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Preface

Nasal drug delivery is being continuously explored as a versatile and non-invasive route for
local, systemic, and central nervous system (CNS) therapies. The possibility of direct nose-to-brain
delivery offers a distinctive strategy to circumvent the limitations of the blood-brain barrier,
challenging researchers to harness the untapped potential of this route. This Reprint brings together
original studies and reviews that capture recent progress in this dynamic field.

The contributions span device innovation, formulation development, nasal deposition and
bioavailability. =~ Emphasis is placed on targeted delivery to the olfactory region, presenting
advances in spray technologies and in vitro modeling. Novel formulation approaches, including
nanoemulsions, thermogelling systems, and nanoparticulate carriers, highlight the role of delivery
platforms in enhancing drug solubility, permeation, stability, mucosal retention, and targeted
delivery. The use of permeation enhancers, as well as the importance of safety and translational
considerations, are also addressed.

Beyond CNS delivery, the reprint includes the examples of broader applications such as systemic
delivery, mucosal vaccination, and the prevention of airborne infections.

This Reprint is intended for researchers, clinicians and industry professionals engaged in the
development of innovative nasal drug delivery strategies, offering a concise overview of current

advances, along with insights into future perspectives in this rapidly evolving field.

Anita Hafner
Guest Editor






" pharmaceutics ﬁw\p\py

Review

Lipid and Polymeric Nanoparticles: Successful Strategies for
Nose-to-Brain Drug Delivery in the Treatment of Depression and
Anxiety Disorders
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Abstract: Intranasal administration has gained an increasing interest for brain drug delivery since
it allows direct transport through neuronal pathways, which can be quite advantageous for central
nervous system disorders, such as depression and anxiety. Nanoparticles have been studied as possi-
ble alternatives to conventional formulations, with the objective of improving drug bioavailability.
The present work aimed to analyze the potential of intranasal nanoparticle administration for the
treatment of depression and anxiety, using the analysis of several studies already performed. From
the carried-out analysis, it was concluded that the use of nanoparticles allows the drug’s protection
from enzymatic degradation, and the modulation of its components allows controlled drug release
and enhanced drug permeation. Furthermore, the results of in vivo studies further verified these
systems’ potential, with the drug reaching the brain faster and leading to increased bioavailability
and, consequently, therapeutic effect. Hence, in general, the intranasal administration of nanoparti-
cles leads to a faster onset of action, with increased and prolonged brain drug concentrations and,
consequently, therapeutic effects, presenting high potential as an alternative to the currently available
therapies for the treatment of depression and anxiety.

Keywords: anxiety; depression; intranasal; nose-to-brain; nanoparticles

1. Introduction

Mental health plays an extremely important role in society, and additional investment
is needed in order to not only facilitate access to effective and existing treatments but also
to strengthen the research and development of new treatments [1,2].

Depression is one of the leading causes of disability worldwide, contributing to the
development of other diseases, which include neuropsychiatric, metabolic, and cardio-
vascular conditions. It is characterized by disinterest in day-to-day activities, sadness,
irritability, fatigue, feelings of guilt, low self-esteem, sleep disorders, and suicidal thoughts,
among others, which is associated with a decreased quality of life. Depression can be
classified into two main groups: major depression, when symptoms are more intense, and
there is a greater emotional burden, or minor depression, when there are fewer symptoms,
allowing daily activities to be done properly. The most accepted theory regarding the
pathogenesis of depression is based on a monoaminergic transmission disorder, in other
words, a disruption in the transmission of serotonin, norepinephrine and dopamine in the
brain due to the complex interaction of several social (e.g., traumatic life), psychological
(e.g., personality) and biological (e.g., hereditary predisposition) factors. Most drugs used
in the treatment of depression increase the availability of these neurotransmitters in the
synaptic cleft, using several mechanisms of action, and include: selective serotonin reuptake
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inhibitors, such as fluoxetine, sertraline, and escitalopram; serotonin and norepinephrine
reuptake inhibitors, such as venlafaxine; tricyclic antidepressants, such as amitriptyline;
non-tricyclic antidepressants, such as trazodone and mirtazapine; monoamine oxidase
inhibitors (MAOQISs), such as moclobemide; among others, such as agomelatine, which acts
as a melatonin receptor agonist and as a selective antagonist of serotonin reuptake [3-8].

On the other hand, anxiety is a type of central nervous system (CNS) disorder that
frequently interferes with day-to-day activities and decreases performance in the workplace
or in school. It can also be associated with increased cardiovascular morbidity and mortality.
The most frequent symptoms of anxiety include feelings such as worry, helplessness, or
fear that manifest physically through increased heart and respiratory rate, sweating, and
tremors. There are different types of anxiety, such as obsessive-compulsive disorder, post-
traumatic stress disorder, generalized anxiety disorder, social anxiety disorder, or separation
anxiety disorder. Neuronal excitability is downregulated by the synaptic transmission of
y-aminobutyric acid (GABA); thus, when this system is inhibited, symptoms associated
with anxiety arise. Pharmacological treatment of anxiety includes mostly anxiolytic drugs
such as benzodiazepines (e.g., diazepam or alprazolam) that bind to the GABA 5 receptor,
increasing GABAs affinity for the receptor and enhancing its action [9-11].

Depression and anxiety are two pathologies that are often associated; thus, a patient
with depression tends to develop anxiety, and similarly, a patient with anxiety can progress
to a depressive state. The presence of the two pathologies simultaneously intensifies the
symptoms of both, making their treatment even more important [12,13].

Currently, the oral route of administration is the preferred route for drug admin-
istration in the treatment of depression and anxiety. However, this route has several
disadvantages since drugs administered orally are exposed to first-pass hepatic metabolism
and require regular administrations to ensure the constant presence of the drug at the site
of action, the amount of drug that reaches the site of action (the brain) is restricted by the
low permeability of the blood-brain barrier, and fluctuations in plasma concentrations can
lead to side effects and loss of efficacy [7,8,14,15].

Therefore, since the prevalence of depression and anxiety has been increasing over
the last few years, a growing number of studies have been developed in order to discover
alternatives to the current treatments of these pathologies. One of these alternatives is the
intranasal route of administration.

1.1. Intranasal Administration for Brain Drug Delivery

The intranasal route of administration is an alternative to the administration of drugs
in the treatment of CNS pathologies which has several advantages over other routes,
allowing to overcome the blood-brain barrier; transport of molecules of larger dimensions
(up to about 1000 Da); avoid the first pass hepatic metabolism; minimize the side effects
caused by drugs administered through the systemic circulation, reducing toxicity; reduce
the drug dose that is necessary to achieve a therapeutically effective concentration at the
site of action, and thus reach the therapeutic threshold. Additionally, in general, as a
route of administration, it is simple, practical, and convenient since it does not require
administration techniques involving coordination or swallowing (such as the oral route) or
the aid of a health professional (such as the intravenous route), and noninvasive, which
can contribute to increasing patient compliance [16-18].

These advantages are connected to the unique anatomy of the nasal cavity, which
includes a direct connection to the CNS, allowing the drug to be transported to the brain.
This makes the nasal cavity the only place in the human body where the nervous system
is in direct contact with the surrounding environment. More specifically, the nasal cavity
is divided into two parts by the nasal septum, and each part consists of three distinct
regions: the vestibule, the olfactory region, and the respiratory region. The vestibule is
located at the entrance of the nasal cavity and is responsible for the filtration of inhaled
particles. It is the region that least contributes to the absorption of drugs. The respiratory
region consists of turbinates, which are responsible for humidification and regulation of the
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temperature of inhaled air, contributing to the formation of an airflow that improves the
contact between inhaled air and the nasal mucosa. The epithelium cells of this region are
covered by microvilli and long cilia, which contribute to improved absorption. It is the main
responsible region for systemic drug absorption, having a surface area of about 160 cm?
and high vascularization, which provides a high blood flow. From systemic circulation,
the drug can be transported to the brain, but in that case, it needs to cross the blood-brain
barrier in order to reach the CNS. It can also contribute to the direct absorption of drugs
into the CNS through the trigeminal nerve. The olfactory region occupies a surface area of
approximately 10 cm?, playing a crucial role in the absorption and transport of drugs to
the brain. The olfactory epithelium consists of olfactory nerves, responsible for the direct
transport of the drug from the nasal cavity to the brain, using the olfactory nerve. Hence,
in short, intranasally administered drugs can reach the site of action in the brain directly,
using the olfactory or trigeminal nerves (direct transport), or indirectly, being absorbed
into the systemic circulation and then crossing the blood-brain barrier (indirect transport)
(Figure 1) [16,17,19,20].

Figure 1. Pathways of brain drug transport after intranasal administration: direct transport (neuronal
transport—olfactory nerve and trigeminal nerves) and indirect transport (systemic distribution).

Nevertheless, in spite of the many important advantages that intranasal administration
presents, it is necessary to consider some limiting factors that hinder drug absorption,
namely: the physical removal of the drug from the nasal cavity by mucociliary clearance
mechanisms; enzymatic degradation in the mucus and nasal epithelium layer; and the
volume of formulation that can be administered, that is limited to 25-200 uL, which turns
this route of administration more appropriate for potent drugs. Mucociliary clearance has
the function of protecting the respiratory system against bacteria and inhaled particles
as a result of the combined effect of mucus and cilia that transport the particles from the
anterior to the posterior region of the nasal cavity, being eliminated to the bottom of the
throat. Hence, drug bioavailability is diminished by the high flow of nasal secretions
and ciliary movement since these decrease the time of residence of the drugs in the nasal
cavity, affecting the permeability through the mucosa. The enzymatic activity in the nasal
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cavity also constitutes a barrier to the absorption of drugs since several enzymes, such as
the various isoforms of cytochrome P450, are present in the nasal mucosa and perform
enzymatic degradation of various drugs [17,19-21]. The many strategies that have been
developed to overcome these obstacles, as well as the factors that influence nasal drug
absorption, are addressed in the following Sections 1.1.1 and 1.1.2.

1.1.1. Physicochemical and Formulation Factors That Influence Nasal Drug Absorption

Nasal absorption is influenced by several factors, namely anatomical and physiological
factors (mucociliary clearance, enzymatic degradation, membrane transport, mucosal
irritation, and deposition), physicochemical factors (molecular drug weight, lipophilicity
and ionization state), and formulation factors (type and characteristics of the formulation,
volume of administration, drug strength, viscosity, pH, osmolarity). When the drug is
administered intranasally, it comes into direct contact with the nasal mucosa. The passage
through the mucus layer is the first step to its absorption. Mucin, the main protein of
the mucus, binds to drugs, hampering their diffusion. Additionally, alterations in pH
or temperature may alter the structure of the mucus, making the diffusion of the drug
more difficult. Moreover, the mucus has elastic and viscous properties that influence the
transport of drugs; hence, if the mucus is more viscous, mucociliary clearance is reduced,
and, therefore, the contact time between the drug and the mucosa is increased, which may
contribute to improved drug absorption [17,20,21].

After passing through the mucus layer, the transport of the drug can be performed by
different mechanisms that include: transcellular diffusion, in which transport is carried
out through the membrane by passive diffusion or active transport; and paracellular
diffusion, a passive process, in which the drug moves through the intercellular space. The
lipophilicity of the drug is one of the most important factors that determines whether the
transport will be performed by transcellular diffusion or paracellular diffusion. Lipophilic
drugs are preferably transported through transcellular diffusion, showing fast and efficient
absorption when administered intranasally. Hydrophilic drugs are mainly transported via
paracellular diffusion, resulting in low absorption. The rate of a drug’s diffusion through
the nasal mucosa is also influenced by the state of ionization and molecular weight of the
drug. Consequently, lipophilic and uncharged (neutral) drugs with low molecular weight
are more easily absorbed when compared to hydrophilic, charged and/or high molecular
weight molecules. Absorption also depends on the pKa of the drug and the pH at the
absorption site, which presents values between 5.0 and 6.5 in the nasal mucosa. It is also
influenced by the solubility of the drug since nose secretions have a more watery nature;
therefore, the drug should present an appropriate aqueous solubility for better dissolution
in the mucus itself [16,17,21,22].

In order to optimize drug transport to the action site after an intranasal administration,
it is necessary to take into account certain characteristics of the formulation, for example,
factors such as its capability to adhere to the mucosa, nasal permeability, and drug depo-
sition in the olfactory epithelium. These characteristics should be elevated and should
also allow a controlled and constant release of the drug. The excipients of the formulation
should be selected, taking into account their functions, with the purpose of assigning
properties to the formulation that allow to protect the drug and favor its administration
and arrival of the drug at the action site. The excipients must also be compatible with the
active substance and non-toxic or irritating to the nasal mucosa [17]. The concentration of
the drug in the formulation and the volume of administration should also be taken into
account since it is only possible to administer approximately 200 pL of formulation in
the nasal cavity, which makes this route of administration suitable for potent drugs but
challenging to drugs that require high doses or that have reduced solubility [17,18,23].

The pH of the formulation is also important and should be close to the pH of the nasal
cavity to avoid mucosal irritation. Lysozyme found in nose secretions contributes to the
dissolution of certain bacteria and helps to maintain acidic pH. Additionally, the pH of
the formulation should be selected considering the stability of the drug and should also
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contribute to the existence of a higher fraction of non-ionized drug, while maintaining
the functionality of the excipients. Another very important factor is the viscosity of the
formulation, which should ensure contact with the nasal mucosa for an adequate period of
time. Higher viscosity increases the time of contact of the drug with the mucosa and may
contribute to increased absorption. However, formulations that are excessively viscous
can decrease the diffusion of the drug from the formulation itself, reducing its absorption.
Gel formulations can be used to increase the time of permanence of the drug in the nasal
cavity and, consequently, improve its bioavailability. The most used gelling agents include
cellulose derivatives (methylcellulose or carboxymethylcellulose) and carbopol. Also, con-
sidering that isotonic solutions are better tolerated, the osmolarity of the formulations
should be between 285 and 310 mOsmol/L to avoid mucosal irritation. However, hyper-
tonic solutions can be used since they transiently reduce ciliary activity, which can increase
the retention time of the drug in the nasal cavity, promoting its absorption. Nevertheless,
caution is required when hypertonic solutions are used in order to ensure that no damage
is caused to the nasal mucosa [17,18,24-29].

1.1.2. Strategies Used to Improve Drug Absorption

Many different strategies have been developed in order to improve drug solubilization
and absorption, such as the use of prodrugs, absorption enhancers, enzymatic inhibitors,
mucoadhesive agents, and nanometric drug transport systems [30].

