactor, British Pharmacopeia apparatus E  (Westech WT7;
Westech Ltd., Henlow, UK} equipped with a 2L glass expansion
chamber according to the Food and Drug Administration (FDA)
guidance™'*?*%_ The expansion chamber is a 2L single-neck
round-bottomed flask with 1cm inlet hole at 30" angle from the
neck axis (Figure 2).

The Teijin device was connected to the inlet of the expansion
chamber and the test was performed actuating the device eight
times for each capsule with airflow of 15 L/min calibrated using a
flow meter (Model 3063; TSI Inc, Shoreview, MN). For each test,
three capsules were used to ensure an APl concentration above
detection limit of the HPLC method in the Apparatus E stages.
Each Apparatus E stage was washed with the following volumes of
a washing solution 80:20 methanol/waterexpansion chamber
25mL; capsules, connection tube, first and final stage 10 mL each;
device and all other stages 5mL. BDP amount in each sample was
assayed using the HPLC method described above. Experiments
were carried out in triplicate.

The emitted fraction (EF) was calculated as the total amount of
drug emitted from the device (i.e. the sum of drug deposits on the
chamber, connection tube and impactor stages) divided by the
nominal dose (50 pg/capsule).

In-line in vitre aerosol laser diffraction analysis. In order to meas-
ure the particle size distribution of the emitted powder from the
Teijin device, laser diffraction was used (Spraytec, Malven
Instrument, Malvern, UK). The device was placed at 25cm from
the measurement cell, at a fixed angle of 307 using an extraction
flow rate of 15 L/min In order to mimic the in vive drug administra-
tion. The analysis was performed for 10s with an acquisition rate
of 25kHz. A total of three capsules were analyzed. For each, min-
imum of six puffs were measured in order to completely empty
the device. In order to measure the particle size, using the Mie the-
ory, values of refraction index 1.5 and 1 as density value for par-
ticles were used, respectively™.

Results and discussion

The regulatory requirements to characterize nasal products are
well documented®™, These include; (i) Single actuation through
container life, (ii) Droplet size distribution by laser diffraction, (iii}
Drug in small particle/droplets, or particle/droplet size distribution
by cascade impactor, (iv) Drug particle size distribution by micros-
copy, (v) Spray pattern, (vi) Plume geometry and (vii) Priming and
re-priming. The particle size range to be studied is above 10um,
for which current impactors are not suited.

Physicochemical characterization of the formulation

The formulation is composed of 50pug of BDP in a 288 = 04mg
powder blend containing hydroxypropylcellulose (HPC), magne-
sium stearate and stearic acid (0.5-1% of the formulation). The ori-
ginal formulation is protected by a Japanese, US and EU
patent'"?**', Furthermore, the formulation Is a powder blend of
large excipient particles with BDP, as shown by the SEM on Figure
3. The main dimension of the particles is typicaily 100pm, corre-
sponding to HPC particles, and irregular in shape.

The capsule content uniformity, as measured by HPLC, showed
an average of 4811 = 2.75 ng/capsule of BDP. The bulk density of
the powder was found to be 0.564 + 0.004g/cm’, and the tapped
density was 0621 = 0.003g/cm’, this values provide a Carr’s index
of 9 implying that the powder has good flowability properties®*,
As shown in Table 3, the amount of BDP emitted after each one of
the eight actuations is never constant nor a decreasing trend can
be described. Usually the first actuations release the highest
amount of drug (and percentage of dose}, and already seven of
the eight actuations required are sufficient to deliver almost the
totality of the dose. The same fluctuating trend is observed for the
amount of powder emitted, this highlights how improvements on
this type nasal powder device are needed, when compared to the
liquid pumps that deliver always the same amount of drug solu-
tion/suspension after each spray. The same trend was observed for
the other two parameters,

The interaction between the formulation and ambient environ-
ment (i.e. moisture} during use and storage is an impaortant aspect
to evaluate long-term stability and spray performances due to the
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Figure 3. SEM micrographs of the Teijin Rhinocort powder blend,
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Table 3, Amount of powder {mg) and BDP {jg) emitted after each actuation (n =3 = StDev).

Actuation 1 Actuation 2 Actuation 3
Emitted powder mg) 827 +033 423 £251 37317
Emitted BOP (pg) 9.82 189 T76=1362 616+ 149
Emitted BOP (%) 12 018 017
Emitted dose fraction (%) 07 163 130
20+
184
g 164 + Sorption 1
o 14 ®  Desorption 1
2 124 4 Sorption 2
g 104 ¥ Desorption 2
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Figure 4. Dynamic vapor sorption isotherm [two cycles) of Rhinocort Tedjin
powder.

possibility of powder cohesion and increased retention of powder
in the device with consequent reduced emitted dose™.

DVS was used in order to gain a better understanding of the
behavior of the powder at different RH values. Figure 4 shows the
moisture sorption isotherm (two cycles, sorption and desorption)
for Rhinocon” formulation, The powder adsorbed roughly 20% w/
w of moisture from 0 to 90% RH. The vapor sorption profile is
comparable to reported values in literature for HPC over the same
humidity range, which is the main component of the formulation

Actuation 4 Actuation 5 Actuation & Actuation 7 Actuation &
77139 6.17 + 402 203067 120035 007 =00
674128 852 £ 409 390098 297+ 138 083145
018 0.4 019 0.25 1.25

142 179 B2 6.3 1.7

and is similar to an isotherm type Ill, characteristic of not porous,
or possibly macro-porous  materials  with low energy of
adsorption™ ¢,

There were no significant differences between twa subsequent
adsorption cycles, both cycles being completely reversible, suggest-
ing moderate hygroscopicity®. The large amount of water that the
powder can adsorb and the process of gelification observed during
the hydration of the powder suggest the suitability of the formula-
tion for nasal delivery allowing a longer residence time of the pow-
der in the nasal cavity when hydrated®5%,

The specific surface area is a derived property of powders that
can be used to determine the type and properties of a material
and it is not linked to particle size, in fact powders with similar
particle size can have different area, suggesting different particle
porosity. A large surface area can ensure a better dissolution or
hydration allowing the powder to hydrate and possibly dissolve
the associated drug faster™,

The BET method was used to evaluate the surface area of the
Teijin formulation and results showed a value of 0.426 + 0.025 m’
g !, comparable to low-substituted HPC available on the market,
suggesting that the main component of the formulation is deter-
mining this property of the powder".

In order to gain information regarding the powder particie size
distribution, the capsule content was analyzed with Mastersizer
3000 (Malvern Instruments, Malvern, UK) equipped with Aero 5 sys-
tem for dry dispersion. Figure 5 shows that the powder had a
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Figure 5. Particle size analysis by laser diffraction of Rhinocort Teijin powder blend
measured with Malvarn Mastersizer M53000 {n =3 = StDev).

Figure 6 OQverlay of Raman images on white fight montage (BDP = green;
HPC = blue and magnesium stearate = red).

Table 4. Percentage of Active ingredient In each stage of the Apparatus E
Impactor equipped with the 2L expansion glass chamber for nasal delivery
{n=3 = StDev).

Part or stage Cut off diameter (pum) S BDP (£5tDev)
Expansion chamber - 90.2 =478
Connection tube = 057 =032
Stage 1 =14, 464 =139
Stage 2 14.1-861 061 =025
Stage 3 8.61-539 0.36 =017
Stage 4 539-33 008 = 0,14
Stage 5 33-208 NA
Stage & 208-136 A
Stage 7 1.36-0.98 NA
Final stage <098 A
Capsules (3) - 201 = 046
Device = 074 =011

broad range of particle size (from 1 to 240 um) divided into two
distinct populations: 6.6% of the volume was in the small size
population (peak at 9.9 pm), while the rest (93%) presented a peak
at 98pum. The volume diameters characterizing the powder
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Figure 7. Particle size distribution of the powder emitted from Teijin Rhinocort
using the Spraytech laser diffraction apparatus [n = 3, + StDev).

obtained from three capsule were: D, 517 =07 um,
98 = 1.3um and Dgy 1623 = 40 um, respectively.

Figure & shows the scanning Raman map of the Teijin formula-
tion powder, providing Information about the |ocalization of each
component in the formulation blend. The larger and more abun-
dant particles were hydroxyl propyl cellulose, supporting the DVS,
BET and laser diffraction results. Sporadic particles of magnesium
stearate were also observed, The BDP micronized particles were
typically found on the surface of the large excipient particles but
did not appear to be uniformly distributed, suggesting that prob-
ably the powder was not an ordered blend of the different compo-
nents (Figure 6).

D\'SU

Aerosol performance of Teijin Rhinocort

The aerosol performance of the formulation was measured using
Apparatus E equipped with a glass expansion chamber and by
laser diffraction. According to the FDA draft guidance for industry,
impactor and laser diffraction experiments should be performed to
ascertain the absence of finer particles (aerodynamic diame-
ter <10 um} likely to penetrate the conductive airways and reach
the lungs®.

As shown in Table 4 almost the total amount of the BDP was
found in the expansion chamber and roughly 95% of the APl was
deposited in stages with a cutoff diameter larger than 10um,
Around 3% remained in the capsule and the device, indicating that
the dose was not completely emitted. In only one experiment
some BDP was detected (0.24% of the total) on stage 4; no drug
was found in any lower cutoff stages.

In order to determine if any formulation excipient (ie. HPC)
could reach the lower airways, additional studies using Spraytech
(Malvern Instruments, Malvern, UK) laser diffraction particle sizing
were performed. The frequency and cumulative undersize particle
size distribution profiles for the aerosolized powder are shown in
Figure 7. It can be noticed that there are two populations, the first
with a peak around 16pm, and the other one at 108 pm. Mare
than the 99% of the powder has a volume size larger than 10pm
and the Dygo was 93.7 = 29um, The Dy value of the emitted
dose is slightly smaller and significantly different from the one
obtained for the capsule content, suggesting that a phernomenon
of de-agglomeration is occurring during the in vivo simulated
administration process using the Spraytech (Malvern Instruments,
Malvern, UK).

The Do Duse and Dygp for each actuation necessary to empty
one capsule were determined with the Spraytech. Figure 8 shows
Do Dysp and Dygp for each actuation obtained averaging three
capsules, No statistical difference was observed. However, it was
not possible to obtain data for the last two actuations of the eight
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Figure 8. Equivalent volume diameter values (D, 90, 50 and 10) measured by laser
diffraction for Teljin Rhinocort, eight insufflations for one dose (n=3, = StDev).

required for drug administration, since six actuations were enough
to empty the capsule to the point where any further emitted pow-
der was not enough to trigger the analysis, in disagreement to
what is suggested on the patient information leaflet, where 4 actu-
ation for each nostril are indicated to complete the process.