Structural changes in the drug molecule can help improve their characteristics by
changing physicochemical properties such as molecular weight, partition coefficient, and
solubility. These can be used to improve formulation drug strength, absorption through
biological barriers, or premature metabolism. The grand majority of prodrugs are adminis-
tered in their inactive form, requiring biotransformation to become their active form, which
produces a pharmacological effect [17,28,29,31-33].

Absorption enhancers are excipients that can improve drug permeability, which
is especially important for hydrophilic drugs. They act by altering the phospholipid
bilayer and membrane fluidity or by alternately opening tight junctions between epithelial
cells, improving paracellular transport. The most commonly used are surfactants (e.g.,
polysorbate, poloxamers), bile salts (e.g., sodium cholate), fatty acids (e.g., stearic acid,
palmitic acid), chelators (e.g., ethylenediaminetetraacetic acid (EDTA), salicylates) and
polymers (e.g., chitosan, poly(D,L-lacitde co— glycolide) (PLGA)) [17,22,34-36].

Enzymatic inhibitors can also be used to protect drugs against the enzymatic degrada-
tion that occurs in the nasal cavity, thereby increasing the available fraction of the drug for
absorption and, consequently, bioavailability. Peptidase inhibitors and proteases, such as
amastatin, boroleucine, bacitracin, and puromycin may be used [22,33,37,38].

Mucoadhesive agents increase the contact time between the formulation and the nasal
mucosa, also favoring the paracellular transport of hydrophilic drugs and reducing mu-
cociliary clearance by establishing a connection between mucin and a polymer. One of the
possible mechanisms adopted by the mucoadhesive systems is the absorption of water from
the nasal mucosa, which leads to the swelling of the polymer, and consequent penetration
into the mucus with fixation of the formulation to the nasal cavity, improving the absorp-
tion of the drug. An example is chitosan, a biocompatible and biodegradable polymer, is
widely used not only for its mucoadhesive properties but also for increasing permeability
and paracellular transport, through interaction with the tight junctions [17,30,39-41].

Finally, another very promising and widely used strategy to improve drug absorp-
tion and bioavailability is the incorporation of drugs into nanometric transport systems,
discussed in detail in the next Section 1.2.

1.2. Nanometric Drug Transport Systems

Nanometric drug transport systems are formulations that help transport the drug to
the respective action site, allowing it to modulate the time and quantity of drug released.
For the fraction that does not undergo transport via the direct route (neuronal transport),
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nanoparticles can be transported to the brain by interaction with the blood-brain barrier,
mostly via receptor-mediated transcytosis, transporter-mediated transcytosis, absorption-
mediated transcytosis, and transient opening of the blood-brain barrier itself [42-47]. These
systems must be biocompatible, non-toxic, and easily eliminated or biodegradable. The
main categories of nanometric systems are liposomes, nanoemulsions, and polymeric or
lipid nanoparticles (Figure 2) [48].

Polymeric
matrix

(#

Polymeric
nanoparticle

; A
Aqueous

[ S —@®
core . = b

® =3 ]
I\
R e ‘1 nanoparticle

Figure 2. Main types of nanometric systems: liposomes, nanoemulsions, polymeric nanoparticles,
and lipid nanoparticles.

Liposomes are vesicles composed of one or more phospholipid bilayers that surround
an aqueous core and are variable in size (between 20 and 1000 nm). Their composition
allows the incorporation of hydrophilic (in the core) or hydrophobic (in the phospholipid
bilayers) drugs that will be transported to the site of action. Nevertheless, they have some
disadvantages, which include system instability, the unwanted release of the encapsulated
substance, irreproducibility between batches, difficulty controlling liposome size, and low
encapsulation efficiency [49,50]. Nanoemulsions are thermodynamically stable systems,
consisting of two immiscible liquids (oil and water) that, when mixed, form a single phase
through the action of an emulsifying agent. These systems are usually smaller than 500 nm,
and can either be oil-in-water or water-in-oil in nature. They are biodegradable and allow
quick drug uptake to the brain. However, they also have some disadvantages, including
their inability to solubilize substances with a high melting point, many times requiring
large quantities of surfactants to stabilize the system (which may compromise their safe
use), and a high production price [48,51,52].

On the other hand, nanoparticles are solid substances with a size that can vary be-
tween 10 and 1000 nm that allow to dissolve, encapsulate, absorb, or attach hydrophilic
or lipophilic drugs (depending on the characteristics and composition of the nanoparti-
cle). These systems have several advantages, such as: making it possible to avoid drug
degradation, consequently increasing its concentration at the action site; having a reduced
particle size, which results in higher surface area, allowing to overcome biological and
physiological barriers; allowing drug targeting according to the nanoparticle’s surface
functionalization, directing it to the site of action. In intranasal administration, a particle
size between 10 and 300 nm is advantageous since nanoparticles that are this size can be
transported directly by the olfactory nerve to the brain. There are two major groups of
nanoparticles: polymeric and lipid [33,46,48].

Polymeric nanoparticles can be divided into two groups, depending on the preparation
method that is used and on the characteristics of the resulting system: nanocapsules, in
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which there is a reservoir system, which means the drug is confined to a cavity surrounded
by a single polymer membrane that is present on the surface of the nanoparticle, coating it;
or nanospheres, which are homogeneous matrix systems, in which the drug is uniformly
dispersed or dissolved in. By modulating the polymer, it is possible to control the release of
the drug to reach the desired therapeutic concentrations at the action site for the required
period of time [33,48].

Lipid nanoparticles are subdivided into solid lipid nanoparticles (SLNs) and nanos-
tructured lipid carriers (NLCs). SLNs are constituted by a solid lipid matrix, that is, by
lipids that remain solid at room temperature and body temperature. The lipophilic drug
is dissolved or dispersed in this matrix, which is surrounded by a surfactant layer in an
aqueous dispersion that contributes to the stability of the nanoparticle. When compared
to polymeric nanoparticles, lipid nanoparticles are considered more biocompatible and
biodegradable, have low toxicity, are easy to produce on a large scale, have better physical
stability, and good control of drug release. SLNs, however, have some disadvantages,
namely the structural reorganization they undergo over time (such as recrystallization),
because they only have one type of lipid, which creates a tighter internal structure with less
space to incorporate drug molecules. In order to overcome this problem, the NLCs emerged,
which have a matrix formed by a solid lipid and a liquid lipid. The addition of liquid lipids
prevents crystallization and allows structural disorganization in the lipid matrix, creating
larger spaces to incorporate the drug molecules in. Yet, despite the advantages of the NLC,
SLN remains an effective system. Since the mucosa has a lipid nature, lipid nanoparticles
can be transported by passive diffusion to the site of action [42,48,50].

Thus, nanometric drug transport systems, and specifically nanoparticles, present
advantages for intranasal drug administration since they allow to protect the drug from
mucociliary clearance and the enzymatic degradation that occurs in the nasal cavity, im-
prove its absorption, and allow to modulate the time and quantity of drug available at the
site of action, favoring transport through the biological membranes [30,53]. A summary of
the ideal nanoparticle formulation characteristics for intranasal administration is depicted
in Figure 3.

Mucoadhesive and Permeation
with high viscosity enhancing capability

Biocompatible

Ideal nanoparticle formulation
administration
I

Adequate A
osmolarity mOsmol/L

Adequate particle Between 10 and 300

size nm

Figure 3. Summary of the ideal nanoparticle formulation characteristics for intranasal administration.
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Taking into account the increased incidence of mental illness, and in particular de-
pression and anxiety, an increasing need for safer, faster, and more effective treatments has
been identified. Analyzing the advantages of intranasal administration together with the
advantages of nanoparticles, the development of new formulations using nanoparticles
for intranasal administration seems to have great potential as an alternative to existing
treatments. The following sections will summarize and do a critical analysis of the al-
ready existing studies regarding the development and evaluation of nanoparticles for
intranasal administration of antidepressant and anxiolytic drugs that may contribute to a
more effective future treatment of these pathologies.

2. Nanoparticles as Efficient Strategies to Deliver Antidepressant and Anxiolytic Drugs
to the Brain

2.1. Icariin

Icariin is a component of the aerial parts of the plant Epimedium brevicornum Maxim
(Berberidaceae), which presents antidepressant-like effects. After oral administration, the
reached plasma concentrations are very low, with the drug being weakly absorbed by this
route, limiting its use in the treatment of depression.

A study conducted by Xu et al. [54] aimed to develop a nano thermoresponsive
hydrogel (nanogel) to allow the encapsulation of icariin for intranasal administration in
order to increase the amount of drug that reaches the brain, and to verify its antidepressant-
like activity. Nanogel was obtained using alginate, an ionic polysaccharide with hydrophilic
characteristics that allows the increase in the weak solubility of icariin in water, and divalent
cations, which, when in contact with alginate, will enable the formation of reversible
hydrogels (Figure 4A). Additionally, poloxamer 407 and poloxamer 188 were added to
the developed hydrogel, due to their thermosensitive characteristics, with the objective
of improving the bioavailability of icariin and stabilizing the nanosystem. Therefore,
polymeric alginate nanoparticles were formulated, being placed in a matrix of poloxamers
right after. Due to the presence of alginate, a mucoadhesive polymer, the developed
semisolid formulation also had the ability to adhere to the nasal mucosa. The particle size
of the icariin nanogel (73.80 nm) was smaller than the particle size of the drug-free vehicle
(87.28 nm), which may be due to the fact that icariin is encapsulated in the nanogel through
hydrogen bonds, with superior intermolecular forces. The polydispersity index (PDI, a
particle size homogeneity index ranging from 0 to 1) and zeta potential (particle surface
charge) of the optimized formulation were 0.15 and —19.2 mV, respectively, which means
that the formulated nanogel presented homogeneous particle size and was potentially
stable due to electrostatic repulsion between the charged nanoparticles.

In vitro drug release studies showed that the nanogel had a controlled release, al-
lowing the drug to be fully released after 36 h. The antidepressant-like effects of the
formulated nanogel were studied by conducting in vivo pharmacodynamic studies in mice,
such as the forced swim test (Figure 4B), tail suspension test (Figure 4C), and open field
test (Figure 4D). The results showed that the formulated nanogel allowed to reduce the im-
mobility time of the mice after only one intranasal administration when compared with the
oral administration of a drug solution that required administration for seven consecutive
days. The results support that the antidepressant effect is the fastest with the intranasal
administration of the nanogel. In vivo studies were also conducted in rats, using the CUMS
(chronic unpredictable mild stress) model, which, when applied, leads to a reduction in
body weight and decreases the preference for sucrose in depressed animals. The treatment
with the formulated intranasal nanogel allowed to reverse these effects, overall increasing
the rat’s body weight (Figure 4E) and restoring their sucrose intake more significantly than
any other treatment group (Figure 4F).

This study allowed us to conclude that the formulated icariin nanogel, when admin-
istered intranasally, presents relevant potential as a possible alternative for the treatment
of depression.
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Figure 4. (A)—Schematic representation of the making of icariin nanogels; (B)—Immobility duration
in a forced swimming test, (C)—Immobility duration in tail suspension test, and (D)—Total distance
travelled in open field test, in mice, after intranasal administration of saline buffer (negative control),
oral administration of a fluoxetine solution (Fluo, positive control), intranasal administration of the
icariin nanogel (NGSTH), or oral administration of an icariin solution; (E)}—Changes in body weight,
and (F)—Changes in 1% sucrose preference, in rats, after no administration (CUMS) or intranasal
administration of saline buffer (negative controls), oral administration of a fluoxetine solution (Fluo,
positive control), intranasal administration of the icariin nanogel (NGSTH), or oral administration of
an icariin solution; ## p < 0.01, compared with the negative control group; adapted from Xu et al. [54],
reproduced with permission from Elsevier [License Number 5426000092048].

2.2. Albiflorin

Albiflorin is the main component of the root of Radix Paeoniae Alba (Ranunculaceae),
presenting antioxidant, anti-inflammatory, and neuroprotective properties and antidepress
ant-like effects. Nevertheless, when administered orally, it has low bioavailability, not
reaching effective brain concentrations to evidence a significant antidepressant-like effect.
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To tackle these issues, a study conducted by Xu et al. [55] aimed to develop an in-
tranasal albiflorin nanogel. Once again, the interaction of alginate with divalent cations was
used for the formulation of the nanoparticles, with the subsequent addition of poloxamer
407 and poloxamer 188 to form the nanogel and in order to stabilize the system and allow a
controlled release of the drug. The particle size of the nanogel was small (45.6 nm), as was
the PDI (0.20), making it quite a homogeneous system. The obtained zeta potential was
negative (—19.8 mV) due to the presence of alginate, a polyanion, in the composition of the
nanoparticle.

In-vitro drug release studies showed a controlled release of the drug from the nanogel,
being extended in time for about 12 h. Moreover, in vivo pharmacokinetic studies in rats,
the drug was not only rapidly quantified in the brain, but also allowed the maintenance
of prolonged concentrations over time, which indicated a rapid transport and a potential
prolonged therapeutic effect. In-vivo pharmacodynamic studies were also conducted, in
mice, with the purpose of evaluating the antidepressant activity of the formulation. The tail
suspension test demonstrated that the intranasal administration of the nanogel significantly
reduced the immobility time in mice when compared with intragastric or intravenous
administration of fluoxetine (antidepressant drug of known efficacy) or albiflorin solutions.
The CUMS model was applied in rats, causing a decrease in body weight as well as in
sucrose intake, but these effects were once again reversed by intranasal administration of
the albiflorin nanogel.

In conclusion, the formulated nanogel was able to encapsulate albiflorin and, when ad-
ministered intranasally, provide a continuous and controlled release of the drug that made
it possible to evidence its antidepressant-like effect, presenting potential as an alternative
for the treatment of depression.

2.3. Fluoxetine

Fluoxetine is a selective serotonin reuptake inhibitor. The main problem associated
with this drug is that it is prone to drug-drug interactions when administered orally since it
is a CYP2D6 inhibitor and a substrate and inhibitor of the P-glycoprotein efflux transporter.