Clinical studies on the efficacy of Tefjin formulation, on nasal
allergies, were performed in Japan on over 220 people. Results
from 1986 shows that the dry powder formulation was able to
decrease the daily dosage by one quarter when compared to a
pressurized nasal formulation (from 400 pg to 100 ug daily), with
the same overall therapeutic improvement and less incidence of
side effects®, The better efficacy of the powder formulation was
explained as a result of the presence of HPC and its ability to pro-
long the residence of BOP in the nasal cavity. Furthermore, the
fewer side effects were related to the lower daily frequency of
administration needed and the reduced irritation due to the pres-
ence of the main excipient, HPC, compared to equivalent Freon
based pMDI nasal formulations™. Similar results have been found
in literature also for Rhinocort Turbohaler™  (Budesonide,
AstraZeneca, London, UK), where patients were found to prefer the
use of a dry powder device (formulation) compared to a water
nasal spray. Specifically, the patients found the DP| product to
have a less unpleasant taste and to cause less nasal irritation, com-
pared to the reference liquid product®,

In another study, the Optinose™ device (Optinose, Yardley, PA)
has been used for the systemic delivery of sumatriptan powder
through the nose, reporting fast absorption (t,.,— 20min) of the
drug and no bitter aftertaste”, Furthermare, in another study, it was
shown that when compared to water spray, the Optinose powder
formulation had less clearance in the first two minutes after the
administration due to lack of anterior drip-out and less sniffing that
prevented further dripping'®,

Conclusion

Teijin Puvlizer Rhinocort” is one of the few nasal powder inhalers
in the market worldwide and the oldest. The device comprises of a
squeeze bulb-based insufflator able to administer the powder
loaded in a capsule via repeated actuations. Despite the simple
device, the particle size distribution was highly reproducible, sug-
gesting a consistent deposition of the drug in the nasal cavity,
complying with the FDA guidance requirements for nasal formula-
tions. Practically, the fact that six consecutive and repeated steps
are required to administer the required dose can be considered as
a limiting step for patient compliance, in comparison with multi-
dose pre-metered water nasal products now on the market,
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INTRODUCTION

Allergic rhinitis is a hypersensitivity reaction to inhaled allergens. It produces inflammation of the
nasal mucosa characterized by nasal congestion, sneezing, itching and rhinorrhoea [1] Intranasal
corticosteroids are highly effective in preventing and relieving early- and late-phase symptoms.
Beclometasone dipropionate (BDP) is a commonly used glucocorticoid pro-drug which is hydrolyzed
to its active form, beclometasone-17-monopropionate (BMP) [2]. In Australia, BDP is commer-
cally available over the counter as an aqueous suspension, e.g., Beconase™ (GSK), delivered via a
nasal spray pump. In Japan, BDP is also available as a powder formulation commercialized as
Rhinacort (Teijin Pharma) [3].

The conventional way to test in vitrs permeation of drugs through cells is by the use of
drug solution or suspension added at different concentrations to the apical side of cells growing
on multi-well plates. However, this method is not representative of the in vive processes occurring
following nasal steroid administration, where aerosolized drugs in either suspension, or powder
form is deposited on to nasal mucosa. Therefore, the aim of this study was to compare the conven-
tional in witrs BDP drug permeation of a suspension with a novel deposition method that allows
the delivery of drug aercsols generated from both liquid-based and powder-based nasal devices
direetly onto the surface of cultured nasal cells,
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METHODS

A nasal epithelia cell line (RPMI 2650; ATCC, USA), was grown and passaged according to
ATCC protocol, with complete Minimum Essential Medium (Life Technologies, Australia) con-
taining 10% fetal bovine serum (Life Technologies, Australia) 1X nen-essential amino acid solution
(Sigma Aldrich, Australia) and 2 mM L-glutamine, which was incubated at 37°C in a humidified
atmosphere containing 5% CO3. To establish an air-liquid interface (ALI) model, 200 pl of nasal
cells suspensions (2.5x10" cell/ml) were seeded on Snapwell™ polyester membrane inserts (1.13 sz,
0.4 pm pore size, Corning Costar, USA). After 24 hours, the media from the apical compartment
was removed. Transport studies were performed after 14 days of cell differentiation at the ALI
configuration [4].

Beconase™ (GSK, Australia) was chosen as the BDP water-based suspension nasal liquid
product (50 pg/spray nominal dose). It contains cellulase, dextrose, polysorbate 80, phenylethyl
aleohol (2.5 pli/g) and benzalkonium chloride (0.2 mg/g). Teijin Rhinocort® (Teijin, Japan) was
used as the BDP nasal dry powder formulation. Teijin Rhinocort is a capsule-based device with
each capsule containing a nominal dose of 50 pg of BDP, hydroxypropyleellulose (HPC) as carrier
and magnesium stearate. To investigate and compare the effects of BDP aerosol deposition, a
“conventional” transport study was performed by adding 250 pl of 15 pg/ml BDP of Hank's
Balanced Salt Solution ({(HBSS) Life Technalogies, Australia) suspension directly to the apical
surface of RPMI 2650 nasal cells (control formulation).

To study the transport of BDP after aerosol deposition, Apparatus E (Westech Ltd.,
UK) equipped with a previously described modified expansion chamber that holds Snapwell cell
inserts, was used to mimic the deposition of BDP from both the dry powder and suspension nasal
formulations [5]. Briefly, cell inserts were removed from the cultured plates and washed with pre-
warmed HBSS, Subsequently, the Snapwell inserts were transferred into the modified nasal depo-
sition chamber. For each formulation (dry powder and liquid suspension) a total of 150 pg of BPD
was delivered into the chamber where the wells were located, Appar:ttus E was connected to a
pump (Westech Scientific, UK) and flow rate was set to 15 L.min'1, using a calibrated fow-meter
(Model 4040F; TSI Incorporated, MIN, USA). Cell inserts after deposition were repositioned on
culture plates and transport studies were performed for four hours. Samples (200 pl) were with-
drawn every hour and media restored with fresh HBSS buffer to maintain sink condition, At the
end of the experiment, the cell layer surface was washed to collect the drug on the surface of the
cells before cell lysis to analyze the intracellular amount of drugs. BDP and BMP were quantified
using validated high performance liquid chromatography (HPLC) method using a system equipped
with UV-detector (Shimadzu Corporation, Japan) and a C18 column (Luna 3 pm, 4.6 x 150 mm,
Phenomenex, Australia) operating at a flow rate of 0.8 mL.min™ and detector set to 243 nm. Mobile
phase was a mixture of methanol: water (80:20 %v/v) and retention times of BDP and BMP were
approximately six and nine minutes, respectively.

RESULTS AND DISCUSSION

The sum of BDP and BMP (expressed as a percentage of total drug deposition) transported across
the RPMI 2650 nasal cell madel is shown in Figure 1. Overall, the 15pg/ml suspension delivered
by direct addition on the surface of the cells, showed the highest drug permeation across the cell
layer, with 35% of the drug transported after four hours. The Beconase acrosol suspension showed
the highest drug permeation of 10.5% after one hour, while only 3.2% of drug was transported from
the BDP dry powder formulation. This may be because dry powder aerosols require additional time
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for wetting and dissolution once in contact with the nasal mucus layer. No statistical difference
(p<0.05) was found between the two commercial formulations after four hours, suggesting that dis-
solution was the rate-limiting step for the transport of BDP across cells. It is envisaged that, upon
deposition, the particles in both formulations start to dissolve in the nasal mucus creating an in sita
saturated BDP area leading to a higher concentration gradient driving the diffusion process [6].

45
I "
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&8 35 - @ Beconase, GSK
g s A Rhinacort, Teljin
2830
&
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; 220
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Figure 1. Total amount (%) of BDP and BMP transported over four hours (n= 3, £ StDev).

The amount (%) of BDP and BMP found on the surface and inside the nasal cells is shown
in Table 2. It was found that around 25% of the BDP remained on the surface of the cell when
BDP was delivered as suspensions, either by conventional transport method or as aerosols using
the nasal spray. Meanwhile, for the dry powder formulation, only 9.4% was found to remain on the
cells surface, confirming that the dry powder particles provide a higher permeation into the cell
membrane after the deposition, which could be possibly due to a higher local concentration gradi-
ent during the powder dissolution. As for the values of BMP, the dry powder formulation showed
the highest percentage of BMP inside the cells, with 64% of total drug deposited, suggesting that
once penetrated into the cells, the BDP is rapidly converted into the active compound, BMP. No
statistical differences were found between the Beconase and the Rhinocort formulations.

However, the 15 pg/ml suspension showed the lowest percentage of BMP inside the cell,
but the highest drug transport across the cell layers. This could be due to the liquid-liquid interface
conditions of the transport study. This approach may dilute the mucus layer barrier present on cell
surface and ultimately maximize the paracellular permeation rate of the drug. Therefore, the new
approach is believed to be more representative of the physiological conditions during nasal drug
deposition.

Table 2.
Percentage of BDP and BMP found “on” and “in” RPMI2650 cells after
the deposition/transport studies (n=3, + StDev).

BDP BMP
ON IN ON IN
15pg/ml Suspension 254+ 0.7 14202 07+ 01 347% 21
Beconase, GS5K 264+ 84 1001 17+12 529+ 33

Rhinocort, Teijin 94+ 36 3.0£09 09x06 640% 15.2

Capyright © 2016 VOU
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CONCLUSIONS

This study has shown that there were no statistical different between two commercially available
nasal BDP furmu]aﬁuus, for both the total d.rug pcrmratcd and the amount of active cumpound
(BMP) recovered inside the cells after deposition studies. However, differences were found between
classical aliquot addition based transport studies and the in vitrs deposition method described
herein, highlighting the importance of choosing a more physiological method to assess nasal formula-
tions in vitro.
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INTRODUCTION

Particle size distribution is an important property of nasal sprays. Specifically, droplets with an
aerodynamic diameter larger than 9 pm are required to provide optimal nasal deposition and pre-
vent inhalation into the lower airways [1]. According to the Food and Drug Administration (FDA)
Guidance, the characterization of the nasal droplet size distribution can be evaluated by either laser
diffraction or cascade impaction (CI), with an additional 2 L expansion chamber [2]. However,
either method is not representative for investigating real time drug deposition in the nasal cavity.

Several cell culture models have been used to simulate the nasal mucosa, however to
date no in witro apparatus has been proposed to include simultaneous direct drug deposition and
permeation experiments for nasal products [3-5].

The aim of this study was to modify the standard glass expansion chamber, proposed in
the FDA guidance for nasal products, and validate a modified expansion chamber using both dry
powder and liquid spray nasal products. This new expansion chamber allows in vitrs cell-based
deposition and permeation studies to be performed in conditions resembling drug administration
process in wive.

METHODS
A Next Generation |mpactn1' (NGI, Westech Lid., UK) equipped with a standard glass expansion
chamber for nasal testing was used for determining the aerodynamic particle size distribution of

nusal product.
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Figure 1. NGI configuration with glass expansion chamber (A) and modified 3D printed chamber (B).

A 2 L single-neck round bottomed glass flask with a 1 em inlet hole at 30" from the neck
axis was used as expansion chamber (EC) for the aerosol deposition experiments (Figure 1A).
The modified expansion chamber (MC, Figure 1B and 2) was designed using Catia 3D design
software (3138, Boston, MA), Computer designed drawings were printed in acrylonitrile butadiene
styrene (ABS) using a 3D printer (Dimension Elite), The internal and external surfaces were
chemically treated with small quantities of acetone in order to eliminate the porosity associated
with the printed material, Permeability was assessed using solutions of both water and methanol.