To tackle these issues, Vitorino et al. [56] aimed to develop a formulation based on
lipid nanoparticles for intranasal administration of fluoxetine in order to find the optimal
conditions to combine a rapid onset of action with a prolonged therapeutic effect. Initially,
the components were screened, taking into account the relative solubility of fluoxetine
in them. As a solid lipid, glyceryl palmitostearate (Precirol™ ATO 5), a biocompatible
glyceride, was used. The selected liquid lipid was propylene glycol monocaprylate (type
I) (Lauroglycol™ 90). Polysorbate 80 (Tween® 80) was used as a surfactant due to its
good emulsifying capacity, biocompatibility, and ability to stabilize the nanosystem. In the
optimization stage of the right component proportions (liquid lipid: solid lipid ratio and
amount of surfactant), the main conclusions were: that formulations with higher surfactant
concentration decreased permeability and extended drug release; that an increase in the
amount of liquid lipid resulted in increased release and decreased permeability; that the
increase in the concentration of liquid lipid and surfactant allowed to have smaller particles
and a more homogeneous size; and that the formulation with the highest concentration
of solid lipid and the lowest amount of surfactant achieved the best permeability. Thus,
the optimized formulation had similar percentages of solid lipid and liquid lipid and
low surfactant concentration, presenting a particle size of 154 nm, PDI of 0.514, and zeta
potential of +19.7 mV. Although the particle size was small, and the zeta potential had
a moderately high absolute value (which could contribute to particle stability), the PDI
value was high, making this a reasonably heterogeneous formulation. The encapsulation
efficiency (EE%) (amount of drug that is possible to incorporate in the lipid matrix) and
drug loading (percentage of encapsulated drug divided by the total mass of the lipid matrix)
were also determined, being around 74% and 13%, respectively.

In-vivo pharmacodynamic studies were conducted in mice, namely the forced swim
test, applied one hour after the administration of the formulations. This allowed us to verify
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that both the intranasal nanoparticles and an oral fluoxetine solution (positive control)
led to an increase in the mobility time when compared to the group of untreated animals.
However, the immobility time was shorter after oral administration of the fluoxetine
solution. These results may be related to the time elapsed between the administration of the
drug and the performance of the test, since, in general, the drugs administered intranasally
can take about 15 min to reach the brain

Based on the obtained results, since no comparative superiority was demonstrated in
this study it is possible to conclude that the formulation of lipid nanoparticles administered
intranasally presents potential as an alternative to oral administration when the oral route
is not accessible.

2.4. Agomelatine

Agomelatine is a synthetic compound derived from melatonin used in the treatment of
depression. It is an agonist of the melatonin MT1 and MT2 receptors and an antagonist of 5-
HT2C serotonin receptors. This drug undergoes a substantial hepatic first-pass metabolism
when administered orally, leading to an extremely low bioavailability. The study conducted
by Jani et al. [57] aimed to solve these issues by analyzing the efficacy of the intranasal
administration of agomelatine polymeric nanoparticles for the treatment of depression.

The formulated polymeric nanoparticles were obtained using the polymer PLGA,
due to its low toxicity and poloxamer 407 as a surfactant to stabilize the nanoparticles.
The optimization of the formulation considered the drug: polymer ratio and surfactant
concentrations since they affect the particle size and the EE%. A statistical study allowed
us to verify that by increasing the amount of PLGA the EE% also increases; however, after a
certain amount of PLGA the EE% begins to decrease. The same was verified for the relation
between surfactant concentration and EE%. Regarding particle size, it was concluded that
it increases with the increase in the amount of PLGA, and decreases with the increase
in the amount of surfactant. Thus, the optimized formulation aimed at the highest EE%
value (98.3%) and the lowest particle size (116.06 nm). The zeta potential of the optimized
formulation was —22.7 mV, and the PDI was less than 0.3, indicating that the formulated
system was stable and the particle size distribution was homogeneous. Drug loading
(49.2%) was also calculated.

In vitro drug release studies showed that the release of drug from the nanoparticles
was more prolonged than the free drug, indicating an extended drug release, which can
be seen as an advantage. Ex vivo permeation studies were performed using goat nasal
mucosa, and the results allowed us to conclude that the permeability of the formulation
was also superior to the permeability of a free drug suspension.

The forced swim test (in vivo pharmacodynamic study) was performed in rats and
allowed to verify that, although the two analyzed formulations (PLGA nanoparticles and
simple drug suspension) were able to reduce immobility time, the PLGA nanoparticles
demonstrated the most significant reduction when compared to a group of untreated
animals.

Thus, given the results of in vitro drug release, ex vivo drug permeation, and in-vivo
pharmacodynamic studies, it is possible to conclude that the formulated nanoparticles have
the potential for the treatment of depression when administered intranasally.

2.5. Venlafaxine

Venlafaxine is a serotonin and norepinephrine reuptake inhibitor. The oral administra-
tion of this drug is associated with several adverse effects, such as headaches and dizziness,
among others, with low bioavailability and a short half-life time. Additionally, frequent
administrations are necessary to produce the desired effect [37-39].

A study done by Haque et al. [58] aimed to tackle these issues by verifying the
potential of chitosan nanoparticles to improve the transport of venlafaxine to the brain,
using intranasal administration. The formulated polymeric nanoparticles were composed
of chitosan, a polycation, and sodium tripolyphosphate (TPP), a polyanion. The opti-
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mized formulation considered a drug: polymer ratio of 1:1, and also took into account the
proportion between chitosan and TPP concentrations since it affects the formulation of
nanoparticles. The obtained nanoparticles presented a particle size of 167 nm, a PDI of
0.367, a zeta potential of +23.83 mV, and a pH of 5.12, thus concluding that the formulated
system had a surface charge that increased its stability, with particle size and pH adequate
for intranasal administration, although not being very homogeneous. It also presented
an EE% of 79.3% and drug loading of 32.3%. In vitro drug release studies allowed us
to conclude that the formulated nanoparticles presented a biphasic release profile, for
which in the first 2 h there was a rapid release, followed by an extended release over 24 h.
Drug permeation was analyzed in ex-vivo studies using pig nasal mucosa, and the use of
chitosan nanoparticles allowed us to increase the permeability of venlafaxine 3-fold when
compared with a venlafaxine solution. In vivo pharmacodynamic studies in rats (forced
swim test) allowed us to conclude that the intranasal administration of the developed
chitosan nanoparticles, when compared with the control group (saline solution), increased
swimming time and locomotor activity and reduced immobility time. Pharmacokinetic
parameters were also evaluated, such as the maximum concentration of venlafaxine in the
brain and brain AUC, and the results were better for the intranasal nanoparticles (when
compared with an intravenous or intranasal venlafaxine solution), and the intranasal route
in general (when compared with the intravenous drug solution). These results could be
attributed to the action of chitosan in paracellular transport enhancement and alternate
opening of the tight junctions, and also its contribution to the reduction of mucociliary
clearance. Brain targeting ratios, such as direct transport percentage (DTP%) and drug
targeting efficiency (DTE%), were also calculated, presenting high values for the formu-
lated nanoparticles (80.34% and 508.59%, respectively), supporting their capacity for brain
targeting. Thus, the formulated nanoparticles, administered intranasally, were successful in
increasing the transport of the drug from the nasal cavity to the brain, thus demonstrating
potential as an alternative to the oral administration of venlafaxine.

Another study made by Haque et al. [59] aimed to analyze the potential of the in-
tranasal administration of venlafaxine alginate and chitosan nanoparticles for the treatment
of depression. To obtain the formulation, firstly, alginate was added to calcium chloride,
which allowed the occurrence of inotropic pre-gelation, obtaining a pre-gelified nanonu-
cleus, within which the drug was encapsulated. Then chitosan (positively charged) was
added, which interacted with the negative charge of alginate, originating the nanogel.
The optimization of the formulation took into account the concentrations of alginate, cal-
cium chloride, and chitosan, and the drug: alginate ratio was set at 0.75:1. The pH was
maintained between 5.7 and 6.1, being carefully optimized, since a higher pH results in
chitosan precipitation, making it less available for the formation of the nanoparticles. Addi-
tionally, the addition of an alginate solution at neutral pH results in the non-protonation
of the chitosan amine groups, stopping its ionic interaction with alginate. Particle size
(173.7 nm), zeta potential (+37.4 mV), and PDI (0.391) allowed to confirm the reduced
size and potential stability of the nanosystem, albeit being slightly heterogeneous. Drug
loading (26.74%) and EE% (85.6%) were also determined. In-vitro drug release studies
showed that the formulated nanoparticles had a biphasic release profile, with an initial
faster release, followed by an extended release. Ex vivo permeation studies (pig nasal
mucosa) showed that the formulated nanoparticles had an improved permeability when
compared to a drug solution. In vivo pharmacodynamic studies (in rats), namely the
forced swimming and locomotor activity tests, showed that, when compared with the
control group (intranasal administration of a saline solution), the intranasal nanoparticles
allowed to increase swimming time and locomotor activity and reduce immobility time.
The pharmacokinetic parameters were also evaluated, and the brain concentrations and
AUC of venlafaxine were significantly higher after intranasal administration of the nanopar-
ticles when compared with intravenous administration and intranasal administration of
a venlafaxine solution. DTE% (425.77%) and DTP% (76.52%) allowed us to conclude that
intranasal administration of formulated nanoparticles also allowed a better brain targeting
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of the drug when compared with all other groups. Therefore, the study revealed that
the formulated nanoparticles, administered intranasally, allowed us to achieve prolonged
venlafaxine concentrations in the brain, probably due to an improvement in paracellular
transport through the modulation of tight junctions between cells, presenting potential in
the treatment of depression.

A third study, conducted by Cayero-Otero et al. [60], also aimed to find an intranasal
nanosystem that would enable the controlled release of venlafaxine, maintaining therapeu-
tic levels for a prolonged period of time. PLGA polymeric nanoparticles were developed,
having two distinct ligands: transferrin (Tf) and a specific peptide against Tf receptor
(TfRp). Ligands allow for the modification of the surface of nanoparticles, improving
absorption and increasing permeability due to a better interaction between the cells and the
nanosystems, allowing a targeted delivery. The non-functionalized nanoparticles (without
ligand) originated with a particle size of 206.3 nm, PDI of 0.190, and zeta potential of
—26.5 mV. The nanoparticles with Tf and the nanoparticles with TfRp originated a particle
size of 218.6 nm and 216.3 nm, PDI of 0.078 and 0.067, and zeta potential of —19.5 mV and
—19.6 mV, respectively. Hence, it is evident that although the ligands slightly increase the
particle size, they also reduce the PDI, leading to more stable and homogeneous nanoparti-
cles. EE% ranged from 48 to 50%, and drug loading from 10 to 12% for all formulations.
The three formulations demonstrated a biphasic drug release profile. Initially, there was a
fast release, and after that, there was a prolonged release for 10 days. It was possible to
observe that the non-functionalized nanoparticles presented an overall higher cumulative
drug release when compared to the functionalized nanoparticles. Hence, the ligands led
to a decrease in drug release, probably due to the forming of an additional barrier on the
surface of the nanoparticle. In-vivo pharmacokinetic studies, it was observed that the mice
brain drug concentration 30 min after intranasal administration was much higher for the
non-functionalized nanoparticles. This was justified by the authors as being due to the type
of transport adopted by the different nanoparticles since the non-functionalized nanopar-
ticles were preferably transported by the olfactory route, through facilitated transport or
extracellular transport, taking only a few minutes to reach the brain; and the functionalized
nanoparticles were preferably transported by endocytosis, which is a slower type of trans-
port. Hence, compared to non-functionalized nanoparticles, functionalized nanoparticles
take longer to reach the therapeutic action site, which can be a disadvantage if a rapid onset
of action is desired. However, they have a more controlled release and may allow more pro-
longed therapeutic action. Hence, it was concluded that both the non-functionalized and
functionalized developed nanoparticles had the potential to provide a controlled release of
venlafaxine when administered intranasally and may be candidates as an alternative to the
oral administration of this drug.

Comparing the three aforementioned studies, it is possible to observe that all of
them formulated polymeric nanoparticles for venlafaxine encapsulation. The first two
studies [58,59] had a particle size lower than 200 nm, but a PDI value higher than 0.3,
which indicates that the particle size is small but not very homogeneous (considering an
optimal value of < 0.3). The Zeta potential of both studies was positive. The third study [60]
had an additional evaluation of the effect of surface ligands, and both functionalized and
non-functionalized nanoparticles had a particle size higher than 200 nm, PDI less than
0.3 (which is indicative of homogeneity), and a negative zeta potential value. In vitro
release studies of all the developed nanoparticles indicated a biphasic drug release, with
an initial faster onset, followed by a prolonged release. In vivo pharmacodynamic studies
also showed favorable results, supporting that the formulations allowed to potentiate the
antidepressant action of venlafaxine. All the formulations developed in the three mentioned
studies showed potential in the treatment of depression.

2.6. Desvenlafaxine

Desvenlafaxine is an active metabolite of venlafaxine, a second-generation serotonin
and norepinephrine reuptake inhibitor. It has an oral bioavailability of about 80% and
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a half-life time of about 11 h; however, it is associated with several adverse symptoms
such as increased blood pressure, nausea, and headaches, among others. In order to tackle
these issues, a study conducted by Tong et al. [61] aimed to develop biodegradable and
biocompatible polymeric nanoparticles for intranasal administration of desvenlafaxine for
depression treatment.

The formulated polymeric nanoparticles were composed of: the polymer PLGA;
chitosan, which was used due to its mucoadhesive properties; and polyvinyl alcohol (PVA),
which in addition to chitosan, has the ability to stabilize the formulation. Particle size,
PD], zeta potential, EE%, and drug loading were, respectively, 172.5 nm, 0.254, +35.63 mV,
98.3%, and 49.15%. In-vitro drug release studies showed an initially fast drug release,
probably of a drug present at the surface of the nanoparticles, followed by an extended
release during 24 h, which probably corresponded to the fraction of the drug that was
inside the nanoparticle, in its nucleus, by hydration and swelling of the nanoparticle matrix.
A pH of 7.4 was considered for optimized nanoparticles. Also, there were no differences in
drug release at pH 7.4 (physiological pH) when compared to pH 6.0 (pH within the range
of nasal mucosa values).

In vivo pharmacokinetic studies in rats (Figure 5A), with intranasal and intravenous
nanoparticle administration, and intranasal administration of a desvenlafaxine solution,
showed that desvenlafaxine brain concentrations, half-life time (¢; /) and AUC were higher
when the administration was intranasal, regardless of the formulation that was used. Fur-
thermore, these parameters were superior for the intranasal desvenlafaxine nanoparticles
when compared to the drug solution. These results support intranasal administration for
better pharmacokinetic parameters in the brain, as well as the use of nanoparticles for the
incorporation of the drug. Additionally, the values of DTE% and DTP% were calculated
and were higher for the formulated nanoparticles administered intranasally (544.23% and
81.62%, respectively), which indicates better efficiency in brain targeting when compared
to the other comparative groups.

In-vivo pharmacodynamic studies (Figure 5B), such as the reserpine reversal test
and the forced swim test, were conducted, administering the optimized nanoparticles
intranasally or a desvenlafaxine solution intranasally or orally. The results were compared
with the ones from a control group (intranasal administration of a saline solution). It was
observed that only the intranasally administered formulations had a significant effect on
the ability to reduce reserpine-induced immobility. Furthermore, the Forced Swim Test
allowed to conclude that the intranasal nanoparticles had a more significantly reduced
immobility and increased swimming, climbing, and locomotion time than all other groups.

Monoamine levels in the brain, and their association with antidepressant activity in
different groups of rats subjected to the forced swim test, were also studied (Figure 5C).
The results showed that the intranasal nanoparticles significantly improved serotonin
and norepinephrine levels in the brain, supporting the theory that the levels of these two
neurotransmitters decrease in stressful situations, particularly in depression.

In conclusion, the formulated nanoparticles, administered intranasally, allowed us to
improve the pharmacokinetic and pharmacodynamic profile of desvenlafaxine, helping
with the transport of the drug to the site of action in the brain, and showing promise as an
alternative for depression treatment.
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Figure 5. (A)—Desvenlafaxine brain concentration after intranasal administration of a drug solu-
tion (DVF (i.n.)) or the developed nanoparticles (DVF NPs i.n.), or the intravenous administration
of the nanoparticles (DVF NPs (i.v.)); (B)—Evaluation of the antidepressant activity of intranasal
desvenlafaxine nanoparticles (DVF NPs (i.n.)), intranasal desvenlafaxine solution (DVF (i.n.)) and
oral desvenlafaxine solution (DVF (Oral)), in chronically depressed rats; (C)—Effect of intranasal
desvenlafaxine nanoparticles (DVF NPs (i.n.)), intranasal desvenlafaxine solution (DVF (i.n.)) and
oral desvenlafaxine solution (DVF (Oral)) on neurotransmitter levels in rat brain; I and * repre-
sent p < 0.05, I and ** represent p < 0.01; Conc.—concentration; DVF—desvenlafaxine; NPs—
nanoparticles; adapted from Tong et al. [61], reproduced with permission from Elsevier [License
Number 5426000412295].

2.7. Selegiline

Selegiline is a MAO4, with a dose-dependent therapeutic action and also presents
neuroprotective effects. When administered orally, this drug undergoes extensive hepatic
metabolism, having reduced bioavailability and also several associated adverse effects. A
study conducted by Singh et al. [62] aimed to increase the efficacy of selegiline (hydrochlo-
ride form) through intranasal administration of thiolated chitosan nanoparticles in order to
obtain an extended and controlled release of the encapsulated drug.
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The formulated nanoparticles contained thiolated chitosan, which is obtained by cou-
pling the primary amine groups of chitosan with thiol groups. This structural change
improves the mucoadhesiveness and permeability enhancement capability of this polymer.
TPP was also used as a polyanion that interacts with chitosan through electrostatic forces,
causing chitosan to precipitate, forming spherical particles. The optimization of the formu-
lation considered the thiolated chitosan: TPP ratio since it directly affects the particle size
and its distribution. The optimized ratio was 5:1. The pH was also considered, being ideal
between 5.0 and 5.5 (values in the range of the nasal mucosa). Also, with a pH above 5.5,
there was the formation of unwanted white aggregates that disappeared when a reduction
of pH was verified.

In vitro drug release was analyzed and compared between thiolated chitosan nanopar-
ticles and unmodified chitosan nanoparticles. It was concluded that the unmodified
nanoparticles showed a faster release profile in the first 2 h, due to the presence of a drug
on the surface of the nanoparticles that is released faster when compared with thiolated
chitosan nanoparticles, for which there was a formation of an in situ gel. This means that
there is a high-density gel network that restricts the penetration of water at the site where
the diffusion of the drug occurs, delaying the release. Nevertheless, after about 3 h, it was
found that the release of the drug from thiolated chitosan nanoparticles was constant and
extended, becoming higher than the release of unmodified chitosan after 13 h.

In-vivo pharmacodynamic studies in rats (stress-induced immobility, sucrose prefer-
ence test, and locomotor activity), the intranasal administration of the thiolated chitosan
nanoparticles was compared to the also intranasal administration of unmodified chitosan
nanoparticles or a drug solution. The drug solution only showed significant effects on
increased locomotor activity. Both nanoparticle types allowed reduced immobility time,
restored sucrose intake, and increased locomotor activity, with better results being obtained
after the administration of thiolated chitosan nanoparticles.

Additionally, another evaluated parameter was the formation of free radicals, namely
nitrite, since oxidative stress has been associated with mood disorders. Its concentration
was more significantly reduced when thiolated chitosan nanoparticles were administered,
compared to the administration of the drug solution or the unmodified chitosan nanoparticles.

In conclusion, the formation of an in situ gel allows the improvement of the permeabil-
ity and transport of the drug from the nasal cavity to the action site in the brain, and there
was a significant advantage when using thiolated chitosan when compared to unmodified
chitosan.

2.8. Tramadol

Tramadol is a synthetic opioid drug with central analgesic action. Aside from its
affinity for opioid receptors, it is also able to inhibit the reuptake of the neurotransmitters
serotonin and norepinephrine, thus presenting an antidepressant effect. Nevertheless, it
is quite prone to metabolism; hence, the incorporation of tramadol in nanoparticles could
allow protecting the drug from its labile nature. A study conducted by Kaur et al. [63]
aimed to study the efficacy of the transport of tramadol to the brain using the intranasal ad-
ministration of nanoparticles incorporated in an in situ gel for the treatment of depression.

The polymeric nanoparticles were composed of chitosan and TPP, and incorporated in
a thermosensitive in situ gel made of poloxamer 407 and hydroxypropylmethylcellulose
(HPMC) K15M. Benzalkonium chloride was also used as a cationic surfactant and as a
stabilizer of the system. Chitosan and TPP were used in an optimized ratio of 1:1, and
the optimized nanoparticles presented a particle size of 152.0 nm, PDI of 0.143, the zeta
potential of +31 mV, and EE% of 85%. In-vitro drug release studies demonstrated a biphasic
release of the drug, and the nanoparticles incorporated into the in situ gel presented a
longer drug release when compared to a saline solution.

The forced swim test (in vivo pharmacodynamic study) was performed in rats, and
it was possible to observe that the intranasal administration of the nanoparticles incorpo-
rated in the in situ gel allowed to reduce the immobility time and increase the locomotor
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activity. Body weight was also assessed before and after the treatment, and a significant
improvement was observed after the administration of the nanoparticles when compared
to the control group (no treatment). Furthermore, the sucrose preference test allowed us to
verify that the intranasal nanoparticles in situ gel increased the intake of sucrose. Nitrite
concentration was also evaluated, being significantly reduced after the treatment with the
nanoparticles. It should also be noted that, in all these studies, the intranasal administration
of a tramadol saline solution obtained unsatisfactory results.

Hence, in general, the developed tramadol nanoparticles in situ gel was able to ensure
a controlled release of the drug, improving transport to the brain, and proving itself to be a
possible alternative to oral administration of the drug.

2.9. Buspirone

Buspirone is an anxiolytic drug used in the treatment of generalized anxiety disorder.
It acts as an agonist of pre-synaptic serotoninergic receptors in the hippocampal region
of the brain, and as a partial agonist of post-synaptic serotoninergic receptors, in the
raphe nucleus. It undergoes an extensive first-pass hepatic metabolism when administered
orally, presenting reduced bioavailability. The study by Bari et al. [64] aimed to tackle this
problem by assessing the efficacy of the brain transport of polymeric nanoparticles with
the encapsulated drug, after intranasal administration, for the treatment of anxiety.

The formulated nanoparticles were either composed of thiolated chitosan or plain
chitosan and also a mixture of TPP and alginate, which was used as a cross-linker. The
optimization of the formulation considered the relationship between chitosan and cross-
linker concentrations since it affects particle size and PDI values. The optimized chitosan
and thiolated chitosan nanoparticles presented, respectively, a particle size of 195.7 nm
and 208.3 nm and a PDI of 0.367 and 0.253. The decrease in PDI value indicates greater
homogeneity of the system due to the presence of thiolated chitosan. It was also verified,
by scanning electron microscopy (Figure 6A), that both formulations presented pores on
the surface, which suggests the possibility of drug release by these same pores.

In vitro drug release was compared between the two formulations, and it was observed
that the thiolation of chitosan did not affect it. Both formulations showed a biphasic release,
with an initial fast release, followed by an extended release for 24 h, with more than
90% of the drug being released after that time. Nevertheless, ex vivo permeation studies
(Figure 6B) showed that thiolated chitosan nanoparticles had better permeability when
compared to unmodified chitosan nanoparticles. These results can be explained by the
increased mucoadhesion since a strong ionic bond is formed between the thiolated chitosan
amine group and the cell membrane sites, which results in the opening of the tight junctions.

Pharmacokinetic parameters were determined in vivo studies (Figure 6C) after in-
tranasal administration of the thiolated chitosan nanoparticles or a buspirone solution or
intravenous administration of the same drug solution. The brain concentration and AUC
for the intranasal nanoparticles were higher than for all other groups at all points in time.
It should also be noted that the concentration of buspirone in the brain that was obtained
30 min after administration was about three times higher for the intranasal nanoparticles,
which indicates that this route of administration allows a faster reaching of the CNS bypass-
ing the blood-brain barrier. DTP% (95.97%) and DTE% (78.94%) values were also higher
after intranasal administration of the formulated nanoparticles (compared with the drug
solution, also administered intranasally), further showing their superiority.

Therefore, it can be concluded that the developed polymeric nanoparticles are a possi-
ble noninvasive alternative to buspirone administration for the treatment of generalized
anxiety disorder.
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Figure 6. (A)—Scanning electron microscope images of the buspirone chitosan nanoparticles (on the
left (2.c.(i))) and thiolated chitosan nanoparticles (on the right (2.c.(ii))); (B)—Ex vivo permeation
study of buspirone chitosan nanoparticles (Chitosan NPs), thiolated chitosan nanoparticles (Thiolated
chitosan NPs), and drug solution (Plain drug); (C)—Buspirone brain and blood concentrations
after intranasal administration of the thiolated chitosan nanoparticles; BUH—buspirone; conc—
concentration; NPs—nanoparticles; adapted from Bari et al. [64], reproduced with permission from
Elsevier [License Number 5426000697685].

2.10. Riluzole

The mechanism of action of riluzole is not completely defined. It is assumed that it
acts as an inhibitor of glutamate release and that it is associated with decreased oxidative
stress, presenting the potential for the treatment of anxiety. This substance is subjected to
an extensive first-pass effect metabolism when administered orally, which results in the
reduction of its bioavailability. The study conducted by Nabi et al. [65] aimed to find a
solution for this issue by developing polymeric nanoparticles for intranasal administration
containing encapsulated riluzole in order to increase the concentration of the drug in the
brain and to enhance its action in reducing oxidative stress.

Chitosan was used as a polymer in the formulation of the nanoparticles due to its
mucoadhesive properties, and TPP was used as a polyanion. For comparative purposes,
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chitosan nanoparticles were formulated with and without Tf. Tf was added as a ligand in
order to facilitate the transcytosis of the nanoparticles through the blood-brain barrier (for
a fraction of the drug that will undergo indirect transport). The optimized formulations
considered the drug:polymer: Tf ratio. The particle size and PDI for chitosan nanoparticles
were 173.6 nm and 0.264, and for chitosan nanoparticles with Tf were 207.0 nm and 0.406,
respectively. It was possible to observe an increase in particle size and PDI with the addition
of Tf; therefore, nanoparticles without the ligand presented a more homogeneous system.
The optimal pH value chosen for the formation of nanoparticles with Tf was 5.0, a value
that is considered to be compatible with the nasal mucosa. In vitro drug release was shown
to be initially fast, followed by an extended release. The cumulative release after 24 h was
higher for the nanoparticles in which the ligand was used, followed by the nanoparticles
without the ligand, and then a drug suspension. The same conclusions were reached in ex
vivo permeation studies, with the nanoparticles with the ligand having higher permeation,
followed by the nanoparticles without ligand, and with drug suspension permeating
the least.

Intravenous or intranasal administration of a riluzole suspension and intranasal ad-
ministration of the nanoparticles with Tf was done in rats to assess their pharmacokinetics.
It was possible to observe higher brain drug concentrations for intranasal administration, in
general, with it being more significant for the nanoparticles. The results also supported the
hypothesis that the nanoparticles administered intranasally have an extended drug release,
as seen in prolonged brain drug levels. DTE% (1138.46%) and DTP% (91.21%) values
showed better results for the nanoparticles that contained the ligand, so it was concluded
that the ligand allowed improved efficiency of brain drug transport. Pharmacodynamic
studies conducted in rats (elevated plus maze model and Morris water maze test), showed
that riluzole has substantial anxiolytic activity and that nanoparticles with and without
ligands were able to improve learning capacity and memory in the animals subjected
to the study. It was also possible to conclude that the treatment with both formulated
nanoparticles (with and without ligand) was able to significantly reduce oxidative stress
(although for this test, no significant difference was observed between the two types of
nanoparticles).

Therefore, the formulated nanoparticles demonstrated potential for the treatment of
anxiety through intranasal administration, with the use of Tf as a ligand being an additional
advantage throughout the study, improving brain drug targeting.

3. Final Remarks

The current treatments for depression and anxiety disorders have several disadvan-
tages that compromise drug bioavailability, with the amount of drug that reaches the
intended site of action, the brain, being quite low. This can consequently compromise the
therapeutic response. These treatments are also associated with several systemic adverse
effects. Therefore, the intranasal route has been studied throughout these past years due
to its great potential for improving the current therapies for these pathologies, bypassing
their disadvantages. The administration through the intranasal route establishes direct
contact between the surrounding environment of the nasal cavity and the CNS, allowing it
to overcome the blood-brain barrier and also avoiding the metabolism of the first hepatic
passage. This creates a decrease in adverse effects caused by the most prevalent route of
administration, the oral route, which brings another major benefit for the patients.

Intranasal drug absorption depends on several anatomical, physiological, physico-
chemical, and formulation factors, which influence the extent of drug absorption and,
consequently, the efficacy of the formulation administered in the nasal cavity. There are
several strategies used to improve drug absorption. The analyzed studies show that the
incorporation of drugs into nanoparticles is a way to protect the drug and transport it, also
allowing a controlled release, which increases and prolongs its concentration in the thera-
peutical target site. The analyzed studies formulated different types of nanoparticles with
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different drugs in order to verify the potential of using these formulations, administered
intranasally, for the treatment of depression and anxiety.