The modified expansion chamber was composed of two spherical interlocking hollow
hemispheres, The lower hemisphere contained the opening for the NGI connection and the inlet
hole for the nasal device at 30" from the neck axis. The upper hemisphere was desipned in order to
accommodate three cell culture inserts (Corning®™ Costar® Snapwell™, Sigma-Aldrich Corp,, St.
Louis, MO) located directly opposite to the inlet hole, Figure 2. The system desigm allowed easy

access to the expansion chamber inner surface and handling of cell inserts.

UPPER HEMISPHERE Pins Closum

Snapwell Cell
Insert Housing

LOWER HEMISPHERE

Figure 2. CAD 3D drawing of the modified expansion chamber,
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Two different nasal products used for the treatment of rhinitis, both containing beclo-
methasone dipropionate (BDP) as active ingredient, were chosen to compare and validate the two
expansion chambers, The two products were: Teijin Rhinocort™ (Teijin, Japan), the only capsule-
based nasal dry powder spray on the market ( Japan) and Beconase® (GlaxoSmithKline, Australia) an
aqueous suspension available over the counter, both products present a nominal dose of 50 pg of BDP.

For each product (dry powder and liquid suspension), aerosol deposition experiments
were performed, using both the EC and MC. The NGI was connected to a pump (Westech
Scientific, Bedfordshire, UK) and flow rate set at 15 L.min ", using a calibrated flow meter (Model
4040F; TSI Incorporated, Shoreview, MN}. BDP was quantified using reverse phase HPLC system
equipped with UV-detector (Shimadzu Corporation, Japan) and Luna C18 column (3 pm, 4.6 x
150 mm, Phenomenex, NSW, Australia). Mobile phase was a mixture of methanol: water (80:20
Sv/v), Alow rate 1-mL.min"", with detector operating at 243 nm and retention time of ~ six minutes.
For cach experiment, three dry powder capsules were used (eight actuations for each capsule) for
the Tegjin Rhinocort and three actuations for Beconase, respectively.

Particle sizing of the emitted dose was measured using laser diffraction (Spraytec™,
Malvern Instruments, UK). Briefly, the device was placed at 2.5 ¢m from the Inhaler Nebulizer
Accessory (i.e., 5.5 em from the laser beam), tilted at a fixed angle of 30° and actuated at a flow rate
of 15 L‘min“l, resembling the in vive process of drug administration. Particle size was caleulated
based on the stable phase of the spray. The results were presented in terms of Dig, Dsg, and Dag
and percentage of particles = 10 pm.

RESULTS AND DISCUSSION

The difference in aerosol deposition between the modified expansion chamber and reference glass
chamber for the two nasal products were evaluated using NGI and results are listed in Table 1.

Table 1
Comparison of BDP mass deposition in the standard glass and the modified chamber
using the NGI (n = 3 £ 5tDev).

Mass BDP Mass BOP Mass BOP
Expansion Chamber Throat (Connection) Stage 1
(1g) (1g) (1g)
Standard  Modified Standard  Modified i Modified
Rhinocort 1302+69 1268+69 083+0.17 0.85+0.13 6.7+20 64103
Beconase 158.1425 1551+25 0444015 0.34+0.13 NA NA

No BDP was deposited on stages below Stage 1 of the NGI, confirming the efficiency
of the products for nasal purposes. For both Rhinocort and Beconase, no statistical difference
(p = 0.05) was found between the amount of BDP deposited in the glass and the modified cham-
ber, suggesting that the novel expansion chamber could be used routinely for aerodynamic size
fractioning and deposition studies. For the powder formulation tested, Rhinocort, BDP deposited
on the first stage of the NG On the contrary, no BDP reached Stage 1 of the NGI when the Beconase

Capyright © 2015 VCOU
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suspension formulation was used. Regarding BDP deposited on the Snapwells using the modified
chamber, for the liquid suspension formulation, 40.0% of the BDP was recovered on the three
Snapwell inserts, while only 3.4% was recovered on the Snapwell inserts when the dry powder for-
mulation was used. While the Snapwells were dry in this case, the low concentration on the filter
membrane is likely due to the plume dynamics rather than adhesion to the membrane. Particle
bounce of internal surfaces, including the Snapwells would have resulted in large increases in Stage 1
deposition, which was not observed. However, future studies conducted using Snapwell inserts
with cells will be able to elucidate this.

Cascade impaction does not provide information about the final parricle size of the whole
formulation, but only the fraction containing the active ingredients. In order to fully characterize
the particle size distribution of the emitted droplets/particles from the two nasal devices, laser dif-
fraction was used.

As shown in Table 2, the particle size distribution of the BDP powder is larger than the
particle size of the droplets obtained with the spray device.

Table 2.
Summary of the particle size of Teijin Rhinocort and Beconase (n = 3, £ StDev).

Rhinocort (um)  Beconase (um)

Dv10 467:78 26.7+3.0
Dv50 933+28 585+ 11.1
Dvao 163.0£37 148.7 £ 48.6
%<10 1.0£08 1.1+£03

The absence of BDP on NGI Stage 1 for Beconase (despite a lower Dv50 and the higher
percentage of deposition on the Snapwell) could be explained by the higher kinetic energy provided
to the particles expelled from the liquid pump, resulting in the spray hitting the wall of the expan-
sion chamber without complete aerosolization [1]. The lower energy provided by the dry powder
formulation and device allows the plume complete development of the plume in the expansion
chamber and the deposition of a small particle fraction in NGI Stage 1.

CONCLUSIONS

This work has shown that the 3D printed modified expansion chamber for assessing nasal formula-
tion can be reliably used as an alternative to the standard glass chamber when using the NGL
The ability to insert three Snapwell cell culture inserts within the impaction chamber open the
possibility for nasal formulation deposition studies on nasal cells, permeation experiments and dis-
solution tests. Future studies will evaluate the use of a human nasal cell line in this modified nasal
chamber for further characterization of nasal formulations.
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Purpose: Along with their cholesterol-lowering effect, statins have shown a wide range of

1 b e

pleiotropic effects p ially o

5 T 1 H,
;

L such effects

are extremely elusive via the conventional oral administration. The purpose of the present study
was lo prepare and characterize the physicochemical properties and the in vive biodistribution of
simvastatin-loaded lecithir ticles (SVT-LCNs) suitable for nasal admini

in view of an improved delivery of the statins to the brain.

Materials and methods: Chitosan, lecithin, and different oil excipients were used to prepare
nanocapsules loaded with simvastatin. Particle size distribution, surface charge, structure,
simvastatin loading and release, and interaction with mueus of nanoparticles were determined.
The nanoparticle nasal toxicity was evaluated in vitro using RPMI 2651 nasal cell lines.
Finally. in vivo biodistribution was assessed by gamma scintigraphy via Te9%m labeling of

the particles.

Results: Among the different types of nanoparticles produced, the SVT-LCN_Mailab showed
the most ideal physicochemical characteristics, with small diameter (200 nm), positive surface
charge (+48 mV) and high encapsulation efficiency (EE; 98%): Size distribution was further
confirmed by nanoparticle tracking analysis and electron microscopy. The particles showed a
relatively fast release of simvastatin in vitro (35.6%44.2% in 6 hours) in simulated nasal fiuid,

Blank nanoparticles did not show eytotoxicity, evidencing that the fi 1
it

is safe for nasal

administration, while cviotoxicity of sim -l
three limes lower than the drug solution (9.92 vs 3.50 uM), In rats, a significantly higher radio-
activity was evidenced i

particles (1) was found to be

the brain after nasal delivery of sit loaded particles in
comparison to the admimstration of a similar dose of simvastatin suspension.

Conclusion: The SVT-LONs developed presented some of the most desirable characteristics
for mucosal delivery. that is, small particle size, positive surface charge, long-term stability,
high EE. and mucoadhesion, [n addition, they displayed two exeiting featur
biodegradability by enzymes present in the mucus layer, such as lyvsozyme. This indicates a new
Trojan-herse strategy which may enhance drug release in the proximity of the nasal mucosa.

st was their

Second was their ability to enhance the nose-lo-brain transport as evidenced by preliminary
gamma scintigraphy studies,

Keywords: nose-to-brain, simvastalin, particles, neurodegenerative d
scintigraphy, small-angle X-ray scattering (SAXS), lysozyme, biodegradable nanoparticles

i

Introduction

The 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors,
or statins, are arguably among the biggest advances in cardiovascular care in the
20th century, Statins reduce cholesterol serum levels by reversibly inhibiting HMG-
CoA reductase, an essential enzyme in cholesterol biosynthesis, reducing the risk of
setipus cardiovascular events," Along with their lipid-lowering effects, statins have
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been credited fora range of butcomes or “pleiotropic effects”.
The mechanisms by which pleiotropie outcomes occur are
diverse and still not fully elucidated. Many of those effects are
attributed to the inhibition of isoprenoid intermediates, that is,
farnesyl pyrophosphate and geranylgeranyl pyrophosphate,
and their downstream effects on intracellular signaling
proteins Ras, Rho, and Rac.* Pleiotropic effects of statins
include anti-inflammatory, antioxidant, immunomodulatory,
and antithrombotic actions as well as the ability to stabilize
atherosclerotic plagues and inhibit the proliferation of
vascular smooth muscle.*’ Because of these pleiotropic
effects, it is now believed that statins could be more widely
employed in other disease wd arthritis,
COPD, cancer, and neurodegenerative disorders.* "'

In the case of Alzheimer’s disease, clinical research evi-
denced that an increase in brain cholesterol levels directly
upregulates the production of f-amyloid protein, the major
protein involved in the formation of senile plagues in the
brain of Alzheimer’s patients.'*"* Moreover, the most widely
recognized risk factor of late-onset Alzheimer's is the genetic
variation in a transporter of cholesterol called apolipoprotein
E &4 which supposedly alters the brain cholesterol homeo-
stasis, leading to Alzheimer’s disease development,'** The
inhibition of brain cholesterol synthesis has been shown to

such as rh

reduce P-amyloid accumulation, interfering with the pro-
duction of B-amyloid and its accumulation as extracellular
plaques.'"" These works suggest that the effects of stating
in lowering the cholesterol levels may have a beneficial
role on the pathogenesis of Alzheimer’s disease. It has also
been postulated that statin pleiotropic effects could provide
further benefit to Alzheimer’s patients via modulation of
the chronic inflammatory response, another key factor in
neurodegenerative process.' However, these effects of sta-
tins are only seen at high therapeutic concentrations at the
target organ, and they are difficult to be observed when the
conventional oral administration route is selected. In fact,
stating undergo extensive first-pass metabolism, and their
hydrophilic metabolites are prevented from crossing the
blood-brain barrier (BBB), the principal biological barrier
protecting the central nervous system (CNS).* Despite the
fact that statins are generally well tolerated, this drug class
has been associated with some adverse events, in particular
myopathy. This side effect can be severe and progress to
rhabdomyolysis, to the point that cerivastatin was withdrawn
from the market in 2001 as a consequence of 532 drug-related
fatalities worldwide.'®

In the last few decades, the nasal mucosa has been
demonstrated to be a site for drug administration that could

allow for fast and efficient absorption of drug molecules
normally not suitable for oral administration.'” More recently,
the intranasal route has been increasingly investipated to
deliver drugs to the brain aimed at the treatment of specific
brain diseases, including neurological diseases, such as
Parkinson’s. schizophrenia, epilepsy, and Alzheimer's.™
Several research suggest that the “nose-to-brain” route is
one of the most important developments of pharmaceutical
research in brain treatment, including the following: i) the
potential to avoid gastrointestinal (G1) and hepatic first-pass
metabolism; ii) the possibility of delivering drugs not suitable
for oral administration, such as peptides and proteins; and
1i1) most importantly, the transport of exogenous material
directly from the nasal cavity to the brain, thus bypassing
the BBB,"' It is known that the unigue physiology of the
olfactory region within the nasal cavity can provide a direct
route of administration to the CNS, through the main innerva-
tion of the nasal cavity, that is, the olfactory and trigeminal
nerves, ™™ However, drug delivery via the nose is also limited
by a number of factors such as the administration volume, the
barrier of the nasal epithelium, the nasal metabolic activity
and the presence of o protective mucus layer, Additionally,
the amount of drug administered nasally which has been
shown to be transported directly from nose-to-brain is very
low., normally <<0.1%. Hence, the system is not currently
used in clinical practice.”

The extent of the nose-to-brain drug absorption has been
shown to be highly dependent on the drug formulation
The strategy of administering drugs encapsulated in nanopar-
ticles via the olfactory epithelium could potentially improve
the direct CNS delivery. Nanoparticles can improve nose-to-
brain drug delivery, since they are able to interact with the
nasal epithelium enhancing the drug absorption, protect the
encapsulated drug from biological/chemical degradation and
avoid the drug transport to the extracellular space by efflux
proteins, such as P-glycoprotein. This could potentially
increase CNS availability of the drug. In addition, their
small diameter potentially allows for transcellular transport
of nanoparticles through olfactory neurones to the brain,
via the various endocytic pathways of neuronal cells in the
olfactory region.”

From a drug delivery perspective, polymeric nanoparticles
have proven to perform statistically better in delivering model
drugs into CNS, in enhancing their pharmacological activity
and/or reducing side effects, when compared to traditional
formulations of drugs, when administered intranasally ***
Colloid nanoparticles, composed of polysaccharides, such
as chitosan, and phospholipids, have been proposed recently
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asa biocompatible, biodegradable, and safe delivery system
for poorly soluble drugs in order to overcome biological
barriers.”™*! Their chitosan surface layer in particular has the
potential to facilitate nasal delivery, due to the polysaccharide
mucoadhesive properties and its potential to increase epithe-
lial permeability by interaction with the junctional complexes
between cells, ™ In addition, this approach could potentially
reduce classical statin side effects as nasal delivery allows
dosage reduction and systemic exposure to the drug.

In the present study, a mucoadhesive formulation based
on self-assembled lecithin/chitosan nanoparticles (LCNs)
designed for intranasal administration was developed and
optimized as a promising strategy for delivering simvastatin
into the CNS, Desired features of this approach were high
positive charge, small particle size and high drug content.
In order to obtain these features, different oils were incor-
porated into LCNs in order to optimize the formulation.
Physical and chemical stabilities were assessed along with
drug release in simulated nasal fluid, Nanoparticle structure
and interaction with mucus with and without lysozyme
were investigated as well. The in vitro nasal toxicity of the
nanoparticles alone or loaded with simvastatin was evalu-
ated in a human nasal cell line (RPMI 2651}, Finally, a pre-
liminary gamma scintigraphy study of the biodistribution
of simyastatin-loaded nanoparticles in vivo after intranasal
instillation was carried out in rats.

Materials and methods
Materials
Chitosan (Chitoclear FG, deacetylation degree 95%, viscosity
45 cP) was provided by Primex (Siglufjordur, Iceland) and
used without further purification. Lecithin (Lipoid 545)
was obtained from Lipoid AG (Ludwigshafen, Germany).
Pharmaceutical-grade oils Maisine™ 35-1 (glycerol mono-
linoleate), Labrafac™ Lipophile WL 1349 (medium-chain
triglycerides, European Pharmacopoeia), Capryol ™ PGMC
(propylene glycol monocaprylate type I, National Formulary
[NF]), and Capryol™ 90 (propylene glycol monocaprylate
type II, NF), were a kind gift of Gattefossé (Saint-Priest.
France). Simvastatin USP 99%, mucin from porcine stomach
(type [}, human lysozyme and bovine serum albumin (BSA)
were supplied by Sigma-Aldrich (St Louis, MO, LISA).
Centrifugal filter devices (Vivaspin® 2: 30,000 molecular
weight cut-off [MWCO] HY) were obtained from Sartorius
(Gittingen, Germany), Dialysis tubing cellulose (14,000
MWCO) was supplied by Sigma-Aldrich. Cell line RFMI 2650
(CCL-30) was purchased from American Type Culture Col-
lection (ATCC) (Manassas, VA, USA), Minimum essential

medium (MEM) and fetal bovine serum (FBS) were acquired
fram Thermo Fisher Scientific (Waltham, MA, USA). Cell
culture inserts and other culture plastics were from Coming
Incomporated (Comning, NY, USA), All other chemicals were
of analytical grade. Ultrapure and degassed ultrapure water
(Purelab Flex; ELGA-Veolia LabWater, Windsor Court, UK)
was used in all experiments,

Methods

Preparation of simvastatin-loaded LCNs
Simvastatin-loaded (SVT) LCNs were prepared as reported
previously with slight modifications. In summary, 4 mL of
an ethanol solution containing soybean lecithin ( 100 mg),
simvastatin (50 mg) and different types of oils (Maisine
[Mai]. Labrafac [Lab], Capryol PGMC [Cap,). and Capryol
90 [Cap,]) in 1:1 binary combination (100+100 mg) was
injected, at controlled flow rate (15 mL/min), into 50 mL
of 0.01% (wiv) chitosan aqueous solution, under constant
mechanical stirring at 15,000 rpm for 10 minutes (Ultraturrax
TP 18/10 - 10N; IKA-Werke GmbH, Staufen, Germany ). The
0.01% chitosan aqueous solution was prepared from a 1%
chitosan solution in 0.03 N HCl. Volume of organic phase
and rate flow injection (15 mL/min} were controlled using a
mechanical syringe pump coupled with a glass pipette (Model
200; KD Scientific, Holliston, MA, USA). Finally, ethanol
phase was evaporated from the prepared colloidal suspen-
sion using a rotary evaporator (Heidolph WB/VY 2000;
Schwabach, Germany) at the temperature of 40°C. Batches of
LCNs loaded with simvastatin, without oil (SVT-LCNs) and
with different oils (SVT-LCN_MaiLab, SVT-LCN_MaiCap,,
SVT-LCN_LabCap,, and SVT-LCN_Cap,Cap, ). were pro-
duced in order to optimize the formulation for stability and
simvastatin encapsulation, All batches were prepared in
at least triplicate and stored at room temperature for up to
3 months.

Physicochemical characterization of SYT-LCNs
Determination of nanoparticle size and surface charge
The particle size and polydispersity index (PDI) of all nano-
particles were determined by dynanmic light scattering (DLS)
using Malvern Zetasizer Nano ZSP (Malvern Instruments
Lid,, Malvemn, UK},

For DLS measurements, the colloidal nanoparticle sus-
pensions were diluted with distilled water filtered at 0,43 pm
to avoid multiple scattering. The analysis was performed
at 25°C and at a 90° scattering angle. Three measurements
were performed for each sample. in triplicate (n=9+ standard
deviation [SD]).
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The surtace charge of the nanoparticles was measured
using phase analysis light scattering, The same samples were
used for both size and zeta potential determination, with
the same instrument. For each measurement, nanoparticles
were diluted (1:3) with distilled water filtered at 0.45 pm
to achieve a desired conductance (300 uS) without altering
the surface charpe properties of nanoparticles. Zeta potential
values were presented as means of triplicate uns (six sub-
runs) per sample (n=9+ 8D).

Manoparticle tracking analysis

In order to further confirm the particle size distribution and
have an evaluation of particle concentration in suspension,
a nanoparticles tracking analysis (NTA) experiment was
conducted using NanoSight NS300 (Malvern Instruments
Lid.) equipped with a 480 nm laser light source, and a 20x
magnification microscope was used to carry out the particle
tracking analysis with a field of view of approximately
[00x80x10 pm. The built-in sSCMOS camera was used to
record videos, and the particle tracking was analyzed by
NTA 3.1 software. NTA tracks single particles in Brownian
maotion through the light they scatter. Videos of the particle’s
tracks, projected on the x—v plane, observed through a 20
microscope, were analyzed by the built-in NTA 3.1 sofiware
that locates and follows the center of each individual particle
maoving in the observation volume, determining the average
distance moved by each particle i the xand v directions,
This value is then converted into particle size on the basis of
a variation of Stokes—Einstein equation taking into account
that the motion is tracked in two dimensions:

4tk
3mnd,

(x,¥)=

where £ is the Boltzmann constant and (\‘_v)’ is the mean-
squared displacement of a particle during time 7 at tempera-
ture T, in a medium of viscosity 1, with a hydrodynamic
diameter of d,

Furthermore, knowing the volume of the suspension and
the dilution, the associated NTA software is capable of cal-
culating an approximate concentration of the nanoparticles
inside the colloidal suspension.™

Only SVT-LCN_MaiLab were analyzed by NTA. The
nanoemulsion was highly diluted { 1:630,000) with ultrapure
water to allow single particle tracking. After that, sample
was drawn into a 1 mL plastic syringe, which was used for
full-sample injection into the instrument sample chamber.
The nanoparticle images were acquired using a video capture

mode of the sample for three 60-second analyses, which
were used for subsequent analysis, Measurement was carried
out at a defined temperature (28°C-28.2°C) and viscosity
(0.828-0.832 ¢P). The results were obtained as mean and
SD of three runs,

Nanoparticle imaging by scanning transmission electron
microscopy

The morphology of simvastatin raw material, simvastatin-
lnaded lecithin/chitosan nanospheres (without oily core),
blank LCN_MaiLab nanocapsules and SVT-LCN_MaiLab
nanocapsules, was observed by scanning transmission
electron microscopy (STEM) using an EVO® electron
microscope (ZEISS International, Oberkochen, Germany)
operating at an accelerating voltage of 30 kV, A drop of
sample solution was placed onto a 200 mesh copper grid
coated with carbon (Agar Scientific, Stansted, UK) and
air dried for 1 minute, after which excess solution was
removed gently with filter paper. Subsequently, a drop of
2% (wiv) phosphotungstic acid was used as a staining agent
and removed after 30 seconds. The images were obtained
via inverse contrast imaging with magnification between
75,000 and 150,000,

Determination of nanoparticle structure and interaction
with a nasal mucus model by SAXS

The internal structure of nanoparticles and the structural
changes occurring upon their interaction with a model of
nasal mucus were investigated by Synchrotron small-angle
X-ray scattering (SAXS) technique. Experiments were
performed at the ID02 high-brilliance beamline (ESRF,
Grenoble, France). The X-ray beam cross section was
200400 pm with A=0.1 nm. All measurements were per-
formed at 7=25°C. Samples were put in plastic capillaries
(KI-BEAM; ENKI srl, Concesio, Italy) with 2 mm internal
diameter, mounted horizontally onto a thermostated sample
holder. The region of investigated momentum transfer,
g = (4 ) sin( @), was 0.0116< g <6.43 nm™', where 28 is
the scattering angle. In order to prevent any radiation damage,
several frames with very short exposure time (0.1 second)
were acquired, and then checked and averaged. After solvent
subtraction, the measured SAXS profiles reported the nano-
particles’ scattered radiation intensity as a function of the
momentum transfer, g. SVT-LCN_MailLab were prepared
according to the above-described protocol at a final con-
centration of 7.1 mg/mL. In order to assess the stability of
SVT-LCN_MaiLab in the presence of artificial mucus and
their interaction with lysozyme. SAXS analyses were also
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performed on nanoparticle dispersions in simulated nasal
fluid (8.77 mg/mL sodium chloride, 2,98 mg/mL potassium
chloride, and 0.59 mg/mL calcium chloride dihydrate) at
three different mucus concentrations 2%, 1%, and 0.5%
(wiv), and the kinetics of interaction in the presence of both
mucus ((.5%) and lysozyme (0.5 mg/mL) was followed
within 8 hours.