All studies that reported values of particle size, zeta potential, and PDI, demonstrated
that they are, in general, adequate, conferring stability and homogeneity to the system.
Moreover, these parameters can highly influence drug absorption and pharmacokinetics
since, as already mentioned, nanoparticles with sizes between 10 and 300 nm can undergo
direct brain transport (olfactory nerve), and lower PDI values are usually connected with
lower variability in drug absorption and distribution. The reported values of EE%, DTE%,
and DTP% were also promising, allowing for the achievement of an effective encapsu-
lation of drugs and high brain targeting. The pharmacokinetic and pharmacodynamic
studies presented promising results in the application of this type of formulation to pro-
duce the desired therapeutic effect. A more detailed comparison between the studies is
hampered by the use of different animal models, sample collection times, administered
doses, quantification methods, and of course, drugs.

For depression treatment, drugs such as icariin, albiflorin, fluoxetine, agomelatine,
desvenlafaxine, venlafaxine, selegiline, and tramadol and, for anxiety, drugs such as
buspirone and riluzole were studied. Hence, most studies focused on the treatment of
depression. Although both pathologies interfere with the quality of life, depression is
considered one of the main causes of disability in the world and can lead to suicide.
Therefore, the treatment of this pathology can prevent death, and therefore this could be
the reason for a higher focus on this pathology when compared to anxiety disorders.

Polymeric nanoparticles were the chosen nanoparticle type in most studies. This type
of nanoparticle allows the control of the release of the drug, and in the majority of studies
analyzed, it was reported that a biphasic release occurred: first, a faster release, followed by
an extended release, that was maintained for a long period of time. Chitosan and alginate,
two mucoadhesive polymers that allow to increase in the residence time of the drug in the
nasal cavity and enhance its absorption and arrival at the site of action, were the most used
polymers.

Moreover, the functionalization of nanoparticles with ligands, such as Tf or TfRp, as
done in the studies conducted by Cayero-Otero et al. [60] and Nabi et al. [65], can allow
improving drug absorption and permeability due to facilitated transcytosis of the nanosys-
tems through the blood-brain barrier, which can be quite relevant for a fraction of the drug
that will undergo indirect transport. For these functionalized nanoparticles, controlled
drug release and permeation was observed, which can allow a more prolonged therapeutic
action. In what concerns ligands that could facilitate nose-to-brain drug transport (direct
transport), some reports have pointed out that the functionalization of nanoparticles with
ligands that have highly expressed receptors in the olfactory region (such as lactoferrin) or
glycoproteins (such as lectins) can increase drug transport by facilitated transcytosis and
other related mechanisms [66].

Furthermore, the possible clinical application should not be considered until the
biocompatibility of the developed nanosystems is assured. Most studies included in this
review did not perform any safety studies. Yet, some studies chose their formulation’s
composition having in mind the biocompatibility of the used excipients, having searched
for safety information priorly (especially from international health authorities, such as
EMA and FDA). Although this information could make it more likely that the developed
nanoparticles could be potentially safe, one should assess this by actually performing safety
studies, for example, in animal nasal mucosa tissues (with the most common models being
from pig or sheep) or cells, in order to assess if the developed formulations are actually safe
for intranasal administration (no signs of toxicity /irritation/damage). Moreover, in order to
increase patient safety, nanotherapeutics should be tailored according to the administration
route and disease characteristics (composition compatible with administration site and site
of action, adequate particle size, viscosity, pH, etc.). Here it is paramount to make use of
adequate analytical tools and thorough prior formulation development planning [67].
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Although this review focuses on small molecular weight drugs, intranasally adminis-
tered biopharmaceuticals have also proven to be effective in the treatment of depression
and anxiety disorders. Proteins and peptides such as brain-derived neurotrophic factor,
nerve growth factor, neuropeptide Y, insulin, and oxytocin have proven to have potential
therapeutic efficacy when administered through the intranasal route, which further shows
the potential of intranasal administration [68]. Some of these high molecular weight drugs
have also been formulated into nanosystems for intranasal delivery, but, to the best of
our knowledge, not for the treatment of depression or anxiety disorders, which leaves
scope for further research and development of new macromolecular therapies for these
diseases [69-73].

In addition to in-vitro and in-vivo results, recent clinical evidence has surfaced on
the effectiveness of the intranasal route for the treatment of major and treatment-resistant
depression, with esketamine having proven to be successful, both alone or as adjunct
therapy together with oral medication, and with a formulation having even reached the
market in 2019, Spravato® [74-79]. This further proves the potential of the intranasal route
for the treatment of these pathologies and leaves space for the future study of new drugs
and formulations to be delivered intranasally.

Despite all the proven potential of the reported nanoparticles for antidepressant and
anxiolytic drug delivery, some limitations can hinder the translation of these formulations
into the pharmaceutical market. In general, nanoparticles can have scalability issues, mean-
ing that what works at a small laboratory scale might not work on a larger industrial scale,
with problems arising in what concerns controlling the formulations desired characteristics
(particle size, PDI, zeta potential, EE, etc.) and stability. Furthermore, the complexity of
these systems’ composition and production methods could be quite costly and, hence,
non-profitable for these companies [67,80]. Moreover, very few nanoparticles for the treat-
ment of depression and/or anxiety have gone as far as clinical trials (and hence none have
reached the market), and none using intranasal administration [81]. Yet, nanoformulations
for the treatment of several other diseases, such as cancer, multiple sclerosis, or hepatitis,
have been successfully developed and approved for commercialization [67,82]. There-
fore, further investigation should be done in order to obtain nanosystems with simpler
production methods, less expensive components, and scale-up studies could be done to
better understand what could happen at an industrial scale so that someday nanoparticles
containing antidepressant and /or anxiolytic drugs can reach the market and improve the
therapeutic outcomes of these diseases.

Hence, despite the number of studies still being small, in general, the intranasal
administration of nanoparticles presents high potential as an alternative to the currently
available therapies for the treatment of depression and anxiety. However, the analyzed
studies presented only in vitro and in vivo data. Therefore, it is relevant that future research
is done in order to compare these animal studies with studies carried out in humans in
order to verify the true potential of these formulations when administered intranasally.
The focus on research and development of this type of formulation can make treatments
increasingly more effective for pathologies that directly interfere with the daily lives of
patients, affecting their quality of life.

4. Conclusions

In conclusion, the intranasal delivery of nanoparticles for the treatment of depression
and anxiety disorders has been proven to be a quite promising approach, allowing to
overcome the unavoidable disadvantages of oral administration, reducing the number
of administrations necessary for effective treatment, which may increase patient compli-
ance, and also allowing a faster onset of action, with increased and prolonged brain drug
concentrations and, consequently, therapeutic effect.
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Abbreviations

AUC Area under the curve

CUMS  Chronic Unpredictable Mild Stress
DTE%  Drug targeting efficiency

DTP%  Direct transport percentage
EDTA  Ethylenediaminetetraacetic acid
EE% Encapsulation efficiency

GABA  y-aminobutyric acid

HPMC  Hydroxypropyl methylcellulose
MAOi  Monoamine oxidase inhibitors
NLC Nanostructured lipid carriers
PDI Polydispersity index

PLGA  Poly lactic-co-glycolic acid

PVA Poly(vinyl alcohol)

SLN Solid lipid nanoparticles

CNS Central nervous system

t1/2 Half life time

Tf transferrinT

fRp specific peptide against Tf receptor

TPP Sodium tripolyphosphate
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Abstract: Hexedra+® is a nasal spray containing hydroxypropyl methylcellulose, beta-cyclodextrin,
and usnic acid. It has been developed with the aim of reducing the risk of transmission of airborne
viral infections, with particular reference to influenza and COVID-19. As part of the preclinical
development of the product, we carried out a study on thirty male Wistar rats divided into three study
groups and treated with Hexedra+, an alternative formulation containing a double concentration of
usnic acid (0.015% instead of 0.0075%) or saline solution. Products were administered at the dose of
30 pL into each nostril, three times a day for seven consecutive days by means of a micropipette. By
the end of the treatment period, no significant changes were observed in body weight. Histological
examination of nasal mucosa and soft organs did not show any significant difference in the three
study groups. Serum transaminase level remained in the normal limit in all the animals treated. The
serum level of usnic acid was measured in order to assess the absorption of the molecule through
the nasal mucosa. By the end of the study period, the usnic acid serum level was negligible in all
the animals treated. In conclusion, the safety profile of Hexedra+ appears favorable in the animal
model studied.

Keywords: respiratory viral infections; nasal spray; medical device; usnic acid

1. Introduction

A recent European Parliament resolution states that respiratory infectious diseases still
represent a considerable threat to society, with a huge burden in terms of human life and
economy [1]. For example, the cost of influenza in US prior to the COVID-19 pandemic was
estimated in 11.2 USD billion annually, with 3.7 million outpatient visits, 247,000 hospital
admissions, 36,300 deaths and more than twenty million working days lost [2].

Between 2002 and 2003, a new disease called SARS (Severe Acute Respiratory Syn-
drome) affected 8098 people in 26 different countries, most of them in the Guangdong
province of China. The epidemic caused 774 deaths in 17 different countries, corresponding
to a fatality rate of 10% [3]. The etiologic agent was a new beta coronavirus called SARS-
CoV, transmitted from bats to humans through intermediate hosts identified in some wild
animals sold in Chinese markets, like civets and raccoons. The overall economic burden of
SARS was estimated between 30 and 100 billion USD [4]. Someone said, prophetically, that
this epidemic would have been the dry run for a larger calamity in the future.

Swine flu affected the American continent in 2009 [5]. The etiologic agent
was a HINT strain of orthomyxovirus which infected 59 million people and caused
265,000 hospitalizations in US alone.
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Between April 2012 and January 2020, MERS (Middle East Respiratory Syndrome),
an interstitial pneumonia caused by another new coronavirus called MERS-CoV, affected
2519 people and caused 866 deaths, corresponding to a fatality rate of 34.3% [6]. These
figures are not conclusive, since the epidemic is still ongoing. A study carried out in South
Korea estimated that the economic burden of MERS in 2005 was $ 2.6 billion [7]. To the
best of our knowledge, no data have been published on the economic burden of MERS in
other countries.

On the 31st of December 2019, the Chinese Health Authorities announced a suspected
increase of interstitial pneumonia in the Hubei province, and mainly in its capital Wuhan [8].
It was the beginning of the COVID-19 pandemic caused by a third new coronavirus called
SARS-CoV-2. According to the World Health Organization (WHO), by the 29th of January
2023, 752,517,552 people have been affected by the disease with 6,804,491 deaths (fatality
rate: 0.9%) [9]. So far, the economic burden of COVID-19 has been dramatic. In 2020, the
gross domestic product (GDP) in the European Union dropped by 7.4% [10].

Experts believe that respiratory viral infections will be more frequent in the future due
to the expansion of large urban centers, the increase of air traffic and the climate changes
linked to global warming [11]. Large urban centers facilitate virus transmission due to
the close interindividual contiguity [12]. Air traffic moves every day large masses from
one continent to another [13]. Finally, climate changes may have a direct impact on virus
viability and host responses [14]. In fact, low temperatures increase the stability of many
viruses [15]. A dry climate decreases the host’s mucociliary clearance, whereas high relative
humidity increases the permanence of viral particles in the air [16].

Interindividual transmission of pathogens depends on four basic mechanisms: di-
rect contact between people; indirect contact through fomites (i.e., contaminated objects);
droplets falling on mucous membranes; and aerosol inhalation [17]. Until recently, it was
believed that respiratory viruses were transmitted by droplets [18]. These particles, charac-
terized by a diameter > 100 pm, fall within 50 cm if the infected subject coughs or sneezes
(20 cm if the infected subject speaks). Infection transmission depends on droplet deposition
on the oral or nasal mucosa, as well as the ocular conjunctiva.

Extensive researches carried out on SARS-CoV-2 have highlighted the role of aerosol
in interindividual transmission of the infection [19]. Significant viral loads have also
been measured in the aerosol of patients with measles [20], influenza [21], SARS [22], and
MERS [23]. Aerosol particles are characterized by a diameter < 100 um (usually <5 pm).
They are produced not only by coughing and sneezing, but also by breathing, talking,
singing, or playing wind instruments. Aerosol remains suspended in the air for more
than 5 s (sometimes for hours) and can be inhaled through the respiratory tract (airborne
transmission) [24]. Nasal sprays, which create a physical barrier on epithelial cells, can
be a useful complement to personal protective equipment for the prevention of airborne
viral infections. They could trap viral particles and eliminate them through the mucociliary
clearance. A carrageenan-based nasal spray showed to be safe and effective in preventing
the common cold [25]. A surfactant (lecithin phospholipid) was able to bind the SARS-
CoV-2 receptor-binding domain (RBD) in an in-silico study, prompting the development
of lecithin-based nasal sprays to decrease the risk of COVID-19 transmission [26]. A
polysaccharide-based nasal spray prevented in vitro the infection of Vero cells by SARS-
CoV-2 [27]. A nasal spray based on magnesium aluminum silicate significantly decreased
the titers of SARS-CoV-2 Delta variant in a 3D model of human nasal mucosa without toxic
effects [28]. Finally, a nasal spray was able to decrease by 62% the transmission rate of
SARS-CoV-2 in a high-risk population of healthcare workers [29].

Hexedra+ is an innovative nasal spray based on hydroxypropyl methylcellulose
(HPMC), beta cyclodextrin (b-CD), and usnic acid (UA). HPMC produces a hydrogel
on the nasal mucosa which blocks the access to epithelial cells of viral particles [30], as
well allergens [31]. B-CD has been added to the formulation in order to increase UA
solubility [32,33]. However, this molecule has intrinsic antiviral properties that could
potentially contribute to the overall efficacy of the product [34].
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UA is a natural compound characterized by antibacterial and antiviral activities. It
inhibits the growth of several Gram-positive bacteria, including Staphylococcus aureus [35]
and Staphylococcus epidermidis [36]. Noteworthy, it is also effective against methicillin-
resistant Staphylococcus aureus [37,38], several multidrug-resistant Gram-positive bacte-
ria [39], and some Gran-negative bacteria, including vancomycin-resistant enterococci [37].

UA possess also a significant inhibitory activity against several strains of influenza
virus [40,41]. Surprisingly, two recent in silico studies have shown a strong binding affinity
of UA for residues of the SARS-CoV-2 Spike protein RBD (i.e., the region of the protein
which binds to ACE2 on the epithelial cell surface) [42,43]. By binding SARS-CoV-2 Spike
protein, UA could contribute to the retention of viral particles into the hydrogel produced
by HPMC. UA and remdesivir (a product recently approved for the treatment of COVID-19)
showed a similar activity in a SARS-CoV-2 binding assay [44]. Finally, an in vitro study
performed on Vero E6 cells showed a significant activity of UA against three different
strains of SARS-CoV-2, namely Wuhan, Delta, and Omicron [45].