Quantification of simvastatin in LCNs

The simyastatin content in nanoparticles was measured using
a high-performance liquid chromatography (HPLC) system.
The instrumentation consisted of ESA model 542 autosam-
pler (Chelmsford, MA, USA), ESA model 584 pump and
Shimadzu SPD10A UV detector (Kyoto, Japan). A reverse
phase C,, column (Luna, 250x3.0'mm, 5 pm; Phenomenex,
Torrance, CA, USA) was employed for chromatographic
separation of both simvastatin’s isoforms, that is, lactone
and hydroxy-acid form,™ with a mobile phase consisting of
a 65:35 (v/v) mixture of acetonitrile and 0.025 M sodium
dihydrogen phosphate buffer (pH 4.5) at a flow rate of
0.8 mL/min, The UV detector was set at 238 nm with a sam-
ple injection volume of 30 pL. In order to quantitatively con-
vert simvastatin into its hydroxy-acid form, simvastatin was
dissolved in ethanol and added to 1.5 volumes of 1 N NaOH
and heated at 50°C for 2 hours, Next, the pH of the solution
was adjusted to 7.2 with HCI, and the volume was made up
with water to 10 mL. Linearity of calibration curves for both
simvastatin and its hydroxy-acid form was verified in the
range of 0.5-50 pg/mL (7=0.998 and r=0).999, respectively).
Limit of detection and limit of quantification were 0.02 and
0.08 ug/mL for simvastatin and 0.06 and 0.18 pg/mL for
simvastatin hydroxy-acid form, respectively.

The encapsulation efficiency (EE) of nanoparticles was
determined by an indirect method; that is, the amount of
precipitated and free simvastatin were quantified and sub-
tracted from the total amount of the drug quantified in the
total preparation, and all amounts were determined by HPLC,
and then expressed as a percentage of the total drug in the
prepatation. The total amount of simvastatin in the formula-
tions was quantified. Firstly, 100 uL of the preparation was
dispersed in 10 mL of ethanol by sonication for 15 minutes
(ultrasonic cleaner; VWR, Radnor, PA, USA) to extract the
entire amount of drug, Then, the ethanol dispersion was
heated at 60°C in a tightly closed container for 5 minutes 1o
solubilize the drug content extracted from the nanoparticles
and directly assayed for HPLC. For the quantification of
precipitated and free simvastatin in the aqueous medium,
colloidal suspensions were first centrifuged at 1.500x g for

10 minutes (Medifuge; Heracus Sepatech Gmbh, Hanau,
Germany) to separate the nanoparticles from any large pre-
cipitate. The pellet obtained for each sample was resuspended
with ethanol, submitted to a brief sonication process to solubi-
lize the drug and then analyzed by HPLC. An aliguot of 2 mL
of supernatant obtained in the previous step was further cen-
trifuged using Vivaspin® Centrifugal Concentrator (MWCO
30,000 Da; Sartorius) at 4,000 g for 10 minutes (Medifuge,
Heraeus Sepatech Gmbh) to separate the dissolved and hence
non-encapsulated simvastatin, The ulrafiltered solution was
diluted with ethanol by the same method used for pellet
quantification and analyzed by HPLC as well. All analyses
were performed in triplicate (n=9 £ SD). EE of simvastatin
was determined by using the following formula;

Total amount of SVT —
(Precipitated SVT + Dissolved SVT)

EE% =
BB Total amount of SVT

*100

In vitro drug release from LCNs

In vitro release from SVT-LCN_MaiLab nanocapsules was
studied using simulated nasal electrolytic solution (SNES)
containing potassium, calcium, and sodium at biologic human
concentrations of the nasal fluid, as described by Castile
et al.’7 In order to obtain sink conditions during the release
experiments, simvastatin solubility in SNES was increased
by adding 0.5% (w/v) BSA to the dissolution medium,

The test for i vitro release from SYT-LCN_Mailab inthe
SNES-0.5% BSA release medium at pH 6.5 was conducted
using the dialysis bag technique (dialysis tube membrane,
MWCO 14,000 kDa; Sigma-Aldrich). A volume of | mL of
the nanoemulsion was diluted with 1 mL of SNES at pH 6.5
and placed m the dialysis bags. The scaled bags were immersed
into 100 mL of the release medium containing (0.5% BSA kept
at 37°C and magnetically stirred at 100 rpm. At predetermined
time points (0. 1,2, 3.4, 5, 6. 7, 8, and 24 hours), 1.5 mL ali-
quots of the dissolution medium were taken and replaced with
an equivalent amount of fresh release medium, Samples were
analyzed by HPLC to determine the released simvastatin, The
same experiment was conducted using a 1 mg/mL simvastatin
suspension in ultrapure water used as control. In vitro release
studies were replicated three times for both simvastatin nano-
particles and simvastatin suspension,

Cytotoxicity assay of SVT-LCNs

Cytotoxicity assays of simvastatin suspension, SVT-LUN_
MaiLab and Blank-LCN_Mailab were conducted using the
human nasal septum carcinoma cell line RPMI 2650 {ATCC)
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and performing an MTT [3-(4,5-dimethylthiazol-2-y1)-
2, 5-diphenyltetrazolium bromide] cytotoxicity assay, The
RPMI 2650 cell line was cultured in an MEM containing 1 0%
(v/v) FBS and 1% nonessential amino acid solution and mcu-
bated at 37°C with 95% air humidity and 5% CO, atmosphere.
Cells were seeded at an initial density of 50,000 cells per well
and incubated for 24 hours to allow cell adhesion in 96-well
cell culture cluster (Costar; Coming Incorporated). Different
concentrations from 0 to 240 M of simvastatin nanoparticles,
SVT-LCN_MaiLab and Blank-LCN_Mailab were prepared
by direct dilution in cell culture medium. To prepare the raw
simvastatin solution, dimethyl sulfoxide (DMSO) was used
as simvastatin solvent and diluted to low final concentration
(=0.1%) to avoid toxicity effects of the solvent on the cell
viability, The cells were treated with the formulations for
72 hours, followed by mcubation in MTT reagent for 2 hours
at 37°C, Next, the cell medium was removed, and 120 pL of
DMSO was added to each well to dissolve the violet-colared
metabolite. The plates were shaken for 15 minutes, the
contents were pipetted and transferred to new plates and the
absorbance was measured at 570 nm using a microplate reader
(Spark 10 M; Tecan, Ménnedorf, Switzerland). Absorbance
values were considered directly proportional to cell viability,
and percentage cell viability was caleulated by comparison to
control values obtained for untreated cells.

Gamma scintigraphy studies
Particles labeling with **"Tc
A preliminary experiment to evaluate the administration of
simvastatin-loaded nanoparticles was carried out in rats by
gamma scintigraphy, SVT-LCN_MaiLab and a simvastatin
suspension were both labeled with **Te based on previous
experiences, in which anti-CD3 monoclonal antibody was
successfully labeled ™

Briefly, 60 uL of simvastatin nanoparticles or simvastatin
suspension (1 mg/mL) was incubated with 100 uL of
SnCl, (0.6, 6, or 60 pg) (Sigma-Aldrich) in 0.9% NaCl for
20 minutes at room temperature, Afterward, 100 pL (100 pCi)
of pertechnetate (" TeO; CNEN/IPEN, Sao Paulo, Brazil)
was added, and the reaction mixture was incubated for
further 10 minutes at room temperature. The radiolabel-
ing efficiency of the nanoparticle and the simvastatin was
evialuated using thin-layer chromatography (TLC), which was
carried out using Whatman filter paper No 1 and acetone as
mobile phase, The radioactivity of the strips was quantified
in & gamma counter (Wizard2; PerkinElmer, Waltham, MA,
USA). The nanoparticle and the simvastatin were both suc-
cessfully labeled using 6 pg of SnCl, reaching an average
94% labeling efficiency, To quantify the TLC results, the

distance traveled by the substance being considered is divided
by the total distance traveled by the mobile phase. This is
called the retention factor (Rf); in this experiment, free ¥ Te
pertechnetate had a high Rf being transported with the mobile
phase. When the particle labeling was carried out, the new
radiopharmaceutical conjugate was not efficiently eluted by
the mobile phase: that is, Rf =0. Efficient radiolabeling was
considered for a signal at BRf=0%>80%,

In vivo biodistribution study

All animal experiments were approved by the Ethics in
Research Commitiee of University Hospital Clementino
Fraga Filho (affiliated university Federal University of Rio de
Janeiro, Rio de Janeiro, Brazil, [CECA/CCS/UFRT 129/147).
All animals were handled n accordance with Brazilian
guidelines for the care and use of animals for scientific and
educational purposes (Conselho Nacional de Controle de
Experimentacio Animal — CONCEA, 2016). Nine Wistar
rats weighing 300-350 g obtained from the central vivarium
were used. The animals had free access to a standard rat diet
and tap water at all times during the studies, Three Wistar rats
per group were placed individually in an induction chamber,
and anesthesia was induced with 1% isoflurane, Then, 10 gL
of the radiolabeled formulation, that is, SVT-LCN_MaiLab,
simvastatin suspension or a simple pertechnetate solution

{TeO*), was instilled with a micropipette in each nostril of

the animal. Ninety minutes post-administration, the animals
were sacrificed with a high dose of isoflurane (3%), and the
organs were collected for biodistribution analysis.

For quantitative biodistribution analysis, the brain,
heart, lungs, liver, kidneys, spleen, and stomach of rats were
removed and weighed, The total radioactivity administered
to each amimal and the radioactivity present in each organ
were measured in a gamma counter { Packard Cobra 11 Auto-
Gamma Counter; PerkinElmer). The percentage of the dose
per gram of the organ (% gram/tissue: % dose/organ/mass
in grams) was determined for each sample,

Statistics

All results were reported as mean and SD of at least three
replicates, unless stated otherwise. Cytotoxicity 1C, values
were caleulated by using a nonlinear (sigmoidal, 4PL) fitting
of each data set (Prism, Version 7.0a; GraphPad Software
Inc., LaJolla, CA, USA). The differences between data were
tested using Student’s ¢-test (paired, two-tailed) consider-
ing significant differences with P<<0.05. The results of the
biodistribution assays were analyzed using two-way analysis
of variance, and a Tukey’s multiple comparisons test was
used fo compare the groups. Differences were considered to
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be statistically significant at P<<0.001 (Prism, Version 7.0a;
GraphPad Software Inc.).

Results

Preparation and physicochemical
characterization of SVT-LCNs

Simvastatin nanoparticles were formed via the electrostatic
self-assembly of lecithin and chitosan. In previous papers,
this system was shown to be adapted for the encapsulation
of lipophilic drugs, but the loading efficiency was limited
by the affinity of the drug for the phospholipid component
of the nanosystem, ™

In this study, in order to improve their loading capacity,
nanoparticles were produced by adding to the formulation
different oils on the basis of literature solubility studies of
simvastatin. Maisine, Labrafac, Capryol PGMC, and Capryol
90 were chosen, and formulated with lecithin/chitosan in
binary combinations, at the maximum amount compatible
with the production of stable nanoparticles. Preliminary
experiments were carried out o determine the maximum
amount of oils that could be used to produce stable nano-
particles (data not shown).

To select the optimal formulation, all nanoparticles
prepared were characterized for size, PDL, zeta potential,
drug-loading efficiency, and stability during 3-month storage
at room temperature, Table | reports the average size, PDI,
zeta potential, and drug-loading efficiency of SVT-LCNs
produced without oil and with different oil combinations.

SVT-LCNs produced without oily excipients showed
higher average size (around 270} nm) and smaller positive
surface charge compared to blank nanoparticles (LCNs).
Furthermore, substantial precipitation of simvastatin affected
the EE of SWT-LCN. The EE was approximately 22%.
In all the examined cases, the addition of oil significantly
reduced the amount of drug precipitated during preparation of
nanoparticles. This was consistent with an improved loading

capacity provided by adding an oily core to nanoparticles,
leading to a fourfold increase in EE. In preliminary studies
carried out with only Maisine, it was observed that the EE of
simvastatin was increasing with increasing oil concentration
(Table 1 presents the data for LON_Mai and LCN_Mai ).
It was hypothesized that the combination of different types
of oils could promote a further improvement in EE. [n most
cases, no significant improvement was obtained. It can be
seen in Table | that the addition of the oil combinations
Cap Cap, and LabCap, in formulations (SVT-LCN_Cap Cap,
and SVT-LCN_LabCap,) did not result in a significant
variation in the average size compared to SVT-LCNs or
EE when compared to lecithin/chitosan Maisine-containing
nanoparticles (SVT-LCN_Mai, ). On the other hand, SVT-
LCN_MaiCap, showed larger particle size (352 nm) butnota
dramatic increase in loading capacity. All the oil-containing
formulations evidenced a positive surface charge with
values ranging from +11 to +48 mV. The preparations with
higher particle sizes also showed reduced surface charge
and higher PDI, with a potential negative effect on their
long-term stability, In fact, SYT-LCN_Cap Cap,, and SVT-
LCN_MaiCap, preparations evidenced precipitation or fioc-
culation just few days after preparation. SVT-LCN_LabCap,
was apparently stable over 1-month storage but displayed a
slight phase separation over longer times.

On the other hand, the addition of the oil combination
Maisine and Labrafac had a huge positive effect. In fact,
simvastatin-loaded nanoparticles produced using Maisine
and Labrafac (SVT-LCN_MaiLab) showed a significantly
smaller particle size (204 nm), elevated positive surface
charge (nearly 50 mV) and high drug-loading efficiency,
encapsulating 98% of the total amount of simvastatin. More-
over, SVT-LCN_MaiLab were found to be monodispersed
(PDI <().1). In addition, the system remained chemically
and physically stable at room temperature up to 3 months,
as shown in Table 2, Therefore, the SVT-LCN_MaiLab

Table | Physicochemical properties and EE of simvastatin-oaded nanoparticles {n=9+ 5D)

Formulation Oil ratio Particle size (nm) Zeta potential (mV) PDI1 EE (%)
LCN - 146.7+26.2 +57.26+1.57 0.38020.025 -

SVT-LCHN - 1710+128 +34.43+2.13 0.2630.040 126042080
SWT-LCM_Mal 10 19244215 +3653£2.25 0.120£0.035 74.1316,04
SVT-LCN_Mal, 0 1849495 +45.30+| .08 0085920004 86.90+6.28
LCMN_MalLab (5 205.6+10.2 +50:2042.17 0.129:0.017

SVT-LCM_Mailab (E1] 2045154 +48 4514 09 D.0%80.040 98.52+1.33
SVT-LCN_CapCap, I:l 2804492 +20.17+£2.03 0.1850.045 BB 76099
SVT-LCHN_MaiCap, (K] 352043319 +1134£3.21 0.2230.020 90,74+087
SVT-LCN_LabCap, (H 271 148.1 +17.01£298 0.154:0.040 94.68+0.65
MNote: — indicaes no data.

Abbreviations: EE encapsulation efficiency: 50, standard deviation: PRI, polydispersity index: LEM, lecithin/chitasan particle: SYT-LCN, & in-loaded lecithin!

chitosan nanoparticie; Mai, Maisine; Mai,, double Maisine; Lab. Labrafac: Cap, propglens glycol monocapeylate type | Cap,. propylene glycol monocaprylate type ||,
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Table 2 Physical and chemical stbility study at room temperature of simvastatin-loaded nanopartcles (SYT-LCN_Mailab)

Storage time (months) Particle size (nm) Zeta potential (mV) PDI EE (%)

o 0452154 48.414.1 0.098+0.040 98.52+1.33
| 20552152 48,1132 0.16610.024 97.11£1.25
3 20192186 40,0415 0.13140,033 96.54k1.13
Abbr i PDH, polydispersity index; EE. encap afficiency; SV T-LCMN, smvasatin-loaded lecthin/chitosan ranopartice: Mai, Maisine; Lab, Labrafac

formulation was selected for further experiments, as it
presented small and narrow particle size distribution, posi-
tive and sufficiently high superficial charge and optimal drug
entrapment efficiency.

Nanoparticle tracking analysis

In order to confirm the particle-sizing data obtained by
DLS, SVT-LCN_MaiLab particle size distribution and con-
centration were measured using NTA. NTA is a relatively
new investigation technigue that offers direct and real-time
visualization, sizing, and counting of nanoparticles, allowing
high-resolution particle size distributions to be obtained.*
Results are shown in Figure 1. The particle size distribution
showed a peak at 101.044.6 nm with 90% of the particles
being <132, 1£13.0 nm, confirming the narrow size distri-
bution of the nanoparticles. A smaller NTA average particle
size in comparison with DLS results was expected due to the
different weighting functions and the intensity scattered by
particles for DLS which is much larger for large particles.
NTA provides complementary information to both DLS
and microscopy. In fact, as it follows individual particles,
itenhances the resolution of polydispersed particle population

b

9.0~
8.0 o
7.0
6.0
50
40

3.0

2.0

Concentration (particles/mL)

1.0+
315 705

o T T T T
0 200 400 600 800

Size (nm)

1.000

Figure | Particle size o s

which is usually obtained by DLS. The technique still operates
on a statistically significant number of particles, larger than for
microscopy, although not determining their morphology.*

NTA measurements also confirmed the stability of the
lecithin/chitosan oil core nanoparticles prepared using Maisine
and Labrafac combination, as similar results were obtained for
the same formulation stored for 3 months at room temperature
(data not shown).

Nanoparticles imaging by STEM

LCNs were further characterized by STEM (Figure 2},
Simvastatin raw material, SVT-LCNs and SVT-LCNs pre-
pared using Maisine and Labrafac (SVT-LCN_MaiLab) are
shown in Figure 2A-C, respectively. Simvastatin suspension
was organized as agglomerates of individual elongated crystals
of few micrometers in size {Figure 2A). LCNs prepared with-
out oil loaded with simvastatin produced spherical spongy
particles in the range of 100-500 nm, as shown in Figure 2B.
Large simvastatin crystals were also observed within this
formulation, as a consequence of low encapsulation efficacy,
and consistently showed extensive precipitation during nano-
particle preparation. The mcorporation of oils, that is, Maisine

B 25-

Intensity (au)

400 600 BOO
Size (nm)

1.000

partic and intensicy of scattered light obtained by NTA,

Motes: Particle size dustribution is exprested as average and standard error of the mean of hanopardde concentration (n=5) (A). Different colors and sizes of markers
reresent measures of particls size and scattered hght intensty of single particles from the five independent experiments (B)

Abbroviation; MTA, nanopartcles tracking analysis
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Flgure 2 STEM images of smvastatin crystals (&) SVT-LCNs (B} and SVT-LCN_Mailab (C)

Abbreviations: STEM, scanning ian ebectron mi SVT.LChs, si

loaded lecithin/chi manoparticles: Mai, Maising; Lab, Labrafac

and Labrafac, into the formulation of the LCNs significantly
improved the nanoparticle morphology and size distribution.
SVT-LCN_MaiLab (Figure 2C) appeared as small almost
perfectly spherical nanoparticles with narrow size distribution
(1530250 nm). Additionally, the increased EE of simvastatin
following incorporation of oils into the formulation was con-
firmed by the absence of large simvastatin crystals.

Nanoparticles structure and interaction
with the nasal mucus model
To investigate the internal structure of nanoparticles, SAXS
measurements were performed on blank and simvastatin-loaded
nanoparticles. In Figure 3, we report the scattered X-ray intensity
profiles for LCN, LCN_MaiLab, and SVT-LCN_MaiLab.
Spectra were very different all over the investigated ¢
region. Blank LCNs (bottom black line in Figure 3) showed
the characteristic features of closed lamellar structures, such
as vesicles, with low multilamellar layering as evidenced
previously.™ The structure peak at ¢ =1.13 nm™* corresponded
to a characteristic interlamellar distance of 5.6 nm. In fact, the
momentum transfer ¢ was related to the characteristic scatter-
ing distance of supramolecular structures o by the equation;

The obtamed bilayer contrast profile is reported in the
insert of Figure 3 (bottom black profile), The structural

parameters were in agreement with typical values for
lipid/polysaccharide nanoparticles:™ the overall size was
140220 nm, and the hollow water core was surrounded by
one or more lipid bilayers, each 5 nm thick, with the interlayer
regions containing water and chitosan.