UA inhibits oxidative phosphorylation in mitochondria without affecting the respira-
tory chain and ATP synthase [46]. These properties probably explain its broad-spectrum
antibacterial activity and represent the rationale for the inclusion of UA in several slimming
formulations sold in the past as over-the-counter products. However, high oral doses of
UA for slimming purposes have been related to the development of hepatotoxicity in a
limited number of subjects. For this reason, the US Food and Drug Administration (FDA)
sent a warning letter, followed by the withdrawal of the products from the market in
November 2001 [47]. On the other hand, the topical use of UA appears to be safe and well
tolerated [48], making the product an appealing ingredient to be included in nasal spray
formulations aimed at decreasing the risk of transmission of airborne infections.

It is well known that nasal formulations have been used for a long time to deliver
active ingredients into the circulation through the nasal mucosa. Therefore, part of the UA
included in the formulation of Hexedra+ could potentially reach the liver, raising concern
about the possible risk of hepatotoxicity. For this reason, the main purpose of the present
study was the evaluation of the safety profile of Hexedra+ administered intranasally for
one week to Wistar male rats. In order to rule out the risk of hepatotoxicity, the plasma level
of UA was assessed at the end of the treatment period by liquid chromatography-mass
spectrometry (LC-MS).

2. Materials and Methods
2.1. Animals

Wistar male rats (body weight 200-300 g) were purchased from Charles River Labora-
tories (Lecco, Italy). Animals were housed under conventional conditions with ad libitum
feeding and artificial 12 h light/dark cycle. Their general health status was monitored
and, during the experiment, body weight was registered daily. The study was carried out
according to the European Community Council Directive 2010/63/EU. It was approved by
the local Ethical Committee for Animal Experiments of the ENEA, and authorized by the
Italian Ministry of Health (883/2021-PR).

2.2. Study Procedures

Rats were randomized in 3 groups (10 for each group) treated with Hexedra+, an
alternative formulation called H150 or physiological solution (PS). Hexedra+ is a nasal spray
containing HPMC, b-CD, tocotrienols, and UA (0.0075%). H150 has the same composition
of Hexedra+, the only difference being a double concentration of UA (0.015% instead
of 0.0075%).

Products were administered at the dose of 30 uL into each nostril, three times a day
for seven consecutive days by means of a micropipette. The dose of 30 pL was chosen
according to the data provided in Table 1.

28



Pharmaceutics 2023, 15, 591

Table 1. Nasal cavity characteristics in different species [49]. The volume to be administered has been
adjusted according to the maximum recommended dose of Hexedra+ (300 uL per nostril).

Species Surface of Nasal Mucosa Volume of Nasal Cavity Volume to Be Administered
Man 160 cm? 20 mL 300 uL
Rat 14 cm? 0.4 mL 26 uL

Mouse 2.8 cm? 0.03 mL 6 uL

In summary, the average area of nasal mucosa is 160 cm? and 14 cm? in man and rat,
respectively (i.e., 11 times wider in men compared to rat). Since the recommended dose of
Hexedra+ is 2-3 sprays per nostril (i.e., 200-300 pL per nostril), the corresponding dose in
rat should be 18-27 pL per nostril. Therefore, a dose of 30 pL is 10% higher compared to
the upper limit of the above-mentioned range in rat.

2.3. Histology, Morphometric Analysis and Immunohistochemistry

The day after the last treatment, the organs designed for morphological analysis (liver,
brain, heart, spleen, kidneys and lungs) were quickly removed and fixed in formalin 10%.
The diagonal section of the liver, lung, and spleen as well as the longitudinal section of the
kidney, brain, and heart was obtained and processed for light microscopy;, i.e., embedded
in paraffin, sectioned at 4 pm, and stained with hematoxylin and eosin (H&E).

Skulls were also removed, and after fixation in 10% formalin for 24 h, they were
incubated in a decalcifying solution (5% formic acid/4% hydrochloric acid) for 4 days.
Transverse sections of nasal cavity were trimmed as follows: level 1, immediately posterior
to the upper incisor teeth; level 2, at the incisive papilla; level 3, at the second palatine
ridge; and level 4, at the level of the first upper molar teeth [50]. The sections of nasal cavity
were then processed for light microscopy.

Nasal cavity sections stained with H&E were analyzed for the presence of edematous
changes. Both the thickness of the olfactory epithelium and the proportion of glandular
layer (relative to the thickness of the entire wall of mucosa) were measured. These mea-
surements were all focused on the olfactory epithelium from the nasal septum in the region
of the dorsal meatus. The thickness was quantified as the average of ten measurements,
five from the right side and five from the left side of the septum, in nasal cavity sections of
PS (n =7), Hexedra+ (n = 6) and H150 (n = 6) rats.

Sections (4 pm) of paraffin-embedded nasal mucosa were also prepared to evaluate
eventual presence of an inflammation status. Briefly, sections were dewaxed with Heat
Mediated Antigen Retrieval Solution (“HMARS”, Abcam, Germania, Germany), washed
in water for 5 min, and peroxidase inhibited by incubation in 3% H,O; for 10 min. After
incubation with 5% bovine serum albumin (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) diluted in phosphate-buffered saline (PBS) for 30 min, they were incubated at 4 °C
overnight with an antibody against ionized calcium-binding adaptor molecule 1 (Iba-1;
Wako Pure Chemical Industries sections, Osaka, Japan, 1:500), a well-known marker of
macrophage activation. After incubation with the secondary anti-rabbit antibody (Abcam,
Cambridge, UK; 1:200), the antigen-antibody reaction was revealed by DAB detection kit
(Dako, North America, Inc., Carpinteria, CA, USA). Finally, sections were counterstained
with hematoxylin. Iba-1 quantification was performed counting manually by the NIS-
Elements BR 4.00.05 software (Nikon Instruments S.p.A., Florence, Italy) and the positive
cell density was expressed as activated macrophages per area (mm?).

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

From each rat, a blood sample was collected into serum separator tube. After clot
formation, serum was obtained by centrifugation (3000x g 15 min at 4 °C) and stored at
—20 °C for the subsequent assay of alanine aminotransferase (ALT). Quantitative measure-
ment of ALT protein was performed in duplicate by ELISA assay (Rat ALT SimpleStep
ELISA® Kit; Abcam) according to the manufacturer’s instructions.
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2.5. Liquid Chromatography-Mass Spectrometry

Serum UA concentration was measured by precipitating 200 uL of serum with
600 pL of methanol. Samples were centrifugated for 10 min at 10000 rpm. Then, the
supernatant was dried and resuspended in 100 puL of methanol. Using an Agilent
6420 Triple Quadrupole LC-MS/MS system with a HPLC 1100 series binary pump
(Agilent Technologies, Waldbronn, Germany), 1 pL was analyzed by LC-MS/MS. The
analytical column was a Phenomenex Kinetex 5 um 100 A C18. The mobile phase was
generated by mixing eluent A (0.1% Formic Acid in water) and eluent B (0.1% Formic
Acid in methanol) for negative polarity. The flow rate was 0.2 mL/min. Elution gradi-
ent was from 20% to 80% solvent B in 5 min. Standard mixtures of 100 mg/L was diluted
in MeOH/H,O 50:50. The calibration standards of 0.25-0.5-1-5-25-50-100 pg/L were
prepared by serial dilution. Tandem mass spectrometry was performed using a turbo
ion spray source operated in mode, and the multiple reaction monitoring (MRM) mode
was used for the selected analytes. Extracted mass chromatogram peaks of metabolites
were integrated using MassHunter Quantitative Analysis software rev. B.05.00 (Agilent
Technologies, Santa Clara, CA, USA).

2.6. Statistical Analysis

Statistical tests were performed with GraphPad Prism software v.7 (GraphPad, San
Diego, CA, USA). p values were determined using a two-tailed ¢ test; * p < 0.05; ** p < 0.01;
*** p <0.001; **** p < 0.0001. Data were expressed as mean =+ standard deviation (SD).

3. Results
3.1. Body Weight

The general health status of animals was monitored during the experiment and the
body weight was measured every day. Figure 1 shows the mean values of body weight
at day 8 of treatment compared to baseline for each rat. No significant difference was
observed in rats treated with Hexedra+ compared to H150 and PS.
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Figure 1. Rat body weight. Body weight change at the end of treatment with respect to baseline in
rats treated with Hexedra+ compared to the alternative formulation with double quantity of UA
(H150) and physiological solution (PS).

3.2. Histological Analysis

At the macroscopic level, no variation in terms of size and color were observed in all
soft organs (liver, brain, heart, spleen, kidneys and lungs) collected from rats treated with
Hexedra+ compared to H150 and PS. At the microscopic level, all organs showed a normal
architecture, with an absence of inflammatory infiltrate as well as of any type of positive
and/or negative adaptation (hypertrophy, hyperplasia, metaplasia and dysplasia) typically
associated to tissue injury. Furthermore, no signs of reversible (swelling or enlarged size)
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or irreversible (apoptosis and necrosis) cell injury were detected. Representative images of
liver and lung sections are shown in Figure 2.

LIVER

Figure 2. Histological analysis of rat liver and lung. Representative images of liver (A-C) and lung
(D-F) of rats treated with PS (A,D), Hexedra+ (B,E) and H150 (CF). PS: physiological solution; H150:
alternative formulation with double quantity of UA.

In the nasal mucosa, three types of epithelia were analyzed in depth, in order to exclude
any possible tissue reaction after in situ Hexedra+ application: squamous, respiratory, and
olfactory epithelia.

The squamous epithelium (boxed in Figure 3) has an essentially defensive function,
protecting the underlying tissues from the potential action of exogenous agents.

Antero-posterior axis of nasal cavity

Level III
Level I Level I Olfactory Portion of Nasal

Nasal Passages Naso-& Maxillo- Turbinates Cavity

Figure 3. Distribution of the different types of epithelium within the nasal cavity of rats. Atlevel I
(A) of nasal passages is present the squamous epithelium; at level II (B) in naso- & maxillo turbinates
there is the respiratory epithelium; finally, level III (C) is lined with the olfactory portion of nasal
cavity. Boxes highlight the tract of epithelia analyzed.

Similarly to rats treated with PS and H150, the squamous epithelium of rats treated
with Hexedra+ appeared lightly keratinized and stratified, consisting of a layer of basal cells
and a few layers of squamous cells that become flatter toward the surface (Figure 4A-C).

The respiratory epithelium includes four main cell types: ciliated, nonciliated, basal,
and goblet cells. Since the density of these cells changes depending on the location of
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the respiratory epithelium in the nasal cavity, to avoid mistakes in the evaluation of their
distribution level, the same tract of epithelium was analyzed for each sample (boxed
in Figure 3B). The mucociliary compartment of the animals treated with Hexedra+ was
well-organized, with the ratio of goblet cells to ciliated cells similar among groups. No
inflammatory phenomena were observed in the submucosa (Figure 4D-F).

Squamous epithelium

Respiratory epithelium

Figure 4. Histological analysis of nasal mucosa. Representative images of squamous (A-C), respira-
tory (D-F) and olfactory epithelium (G-I) of rats treated with PS (A,D,G), Hexedra+ (B,E,H), H150
(CEX). PS: physiological solution; H150: alternative formulation with double quantity of UA.

Finally, the olfactory epithelium of the nasal cavity was analyzed (boxed in Figure 3C).
Three types of cells compose the olfactory epithelium: olfactory sensory neurons, support-
ing cells and basal cells. In rats treated with Hexedra+, the nuclei of all cells were aligned
from the basal lamina to the apical surface similarly to the counterpart treated with PS
or H150. In addition, Bowman’s glands and their respective ducts, extending from the
lamina propria to the epithelial surface, did not show alterations (Figure 4G-I). Moreover,
no inflammatory cells were observed in the submucosa.

3.3. Morphometric Changes and Inflammation Assessment in the Olfactory Mucosa

To further investigate the presence of inflammation and edematous changes in the
olfactory mucosa of the nasal cavity, both the thickness of epithelium and glandular layer
and the expression of the activated macrophage marker Iba-1 were analyzed. To evaluate
morphometric changes of the olfactory mucosa, the nasal septum in the region of dorsal
meatus of the nasal passage was considered, as highlighted in Figure 5A.

Both treated groups showed no significant differences in the thickness of epithelium
(PS: 55.54 um =+ 4.14; Hexedra+: 58.71 pm =+ 1.51; H150: 57.98 um =+ 5.73) (Figure 5B,C)
and in the glandular proportion of the mucosa (PS: 66.29% =+ 1.6; Hexedra+: 65.83% =+ 1.47;
H150: 66.67% =+ 1.03) (Figure 5B,D) compared to the control group. Furthermore, immuno-
histochemical analysis of Iba-1 revealed no difference in the activation of macrophages in
the olfactory mucosa of treated groups with respect to control group (Figure 5E-H).
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Morphometric analysis
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Figure 5. Morphometric analysis and macrophages activation in the olfactory mucosa. Representative
image of nasal septum in the region of the dorsal meatus (dashed box) considered for measurements
(A) and, at higher magnification, image of the thickness of olfactory epithelium and glandular layer
(black lines in (B). Graphs with comparisons between treated and control groups for thickness of
epithelium (C) and proportion of glandular layer to entire mucosa (D). Representative images of
activated macrophage marker Iba-1 in the olfactory mucosa of rats treated with PS (E), Hexedra+
(F) and H150 (G) and relative quantitative representation (H). PS: physiological solution; H150:
alternative formulation with double quantity of UA.

3.4. Serum ALT

ALT level is considered a sensitive and specific preclinical and clinical biomarker of
hepatotoxicity [51]. However, an increase in serum ALT has also been associated with other
organ toxicities, thus indicating that the enzyme has specificity beyond the liver in the
absence of correlative histomorphological alteration in the liver. Results obtained from the
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ELISA assay (Figure 6) show that ALT activity was not statistically different in the three
study groups.

200+

150

ALT (pug/ml)
=}
|
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1

PS Hexedrat H 150

Figure 6. Rat serum ALT. Evaluation of ALT concentration level in rats treated with Hexedra+
compared to H150 and PS. PS: physiological solution; H150: alternative formulation with double
quantity of UA.

3.5. Serum UA

Table 2 shows the serum concentration of UA in rats by the end of the study treatment.
As expected, UA concentration was higher in rats treated with H150 (0.116 uM =+ 0.006)
compared to Hexedra+ (0.035 uM =+ 0.004), while no UA was found in serum of rats treated
with PS.

Table 2. Serum UA concentration. Analysis of UA levels in serum from each rat by the end of the
study treatment (data are expressed in uM). PS: physiological solution; Hexedra+; H150: alternative
formulation with double quantity of usnic acid.

PS Hexedra+ H150
No. S1 S2 Av. No. S1 S2 Av. No. S1 S2 Av.
1 <1 <1 <1 1 0.032 0.034 0.033 1 0.115 0.111 0.113
2 <1 <1 <1 2 0.044 0.036 0.040 2 0.121 0.116 0.119
3 <1 <1 <1 3 0.039 0.040 0.039 3 0.112  0.107 0.109
4 <1 <1 <1 4 0.031 0.036 0.034 4 0.126 0.117 0.121
5 <1 <1 <1 5 0.030 0.028 0.029 5 0.116 0.119 0.117
6 <1 <1 <1 6 0.030 0.040 0.035 6 0.126  0.119 0.123
7 <1 <1 <1 7 0.033 0.036 0.034 7 0.114 0.107 0.111
8 <1 <1 <1 8 0.033 0.034 0.034 8 0.135 0.109 0.122
9 <1 <1 <1 9 0.033 0.028 0.031 9 0.112 0.102 0.107
10 <1 <1 <1 10 0.032 0.042 0.037 10 0.120 0.111 0.116
Av. <1 Av. 0.035 Av. 0.116
SD n.a. SD 0.004 SD 0.006

4. Discussion

Hexedra+ is an innovative nasal spray based on HPMC, b-CD, and UA aimed at
blocking the access of viral particles, as well as allergens, to epithelial cells of nasal mucosa
HPMC and b-CD are known to be safe and well tolerated. The former is currently used as
an excipient in spray formulations for the administration of active ingredients through the
nasal route [52]. The latter is also widely used as an excipient in several pharmaceutical
formulations [53].
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Lichen extracts with a high content of UA have been used for a long time in
traditional medicine [54]. The first documented use of UA dates back to the first
century BC. when dried lichen extracts were officially included in traditional Chinese
medicine texts. The product was used for the treatment of malaria, wounds, and snake
bites at the recommended dose of 6-9 g of dried lichen taken as a tea or decoction,
corresponding to a daily dose of 60-120 mg of UA. Currently, UA is widely used in
cosmetics, deodorants, toothpaste and medicinal creams, and studies published so far
on the topical use of UA (mainly for the treatment of skin ulcers) have demonstrated a
good safety and tolerability profile.

On the other hand, UA deserves a particular attention, due to the development in
the past of hepatotoxicity in a limited number of subjects treated orally for slimming pur-
poses. The content of UA in these formulations was particularly high, ranging from 600 to
1300 mg daily (around ten times the daily dose described in traditional medicine) [46].
Biopsy performed in the subjects who developed liver failure showed acute hepatocellular
necrosis and inflammation, with a marked elevation of alanine aminotransferase (ALT) and
minimal increase in alkaline phosphatase levels.

Due to the small dimension of the molecule, UA administered intranasally could
potentially enter the blood circulation and reach the liver. For this reason, we performed
an in vivo study in order to identify any possible damage to the nasal mucosa and other
systemic districts (mainly liver, brain, and lungs). Our study demonstrated that Hexedra+
administered in rats by the nasal route three times a day for seven consecutive days
is safe and well tolerated, without significant changes in body weight and damage or
inflammation in nasal mucosa. The morphological analysis of all organs did not highlight
visible alterations. In particular, no signs of hepatotoxicity were observed in any of the
animals treated. Serum ALT levels at the end of the treatment period were in the normal
range, with no statistical differences in the three study groups.

UA serum concentrations at the end of the treatment period were negligible and well
below the concentrations found to be toxic for hepatocytes in toxicology studies. H150 (the
alternative formulation containing twice the amount of UA) produced a UA serum level
below the toxic concentrations as well. Noteworthy, in vitro toxicology studies have shown
that UA concentrations < 1 uM are safe and well tolerated, while concentrations > 5 pM
are toxic for hepatocytes [46]. To the best of our knowledge, this is the first assessment of
UA absorption through the nasal mucosa into the circulation.

5. Conclusions

Hexedra+ is safe and well tolerated in rats after one week of treatment by the nasal
route of administration. The treatment did not induce any change in body weight, nor
damage or inflammation to the nasal mucosa. UA serum concentrations following the
absorption of the molecule through the nasal mucosa were negligible and well below the
concentrations found to be toxic for hepatocytes. Product safety was confirmed by the
maintenance of a normal ALT level and the absence of any sign of liver damage, not only
in rats treated with Hexedra+, but also in animals treated with an alternative formulation
containing double the concentration of UA.
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Abstract: Background: Nose-to-brain (N2B) drug delivery offers unique advantages over intravenous
methods; however, the delivery efficiency to the olfactory region using conventional nasal devices
and protocols is low. This study proposes a new strategy to effectively deliver high doses to the
olfactory region while minimizing dose variability and drug losses in other regions of the nasal
cavity. Materials and Methods: The effects of delivery variables on the dosimetry of nasal sprays
were systematically evaluated in a 3D-printed anatomical model that was generated from a magnetic
resonance image of the nasal airway. The nasal model comprised four parts for regional dose
quantification. A transparent nasal cast and fluorescent imaging were used for visualization, enabling
detailed examination of the transient liquid film translocation, real-time feedback on input effect, and
prompt adjustment to delivery variables, which included the head position, nozzle angle, applied
dose, inhalation flow, and solution viscosity. Results: The results showed that the conventional
vertex-to-floor head position was not optimal for olfactory delivery. Instead, a head position tilting
45-60° backward from the supine position gave a higher olfactory deposition and lower variability.
A two-dose application (250 mg) was necessary to mobilize the liquid film that often accumulated in
the front nose following the first dose administration. The presence of an inhalation flow reduced the
olfactory deposition and redistributed the sprays to the middle meatus. The recommended olfactory
delivery variables include a head position ranging 45-60°, a nozzle angle ranging 5-10°, two doses,
and no inhalation flow. With these variables, an olfactory deposition fraction of 22.7 & 3.7% was
achieved in this study, with insignificant discrepancies in olfactory delivery between the right and
left nasal passages. Conclusions: It is feasible to deliver clinically significant doses of nasal sprays to
the olfactory region by leveraging an optimized combination of delivery variables.

Keywords: nasal spray; soft-mist inhaler; nose-to-brain (N2B); intranasal drug delivery; head position;
vertex-to-floor; liquid film translocation

1. Introduction

Nasal drug delivery has gained significant attention as a non-invasive method of
delivering therapeutic agents to the brain. Drug administrations from the nose directly to
the brain (known as N2B) have become an attractive substitute for conventional treatments
of neurological disorders [1-4]. The olfactory mucosa, which is located in the upmost
region of the nasal cavity, has been identified as a promising target for the administration
of medications to the central nervous system (CNS). Neurological medications that are
administered to the olfactory region have the ability to reach the CNS through the olfactory
pathways and circumvent the Blood-Brain Barrier [5,6]. Nevertheless, the efficacy of N2B
has been restricted due to the difficulties in administering clinically effective quantities
of medication to the olfactory cleft using conventional nasal devices [7-10]. Thus, drug
delivery to the brain through the nasal route is not commonly used in clinical settings due
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to the low amount of medication that can reach the olfactory region with conventional
nasal delivery devices.

The complex anatomy of the nasal cavity creates various obstacles that hinder the
effective delivery of drugs through the olfactory route. As illustrated in Figure 1a, the
inadequate delivery of drugs to the olfactory region results from the restricted airflow
through this area, as well as the intricate structure of the nose, which screens out most
intranasally delivered drugs well before they even get to the olfactory mucosa [11]. The
nasal valve, the narrowest part of the nasal passage, acts as a filter that prevents most
inhaled spray droplets from passing through. Those droplets that do make it past the valve
tend to deposit within the labyrinthine turbinate area. As the airway transitions between
the nasal valve and the turbinate region, the cross-sectional area increases, which reduces
the respiratory flow velocity and facilitates the settling of large particles in the inferior and
middle nasal cavity passages. The tortuous and restricted pathway of the turbinate area
further promotes the deposition of administered droplets through direct interception and
inertia-driven impaction. The superior meatus, situated at the uppermost part of the nasal
cavity, has a narrower passage, making it difficult for respiratory air and particles to reach
the olfactory mucosa [12]. Prior research has shown that the olfactory region receives less
than 1% of aerosol medications that are administered intranasally [13]. Gonzalez-Botas
et al. found that when utilizing a typical radial-hole inhaler that dispenses 140 mL per
application, most of the medication was deposited within the nasal valve and inferior
meatus, with very little deposited in the olfactory cleft [14]. Accordingly, the significantly
low amount of medication that can reach the brain through the nose has hindered the
clinical use of N2B drug delivery and has become a significant obstacle in the advancement
of neurological therapies via the nasal route [15].

(a) Nose and OL delivery Lateral view _ Frontview (b) Nasal cast and OL definition  (¢) Experimental set up
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Figure 1. Nasal model and delivery experimental setup: (a) diagram of the human nose and olfactory
(OL) region with anatomical features preventing effective olfactory delivery viewed from lateral, front,
and top directions; (b) transparent nasal cast with four sections (front nose, middle upper (UpM),
middle lower (LowM), back nose) and the delineated olfactory (OL) region using two landmarks
(solid green and blue arrows); and (c) delivery experimental setup with adjustable nozzle angle (left
panel) and head orientation (right panel).

The deposition of particles within the human nasal cavity has been extensively re-
searched in human participants, as well as using in vitro nasal cavity models and compu-
tational simulations [16-18]. Although significant inter-subject variability exists in nasal
morphology, research in this area has consistently demonstrated that several aspects—
including the type of intranasal device used, medication formulation, delivery methods, as
well as a patient’s inhalation pattern—can all have an impact on nasal deposition. Reliable
techniques are available to determine the overall deposition fractions in hollow nasal
replica casts, although substantiated techniques for visualizing and quantifying deposition
fractions in specific regions or local areas are rare. However, when predicting clinical
effects or assessing negative health outcomes, localized deposition is of greater clinical
significance than total deposition. Computational models can predict deposition patterns,
but the limited validation of these models and their inability to directly correlate with
medical outcomes have hindered their use in clinical settings. Additionally, since multiple
factors can impact spray deposition, and no single factor has been predominantly correlated
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with intranasal dosimetry, experimental testing is essential for validating targeted drug
deliveries [6].

The bioequivalence of drugs administered within a specific region has been evaluated
using techniques that make use of dyes such as methylene blue to inspect the intensity of
staining [19]. However, these techniques have certain drawbacks, including the inability to
quantify dosage accurately, as well as the diffusion and dripping of the solution. Some inves-
tigations employed gamma scintigraphy to visualize the distributions of deposition within
human nasal cavities by using particles labeled with technetium-99m (99mTc) [20-22].
Gamma scintigraphy has also been utilized with in vitro nasal airway models [23-25]. In
this method, a gamma camera is used to capture images of the deposition of radioactive
aerosols, which are later analyzed and converted into dosage measurements based on color
intensity. One major limitation of gamma scintigraphy is that its effectiveness is sensitive
to the weakening of gamma rays as they pass through the body, resulting in up to 50% of
photons either being dispersed or blocked by the surrounding tissue [26]. The scattering
of photons can cause distortions in scintigraphy images and lead to inaccurate dose quan-
tification, with around 30% of photons being scattered and causing measurement errors.
Other factors that can affect accuracy include the dosage administered before the study,
aerosol radiolabeling quality control, and radioactivity recovery [27]. Furthermore, scintig-
raphy images are only 2D and cannot distinguish between multiple layers of deposition. A
cost-effective and efficient method was developed by Dalby and partners that utilized a
water-detecting paste (Sar-Gel) to observe and measure the distribution of deposited water
droplets. Kundoor and Dalby [28,29] have shown that Sar-Gel, which undergoes a color
transformation from white to purple after coming into contact with water, is capable of
detecting a volume of water as small as 0.5 pL, which corresponds to the minimum water
droplet size found in nasal sprays. Sar-Gel was employed by Xi et al. to visualize and
measure deposition in the nasal cavity and olfactory region in a sectional model of an adult
nasal airway [6].

Different nasal devices and delivery methods have been studied to improve the
delivery of therapeutic medication to the olfactory mucosa. Several important factors, such
as exiting velocity, spray plume angle, droplet size, and angle of administration, affect
the deposition location of nasal sprays [29-32]. Cheng et al. [30] examined the resulting
deposition pattern from nasal spray pumps in a human nasal airway model and found
that frontal nasal deposition was higher when larger spray particles and a wider spray
angle were used, whereas smaller droplet sizes and a narrow spray cone angle resulted
in a larger number of administered droplets passing through the nasal valve. Kundoor
and Dalby [29] conducted a study to determine how nozzle orientation, ranging from
0 to 90°, affects olfactory delivery. They found that the most optimal deposition in the
olfactory mucosa occurred when the nasal spray nozzle was oriented between 60° and 75°.
Wang et al. [32] devised a method that involved intubation of the nozzle into the middle
or superior meatus and administration of the spray directly below the olfactory mucosa.
Although this approach had the potential to improve olfactory dosing, it involved invasive
procedures that posed risks of tissue injury. As a result, this and similar techniques have
not become popular. Gizurarson [31] proposed a less invasive technique that involved
using an intranasal spray pump with a narrow cone angle to deliver medications to the
olfactory region through the superior meatus. This method involved applying a relatively
high-pressure spray to facilitate droplet penetration into the olfactory cleft. Nevertheless,
the improvements in delivery to the olfactory region achieved through this approach
were limited.

While there have been numerous test-based and computational studies into the de-
position pattern of spray droplets, only a limited number of investigations explored the
ensuing mobilization of these droplets once they have adhered to the walls of the nasal
airway [12]. The migration of a liquid film due to gravity and/or flow shear following
the application of a spray can result in a notable enhancement of delivering drugs to the
olfactory mucosa. The effectiveness of topical treatments, such as intranasal drops, in
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reaching the olfactory cleft depends heavily on the position of the head during administra-
tion [33]. Merkus et al. [34] utilized methylene blue dye and nasal endoscopy to examine
and compare four distinct head positions: upright, lying with the head tilted backward
(Mygind), lying in a lateral position (Kaiteki), and head facing downward (vertex-to-floor,
also known as Mecca). The researchers concluded that the vertex-to-floor orientation was
the most effective in delivering spray doses to the upper nasal cavity and suggested it as the
preferred one for intranasal spray administration targeting the olfactory cleft, particularly
for individuals with nasal polyposis [34]. Likewise, when Cannady et al. [35] administered
three dexamethasone drops intranasally to the vestibules of patients who had undergone
endoscopic sinus surgery, they found that maintaining a vertex-to-floor head orientation
resulted in effective delivery to the maxillary, ethmoid, and sphenoid sinuses, as well as
the olfactory mucosa in a consistent manner. Furthermore, it was found that holding the
vertex-to-floor head orientation for a 5 min duration resulted in higher levels of olfactory
deposition compared to retaining the position for only 1 min, which suggests that the
translocation of the liquid film can occur within the first 5 min following the application of
the nasal drop [35]. In a study conducted by Milk et al. [33], they compared the delivery of
intranasal drops to the olfactory region using two separate head positions: lying with the
head tilted backward and vertex-to-floor. The study found that these two head positions
resulted in similar levels of drug delivery to the olfactory mucosa [33]. Mori et al. [36]
performed a study in which they evaluated the effectiveness of the Kaiteki orientation
(which involves lying in a lateral position tilting the head and lifting the chin) for delivering
intranasal sprays to the olfactory mucosa in healthy individuals. The results showed that
the nasal spray was able to get to the olfactory cleft among 96% of decongested subjects
and in 75% of those who did not receive treatment [36].