Intensity spectra of LCN systems containing Maisine and
Labrafac oils (LCN_MaiLab, blue line in Figure 3) clearly
revealed the presence of an oil core that definitely changed the

045
N ouT
%
104 630
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S \
=
> 0114
=
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Figure 3 5AXS intensity spectra of LCM (back line), LCM_Mailab (blue line). and
SYT-LCN_Mailab (red fine)

Motes: The corresponding electron density profiles (a/A’) across the bilayer are
shown in the insere. IM is the core regian, and OUT is the bull solvent regian and
z is the distance from the center of the biayer. {e/A7) is the electron density for
number of electrons/ valume

Abbrevi SAXS small-angle X-ray ing: LM, Incithin/chitosan nano-
particles; Mai, Maisine, Lab, Labrafac; g momentum transfer,
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contrast of the inner region, the “IN" electron density being
lower than the “OUT” (insert of Figure 3, central blue profile).
The intensity decay in the low-g region was proportional to
g, as expected for globular particles with well-defined inter-
faces, The overall size of oil-containing particles was roughly
200 nm. The nanoparticle structure was core—shell type: the
oil core was surrounded by a multilayer shell, as visible in the
high-g region of the spectra. The obtained profile of bilavers
belonging to the shell showed that their structure was affected
by the presence of the oil component, as reported in Figure 3.
The intemal hydrophobic region of the lamellae was thicker
than for blank nanoparticles. Accordingly, the interlamellar
peak appeared at lower ¢ values (I nm™') corresponding to
a characteristic distance of 6.3 nm, larger than for oil-free
nanoparticles. Simvastatin-loaded nanoparticles (SVT-LCN_
MaiLab) showed a structure quite similar to the unloaded ones.
Interestingly, simvastatin seemed not only to be embedded in
the oil care, but also in the shell structure, lowering its electron
density as compared to the unloaded nanoparticles.

Toinvestigate the structural changes induced by the interac-
tion of the nanoparticles with mucus, SAXS analyses were also
performed on SVT-LON_Mail.ab dispersions in the presence
of artificial mucus in simulated nasal fluid (2%, 1%, 0.5%
[wiv]). Figure 4, left panel, reports the intensity spectrum of the
nanoparticles in 0.5% artificial mucus together with that of the
mucus itself. Inthe right panel, the spectrum obtained originally
for the nanoparticles in simulated nasal fluid is compared to the
one of the nanoparticles inside the mucus, after subtraction of’
the mucus contribution to the scattered intensity.,

First, it was observed that in the presence of mucus,
nanoparticles were still detected and kept the same core—shell

100 4 1

=]

Intensity {au)
2w

0.01 4 9

1E-3 §
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Figure 4 SAXS intensity spectra of SWT-LCN_Mailab dispersed in artificial mucus.
Motes;: Left panel; SYT-LCMN_Mailab in 0.5% arufical muces (black line} and 0.5%
mucus (gray line). Right panel SVT-LCN_Mailab before interacton with artificial
mucus (red bne) and in mocus, after muces spectrum subtracnon (green line).

At i 5A%5 smallangle X-ray ing q wransfer; S¥T-
LT Ms, simvastatin-oaded lecithin/chitosan nanoparticles; Mak Maisine: Lab, Labrafac

structure. Differences were visible in the high-g region of the
spectra, cormresponding to the local seale. The characteristic
structure peak shifted to g =0.89 nm™, corresponding to an
interlamellar distance of 7 nm. The adjacent bilayers swelled,
as indicated by the increased thickness of the interfamellar
solvent layer, showing that the particle was stretched by the
presence of the mucus matrix, Meanwhile, the intensity of
the structure peak was decreased, suggesting a peeling off of
layers from the multilaver shell. Moreover, an additional small
peak at ¢ =0.38 nm ' stemmed for polymer (chitosan and/or
mugcin) coordination, with a correlation length of ~16.5 nm,

Finally. the effect and kinetics of the interaction upon
addition of lysozyme to the mucus/nanoparticles system were
tested, following its structural evolution over several hours.
Lysoeyme is a protein widely present in natural mucosal secre-
tions, being one of the most abundant antimicrobial factors
that constitute the innate immunity.* Lysozyme at a physi-
ological concentration (0.5 mg/mL)y* was added in mucus plus
SVT-LON_MaiLab dispersion, and subsequent SAXS spectra
were acquired at different incubation times, The correspond-
ing intensity spectra are reported in Figure 5, Experimental
results revealed that lysozyme interacts with nanoparticles
helping the peeling process of the multilayer shell, In fact,
both the characteristic structure peaks were moving to lower g
values, and the associated intensity decreased. After 6 hours,
the effect was almost complete. In the first hours, the external

014 \

0,01 4 M

Intensity (au)

1E-3 4

01
q (nm~)

Figure 5 SVT-LCM_Mailab mteraction with mucus plus lysazyme

MNotes: SAXS intensity spectra of SVT-LCH_Mailab in arsificial mucus {0.5%) after
mucus subtraction: without lysozyme (green kne) and in interaction with lysozyme
at dilferent times: =0 hours {orange line), 1= howrs (pink line) and =8 hours
[Woler line). The arrow indicates the posigon of the characteristic soructure peak
af mnopartiches.

Abbreviations: SAX5 small-angle ®-ray scartering: SVT-LEMs. simvastatin-loaded
lecithin'chicosan nanoparticles: Mai, Maisine, Lab, Labralac: g momenoum transfer,
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layers of the shell progressively swelled and peeled off sug-
gesting a specific biodegradation of the nanoparticles as a
consequence of the interaction with the enzyme.

Simvastatin release studies

In vitro release testing is an important analytical tool, used
to investigate and establish product behavior and stability
during each step of the drug development.® The in vitro drug
release was measured via the dialysis bag diffusion method
which is one of the most commonly used dissolution methods
for the testing of nanoformulations designed for nasal drug
delivery. " SVT-LCN_MaiLab were chosen for testing due
to their optimal EE of drug and suitable physicochemical
features, and a suspension of simvastatin was used as control.
The simvastatin release profile from SVT-LCN_MaiLab
can be seen in Figure 6. A simulated nasal fluid at pH 6.5,
containing sodium, potassium, and calcium salts, was used
to simulate the nasal conditions, Due to the low solubility of
simvastatin in aqueous solution, BSA was used to increase
simvastatin solubility in the dissolution medium outside the
dialysis bag to achieve sink conditions throughout the experi-
ment, BSA was selected for being closer to physiological
conditions in comparison to surfactants or co-solvents gener-
ally used to increase the solubility of poorly soluble drugs.
The in vitro release tests were performed over 24 hours for
SVT-LCN_MaiLab and simvastatin suspension, For the sus-
pension, after an initial rapid release in the first hour, a plateau
characterized by a very low dissolution rate was reached, This
was not observed for the nanoparticle formulation. In fact, the
nanoparticles kept releasing simvastatin at a constant release
rate from the second hour to the end of the experiment, As
shown in Figure 6. 40% of simvastatin was released from
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Figure & Simvastatin release profite from SVT-LCN_Malab {filed crcle) and a
control simvastatin suspension (open cirde) in simulated nasal fluid with 5% BSA
at pH 65 and 37°C.
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SVT-LCN_MaiLab within 8 hours and >=50% in 24 hours,
displaying a significantly faster release than the simvastatin
suspension (21.17% simvastatin released after 8 hours by
the suspension).

Cytotoxicity studies

In the last few years, the human RPMI 2650 epidermoid
earcinoma cells have been proposed as a suitable model
of nasal mucosa for in vitro studies simulating nasal drug
transport. ™ Recently, this nasal epithelial cell line has been
grown in air-liquid interface conditions to develop an in vitro
model of the nasal mucosa suitable for studies of deposition
and permeation of nasally administered formulations. These
cells also appear a good choice for in vitro cytotoxicity assay
of a new formulation such as SVT-LCNs. For this purpose,
RPMI 2650 cells were incubated for 72 hours with increasing
concentralions of simvastatin solution, blank nanoparticles,
and simvastatin-loaded nanoparticles, The cells viability was
recorded as percentage in comparison to untreated cells and
plotted in Figure 7 against the simvastatin concentration. In
the case of blank nanoparticles, this value corresponded to
the equivalent amount of carrier nanoparticles.

Blank particles did not show any cytotoxicity indicating
that the carrier is suitable for nasal administration. Results
showed that cells viability also remained around 100% in the
highest concentration, suggesting that our LCNs containing
oil are highly biocompatible.

Cytotoxicity of simvastatin and SVT-LCN_MaiLab
appeared to be dose-dependent, as seen through the cells viabil-
ity. For SVT-LCN_MaiLab, IC, was found to be 9,92 uM,
which was nearly three times that of pure simvastatin (3,50 M),
and displaved a reduced toxicity compared to the pure drug.
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Figure T In viro cyiotosicity studies on human nasal cell lne RPMI 2650 of

simvastain {filed triangle). simvasmtndoaded nanoparucies (SWT-LCHM_Mailab,

filled circle), and blank nanoparticles (LCH_Mailab. open drcle).
Moates: Call viability is plotred against the logarithm of simvastatin concentration
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Figure 8 Radioactivity biodistribution in Wistar rats 30 menutes alter the nasal
instilfation of 20 plL {10 pL in each nostril]) of ™ Telabeled simvastatin-loaded
nanopartices, and pertech (TeO*) i as
percentage of administered dose (%D per gram of tssee (n=3. *P=-0.001),

Gamma scintigraphy studies

A preliminary study of biodistribution in rats after nasal
administration of *=Te-labeled nanoparticles was carried out
by gamma scintigraphy which was compared to the admin-
istration of a radiolabeled suspension of simvastatin and
pertechnetate solution alone, used as controls. Figure 8 shows
organ distribution of the radioactivity detected 90 minutes
after the nasal instillation in each nostril of 10 pL nanopar-
ticles or drug suspension. The radioactivity distributions
were very different. In the case of the drug suspension, most
of the radicactivity was found in the lung, followed by far
by the stomach and the liver. Only a very limited amount of
radioactivity was found in other organs or in the brain. In the
case of the pertechnetate solution, radioactivity was mainly
found in the stomach, On the contrary, after the nasal admin-

istration of nanoparticle formulation, a significant fraction of

the radioactivity (more than 20%) was localized in the brain,
followed by an accumulation in the kidneys comparable to the
levels observed for controls. Other organs such as the liver,
lung, heart, and stomach contained progressively decreasing
amounts of radicactivity.

Discussion

Administration of poorly soluble drugs intranasally for
systemic and CNS therapeutic action can be extremely chal-
lenging due to the low volume of nasal secretions, the barrier
provided by the mucus layer and the short time available for
dissolution/absorption because of mucociliary clearance '#

It is considered that nanoparticles could improve the bio-
availability of nasally admimstered substances. ™ Chitosan
and lecithin have been used to produce nanoparticles and
liposomes for many years.™ " The main advantages attrib-
uted to these components are their biocompatibility and
biodegradability, and in fact, liposomes are still by far the
most successful nanomedicines on the market,™ Recently,
ourresearch group proposed hybrid nanoparticles formed by
the electrostatic interaction of these two components, that is,
the positively charged polysaccharide chitosan and the nega-
tively charged phospholipids of soybean lecithin ™" These
nanoparticles were demonsirated to be extremely effective
in the improvement of accumulation of corticosteroid drugs
in skin layers and of the permeation of tamoxifen through
the intestinal epithelium, 4

As a consequence, it has been hypothesized that this
delivery system could be an interesting candidate for the
nasal administration of hpophilic drugs, in particular for
the nose-to-brain pathway, Simvastatin was selected as
an ideal model drug as it has a sound rationale for its use
in neurodegenerative diseases and could benefit from an
alternative administration route, providing a direct access
to the CNS.™

In order to efficiently load simvastatin into LCNs, it was
necessary to add into the formulation an oily component.
Various pharmaceutical lipophilic solvents were selected
based on simvastatin solubility data reported in the literature.
In a sy ic study of si tatin solubility in oils and
surfactants, Capryol PGMC and Capryol 90 were found to
be the best solvents for simvastatin (~105 mg/mL), followed
by other oily excipients, such as Maisine (~60 mg/mL) and
Labrafac (~25 mg/mL).* Therefore, combinations of these
oils were used in order to optimize EE of simvastatin in
LCNs. Nanoparticles with a positive surface charge and a
size of around 200-300 nm in size were obtained, showing
a good EE of simvastatin and providing a 30-fold increase
in simvastatin apparent solubility in water, Interestingly, the
best formulation, containing the combination of glyceryl
manolinaleate (Maisine) and medium-chain triglycerides
{Labrafac), reached an apparent simvastatin solubility which
is fivefold of that expected by extrapolating from the solubil-
ity of the drug in the two solvents and from their respective
amounts in the formulation, showing a synergistic effect. This
suggests an optimized accommodation of the simvastatin into
the oily core of the particles surrounded by a lecithin/chitosan
shell, as evidenced by the SAXS experiments. It could be
hypothesized that Maisine, a hipid with a slightly higher melt-
ing point than the others selected (Maisine is liquid at 40°C),
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can intimately mix with the molecules of Labrafac when
heated, forming a semisolid oil core when cooled down at
room temperature, favoring simvastatin entrapment. In fact,
LCN_MailLab showed the highest EE of formulated drug,
encapsulating it almost entirely.

Concerning the stability of the preparations, it has been
previously reported that surface charge is an important indi-
cator of the stability of nanoparticles. In particular, when the
zeta potential exceeds 30 mV, nanoparticles are regarded
as stable, their stability increasing along with net surface
charge.” Blank nanoparticles displayed similar values of
zeta potential, generally higher than their equivalent loaded
nanoparticles (Table 1), The surface charge of all LCNs was
highly positive, as expected due to the presence of chitosan, a
positive polysaccharide covering the surface of the nanopar-
ticles, as reported previously, The introduction of simvastatin
and of some oils into LCNs resulted in a decrease in their
surface charge (SVT-LCN_Cap Cap,, SVT-LCN_MaiCap,,
and SVT-LCN_LabCap,). As the simvastatin hydroxy-acid
form is capable of deprotonating to a negatively charged ion,
this could lead to charge neutralization and loading close to
the external shell.

On the contrary, the addition of the oil combination
Maisine plus Labrafac into LCNs (SVT-LCN_MaiLab) did
not result in an important reduction of the positive surface
charge, in line with the already suggested efficient trapping
of simvastatin in a solid lipid core. A similar behavior was
also observed for SVT-LCN_Mai,, supporting the effective-
ness of this oil in embedding simvastatin inside the core, thus
conferring great stability to the nanoparticles system.

This core—shell organization evidenced from the nano-
particle structure investigation by SAXS is maintained upon
interaction with mucus, The interaction ofthe superficial shell
with the mucus is in agreement with a number of previous
studies that indicate mucoadhesion as an important feature
of nasal preparations. In particular, this may provide a much
higher residence time in the nasal cavity, pivotal to allow an
enhancement of drug availability.*

For the in vitro release studies, a simulated nasal elec-
trolyle solution containing BSA was preferred to surfactant
solutions™ or mixtures with organic solvents miscible with
water™, as a physiological dissolution medium. Generally,
drug inclusion in nanoparticles is a strategy to prolong the
release. In this study, on the contrary, after a similar initial
“hurst” release, a faster release rate was evidenced for nano-
particles in comparison to a simple simvastatin suspension,
likely resulting from the high surface area of nanoparticles and
the efficient dispersion of the drug in the nanoparticle core.

This result is even more relevant as usually, apparent drug
release in dialysis methods is hindered by the dialysis mem-
brane itself, which poses an additional barrier to the diffusion
of the drug to the receiver compartment.*

As already pointed out, the major drawback affecting
the nasal administration is the removal of the formulation
through the mucociliary clearance, a mechanism that can
reduce the bioavailability of poorly water-soluble drugs.®
Hence, fast absorption is required in order to achieve the
needed therapeutic concentrations, The role of chitosan in
promoting mucoadhesion and penetration is well known.
Several studies suggest that chitosan nanoparticles are trans-
ported by transmucosal route with increased uptake when
compared to other nanoparticles as a result of the chitosan
mucoadhesivity,™™ However, it is doubtful that slow-release
nanoparticles would provide a significant improvement of
intranasal drug delivery.” For this reason, the present system,
which is both mucoadhesive and fast releasing as compared
to a typical formulation for nasal administration of drug
suspensions, could overcome limitation on delivery due
to clearance. Moreover, previous studies have shown that
LCNs are highly susceptible to degradation by GI enzymes,
thus promoting drug release and drug permeation through
intestinal epithelium via an enhanced paracellular transport.**
This degradation is also likely to occur on the nasal mucosal
surface. Degradation has been evidenced in the presence of
mucus and lysozyme, where a breakdown of the original
particle structure oceurs over time (Figure 5). In fact, nasal
secretions are rich in antibacterial peptides and proteins that
are part of the innate immune defenses of the body.** Among
these proteins, one of the most abundant is lysozyme, an
enzyme able to degrade proteoglycans of bacterial cell wall,
but also able to degrade chitosan.” The degradation of the
nanoparticles by endogenous enzymatic process constitutes
a new approach for nasal delivery and could represent an
interesting Trojan-horse strategy for improving the nasal
bicavailability of statins and other poorly soluble drugs.

Interestingly, despite reports of concerns in the literature
regarding the biocompatibility of positively charged chitosan
nanoparticles, the cytotoxicity studies carried out evidenced
no apparent toxicity of the proposed drug nanocarriers. This
is of course an important result, as safety 15 a prerequisite
to the use of the formulation, In fact, the nasal epithelial
layer represents one of the first body's defense lines, and
materials harming the mucosal barrier constitute a potential
health risk.™

The eytotoxicity evidenced by simvastatin-loaded nano-
particles is actually related to the statin itself. In fact, several
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recent studies have demonstrated the anticancer activity of
statins in various cancer cells.""™ Since RPMI 2650 cells
are derived from an epidermoid carcinoma of the nasal
septum, the cytotoxic activity detected is to be attributed to
the drug released by nanoparticles or by the direct uptake
of nanoparticles by the cells. As nanoparticles degradation
and/or drug release is time dependent, SYT-LCN_MaiLab
showed lower IC,, values than simvastatin,

In vivo preliminary studies were carried out to assess the
potential of the formulation for the proposed nose-to-brain
delivery of statins. Gamma scintigraphy was selected as a
powerful and rapid method to evaluate the biodistribution
of the formulation after nasal administration in rodents.™ A
suspension of simvastatin was used as a control. It is worth
pointing out that the radioactivity that is detected cannot
be considered permanently bound to the particles or to the
drug molecule. However, it appears clear that after the nasal
instillation of the nanoparticle formulation, the radioactiv-
ity was localized mainly in the kidneys and in the brain.
This biodistribution implies a significant absorption of the
radiolabel through the nasal mucosa, which accounts for
the localization in the kidney where the radicisotope will be
eliminated by filtration and an efficient transfer via the nose-
to-brain pathway of around 20% of the administered radio-
activity dose. This was not observed for the controls, that is,
simvastatin suspension and the solution of the radioisotope
itself, where the radioactivity mainly localized in the lungs
and GI tract of the animals, as often happens for rodents
that are obligate nose breather. It can be hypothesized that
the nanoparticle formulation is more effective through both
chitosan-mediated mucoadhesion” and penetration enhance-
ment via tight-junction opening,™ but also most likely as a
consequence of mucosal biodegradation of the nanoparticle
structure. Overall, these processes are able to favor the
transmucosal absorption of the radioactivity, independently
from the form it may assume: isotopes linked to entire nano-
particles, particle fragments, polysaccharide chains or free
from linkage to any of nanoparticle structures.

Conclusion

Although some brain-targeted nanoparticles loaded with
statins have been proposed by some other authors, this is
to our knowledge the first research proposing nanoparticles
to be administered nasally to deliver statins to the brain.
The particles were designed to optimize the loading of a
lipophilic drug such as simvastatin and to provide multiple
features helpful for nasal delivery, such as physical and
chemical stability, biocompatibility, mucoadhesion, and a

rapid drug release. Furthermore, the nanoparticles appear
to be prone to a mucus-specific biodegradation process that
represents an innovative Trojan-horse strategy able to boost
the permeation of the encapsulated drug. Preliminary in vivo
gamma scintigraphy studies showed an enhanced nose-to-
brain transport of the radicactivity administered nasally for
the SVT-LCNs but not for a more traditional formulation
such as a suspension, Although further studies are necessary
to elucidate if the nanoparticles are taken up by the nasal
epithelium or simply favor the drug absorption without cross-
ing the mucosa and to investigate the pharmacokinetics and
efficacy of the nanoformulated statin afler administration
via the nasal route, the proposed nanoformulation appears
to be an optimal drug delivery platform for poorly soluble
drugs that need to get administered to the nasal mucosa for
systernic or CNS delivery,
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Abstract: Nasal delivery has become a growing area of interest for drug administration as a consequence of
several practical advantages, such as ease of administration and non-invasiveness. Moreover, the avoidance of
hepatie firsl-pass metabolism and rapid and efficient absorption across the permeable nasal mucosa offer a
promising alternative o other traditional administration routes. such as oral or parenteral delivery. In fact. na-
sal delivery has been proposed for a number of applications. including local. svstemic. direet nose-to-brain and
mucosal vaceine delivery. Nanoemulsions, due to their stahility, small droplet size and optimal solubilization properties,
represent a versatile formulation approach suitable for several admimistration routes. Nanoemulsions demonstrated great
potential m nasal drug delivery, increasimg the ahsorption and the hisavailability of many drugs for svstemic and nose-to-
bram delivery. Furthermore, they act as an active component, 1e. an adjuvant. in nesal mucosal vacemations, displaying
the ability to induece robust mucosal immuomty. high serum antibodies titres and a cellular immune response avoiding m-
flammatory resp [ gly, nanc Isions have net been propesed for the treatment of loeal slments of the nose.
Despite the promising results in vitre and i vitro, the application of nanoemulsions for nasal delivery in bumans appears
mainly hindered by the lack of detaited toxicology studies to determine the effect of these formulations on the nasal mu-
cosa and cilia and the lack of extensive clinical trials
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