The above-mentioned studies utilized a variety of techniques to visualize the distribu-
tion and deposition patterns of sprays administered into the nasal cavity, which makes it
challenging to compare them to one another [23]. Moreover, the evaluation of subregional
doses in some of those studies was based on subjective evaluations by the researchers,
which can make it difficult to compare results across different groups. This qualitative
approach to assessing doses can create further confusion in interpreting the data [37].
Additionally, in order to establish a correlation between dose and therapeutic response
for the treatment of olfactory impairment or neurological disorders, it is crucial to have
accurate quantitative information about the dose delivered to the olfactory region. An
alternative method to overcome these challenges involves utilizing transparent multipiece
nasal cavity casts in studies pertaining to in vitro intranasal drug delivery, similar to the
one used in this study. Such models provide clear and detailed views of the deposition
patterns of administered nasal sprays. They allow for visualization of the distribution of
nasal sprays throughout the different parts of the nasal cavity, as well as more accurate
quantification of the deposition pattern of nasal sprays. Making use of such nasal cavity
casts can allow researchers to assess the nasal spray distribution pattern throughout the
nasal cavity with greater precision, better optimize nasal spray delivery, and evaluate the
effectiveness of different drug formulations.

A good delivery protocol for olfactory (OL) delivery should (1) deliver clinically signifi-
cant doses to the OL region, (2) have low variability in OL dosimetry, (3) minimize wastes in
other regions, and (4) be easy to use. In our previous studies, it has been demonstrated that
the dosimetry of nasal spray delivery was determined not only by the initial deposition of
spray droplets but also by the subsequent liquid film translocation, which further depends
on many factors such as gravity, fluid viscosity, wall angle, etc. [38]. With a transparent
nasal cast and fluorescence, it now becomes feasible to visualize the dynamic process of
the liquid formation and translocation under different delivery scenarios and thus identify
the optimal delivery protocol to the target. Specific to the challenges that have precluded
effective OL drug delivery, this visualization method allows a detailed examination of the
spray liquid film migration toward the OL region in a fine spatiotemporal manner. It is
thus promising to (1) evaluate the relative effects of individual delivery variables on the
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dynamic spray liquid film behavior and final OL dosimetry, and then (2) put together the
acquired knowledge and recommend a new delivery method for improved OL delivery.

The objective of this study was to establish a technique using a soft-mist inhaler
that can effectively administer medications to the olfactory mucosa for the treatment of
neurological disorders and brain tumors. An anatomically accurate, transparent nasal
cavity model was used to test the influence of a variety of delivery parameters, including
the head position, nozzle angle, dose number, flow rate, and solution viscosity, on the spray
deposition pattern and identify the optimum spray delivery method targeting the olfactory
region. Specific aims include:

(1) Visualize the deposition distribution of intranasally administered sprays and subse-
quent liquid film translocation in the nasal cavity using different angles of administra-
tion, head positions, number of spray applications, and inhalation flow rates.

(2) Visualize the effect of formulation viscosity on the dosimetry of intranasal sprays.

(3) Quantify the deposition of intranasal sprays in the olfactory cleft, the turbinate region,
the front nose, as well as the nasopharynx.

(4) Examine the results and compare the performance between the different test cases to
determine the optimal combination of factors that lead to maximum bioavailability in
the olfactory region (i.e., delivery of clinically significant doses).

2. Materials and Methods
2.1. Nasal Cast Model

The nasal airway model that had been reconstructed from MRI scans of a 53-year-old
male was used for the in vitro deposition tests [39]. This nose model has been extensively
used in previous studies for deposition experiments [39—45] and computational simula-
tions [46—49]. Transparent hollow casts were fabricated with a Polyjet 3D printer (Stratasys,
Inc., Rehovot, Israel) with a printing resolution of 30 pm and a Somos WaterShed XC 11122
stereolithography (SLA) material (Figure 1). To measure regional deposition, each cast was
separated into four parts, i.e., the front nose (vestibule and valve), upper middle (superior
meatus), middle lower (middle and inferior meatus), and back nose (caudal turbinate and
nasopharynx). To secure a good seal, a stepped groove was created at all connecting ends
in each part. The olfactory region was defined as the area that houses the olfactory nerves
and enables nose-to-brain drug transport (Figure 1a). Two landmarks were used, with the
nose apex defining the front and the second peak defining the back of the olfactory region
(red line, Figure 1b). The area of the olfactory region was around 20% of the middle upper
nose and 8.7% of the middle nose.

2.2. Study Design

To study the effects of the head position on OL delivery, the vertex-to-floor was first
tested with four nozzle angles (0°, 5°, 10°, 15°) counterclockwise from the nostril normal.
This position has been commonly assumed to be optimal for OL delivery based on the
intuition that nasal sprays would settle down to the OL region, which is presumably the
lowest point in the nasal cavity, by gravity. The spray solution was a water solution with
0.4% w /v methyl cellulose (MC). Two doses would be applied in the nose with no inhalation
flow. A video camera operating at 30 frames per second was used to document the motion
and deposition of the spray liquid film in each test. Both the deposition fraction (DF) and
variability in the OL region were quantified.

Three other head positions were then tested: 60°, 45°, and 30° backward (BW) tilt
from the supine position. Note that the vertex-to-floor position was equivalent to tilting
90° BW from supine, even though it was more often practiced by taking a praying position.
Four nozzle angles (0°, 5°, 10°, 15°) were tested with a 60° BW tilt head position in order
to narrow down the optimal delivery variables for the head position and nozzle angle
through the comparison of liquid film transient behavior, OL dose/variability, and drug
losses in other regions. Two nozzle angles (5°, 10°) were tested for the head positions of 45°
and 30° BW tilt. Considering that the slope of the nasal roof became increasingly steeper
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from the vertex-to-floor to 30° BW tilt, it was hypothesized that a steeper slope would
increase the liquid film flowability and OL delivery, but it would also increase the risk of
liquid overflow from the OL region and thus the drug loss in the nasopharynx.

To study the inhalation flow effects on the spray liquid film behavior and fate, two
flow rates, 10 and 20 L/min, were tested separately with the head tilted BW 45° and
60°. Considering that the increased flow shear could facilitate the liquid film motion, the
OL DFs were quantified following a single-dose administration as well as a two-dose
administration. This would help answer whether a combination of head position, nozzle
angle, and flow shear is sufficient to effectively deliver nasal sprays to the OL region.

Considering that the solution viscosity could affect the liquid film translocation and
thus OL delivery, four more spray solutions with different methyl cellulose (MC) concen-
trations (0.1%, 0.2%, 0.3%, and 0.5% w/v) were considered in addition to the baseline case
(0.4% w/v MC). The solution viscosity of varying MC concentrations was measured using
a digital rotational viscometer (Cgoldenwall, NDJ-55, Hangzhou, China).

Considering that the liquid film translocation was sensitive to the nasal anatomy,
differences in OL delivery between the right and left nasal passage were tested in the
left nose with a head 60° position and two nozzle angles (5° and 10°). The nasal cast
used in this study was created from MRI images of a 53-year-old male, and the two nasal
passages had different morphologies [50]. The right-left discrepancy in transient liquid
film behavior and eventual OL deposition would shed light on the OL DF variability due
to geometry variations.

Considering the liquid evaporation effects, the following procedures were taken to
estimate and minimize the evaporation effect on the olfactory dosimetry. Prior to the
in vitro tests, the spray mass per application from the inhaler was quantified by weighing
(1) the mass difference of the inhaler before and after the application, and (2) the mass of
sprays collected in the in vitro cast model with no inhalation flow immediately after the
application. In the second case, all administered sprays would be deposited in the cast
model. We observed an insignificant difference (<1%) between these two cases. Considering
that a longer time was needed for in-deposition tests with sectional cast models (i.e., model
dissembling and part weighing), evaporation was more likely to happen. Immediately
after each test, the model parts were promptly disassembled and weighed to minimize
evaporation. In addition, evaporation occurred for all parts. Thus, its impact on the relative
deposition (i.e., deposition fraction) presented hereof was expected to be insignificant.

2.3. Inhaler and Spray Solutions

A refillable soft-mist spray inhaler (Hengni) was used to atomize a spray solution
with 0.4% w/v methyl cellulose (MC) concentration. The spray discharge from the inhaler
and subsequent spray plume development in the open space were captured at a rate of
2000 frames per second with a Phantom VEO 1310 camera (Vision Research Inc., Wayne,
NJ, USA).

2.4. Protocol for Nasal Spray Delivery

The experimental setup is shown in Figure 1c. Soldering clamps were used to fix the
assembled nasal cast and soft mist inhaler to prescribed head positions and nozzle angles.
The inhaler nozzle was inserted 1 cm into the right nostril. The nozzle angle was defined
as counterclockwise from the nostril normal and was controlled using a protractor prior to
spray administration, as illustrated in Figure 1c. Similarly, the head position was defined as
a backward (BW) tilt from the supine position and was controlled using a protractor. When
multiple doses were applied, a waiting period of 5 s was observed between the two spray
applications. A vacuum (Robinair 3 CFM, Warren, MI, USA) was employed to generate
the inhalation flow, and a flow meter (Omega, FL-510, Stamford, CT, USA) was utilized to
regulate the flow rate.

In order to examine the transient liquid film translocation within the nasal cavity, a
solution containing 0.5% fluorescent dye (GLO Effex, Murrieta, CA, USA) was used for
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visualization, which exhibited a bright green color when exposed to a 385-395 nm LED light.
The entire process, from nasal administration to one minute after spray administration,
was captured with a video camera at 30 frames per second.

To quantify the deposited doses in different regions of the nose (i.e., front, middle
upper, middle lower, and back), the masses before and after each run were measured with
an electronic scale with a range/resolution of 120 g/0.0001 g (Bonvoisin, San Jose, CA,
USA). The deposition fraction (DF) was calculated as the percentage of the regional dose
over the applied dose. To calculate the mean and variability, each test was conducted a
minimum of three times.

2.5. Image-Based Estimation of Olfactory Dosimetry

There were challenges in quantifying the olfactory (OL) dose using the current mass-
measuring method. When a continuous liquid film covered the olfactory region and its
neighboring region, potential liquid film relocation during disassembly would make the
dose measurement unreliable. As a result, an image-based method was applied in this
study to estimate the OL dose. First, the projected area of the liquid-covered region (Al) in
the middle upper nose was quantified on an image using a user-defined MATLAB code.
The dose per unit liquid-covered area was calculated as the deposited dose in this region
over Al. Similarly, the liquid-covered region (A2) in the OL region was also quantified.
The OL dosimetry was then estimated as the product of A2 and dose per unit area in the
liquid-covered region, i.e., A2 x (middle-upper-dose/A1l). This method was based on an
assumption of equal (or similar) dose per unit area in the liquid-covered region between
the middle upper nose and olfactory region; this assumption appeared reasonable based
on the deposition images, which are presented in later sections.

2.6. Statistical Analysis

Minitab (State College, PA, USA) was employed to perform statistical analyses of the
deposition results (outputs) and determine the importance of different delivery variables
(inputs). The deposition fraction variability was assessed using one-way analysis of variance
(ANOVA). A mean and standard deviation were calculated for the deposition fractions.

3. Results
3.1. Characterization of Spray Viscosity and Aerosol Generation

Figure 2 presents the measured viscosity of nasal spray solutions with varying methyl
cellulose (MC) concentrations (% w/v). The solution viscosity increased nonlinearly with

increasing MC concentration. The viscosity was measured to be 1.9 mPa-s at an MC
concentration of 0.1% w/v, 16.1 mPa-s at 0.4% w/v, and 31.8 mPa’s at 0.5% w/v.

40 r

(2]
o

Viscosity (mPa's)
N
[=]

-
o

0 0.1 0.2 0.3 0.4 0.5 0.6
Methyl cellulose concentration (% wiv )

Figure 2. Measured viscosity of nasal spray solutions with varying methyl cellulose concentrations
(% w/v).

45



Pharmaceutics 2023, 15, 1657

Figure 3 shows the high-speed images (recorded at 2000 fps) of the spray aerosols from
the soft mist inhaler during the first 300 ms after actuation. Two stages were observed: the
forceful discharge of spray droplets during 0-30 ms, and the spray plume decay during the
remaining 30-300 ms. At the very beginning of the actuation (2.2—4 ms), polydisperse spray
droplets were generated, with liquid filaments immediately outside of the nozzle orifice
(red arrow) and occasional large droplets further downstream (yellow arrow). Due to the
resistance of the ambient air, a vortex ring was observed to form at the front of the soft mist
at 2.8 ms (blue arrow), which moved forward at a slower pace (blue arrows, 2.8-10 ms) in
comparison to the large droplets or even the soft mist as a whole (Figure 3a).

(a) Spray discharge (0-10 ms)

(b) Spray Decay (40-300 ms)

) -

Figure 3. High-speed images of the spray droplets from the soft mist inhaler during the first 300 ms

after actuation in two stages: (a) spray discharge (0-30 ms) and (b) spray plume decay (30-300 ms).

At the spray decay stage (40-300 ms), the spray plume angle decreased gradually, and
the fraction of large spray droplets increased (Figure 3b), indicating decreasing actuation
energy. From 160 ms, the actuation energy was no longer sufficient to generate a soft
mist, leaving only large droplets being released. At 300 ms, even the generation of large
droplets stopped.

3.2. Vertex-To-Floor Head Position for Olfactory Delivery

Figure 4 shows the spray dosimetry in a nasal cast with a vertex-to-floor head position
with four nozzle angles (i.e., 0°, 5°, 10°, 15° relative to the nostril’s normal direction). It
was observed that one dose only was not enough to dispense drugs to the OL region, with
nearly all sprays stuck in the top front nose (first row, Figure 4a). This might result from the
narrow passages of this region, as well as the high liquid viscosity (cohesive inter-molecular
force), wall adhesion (liquid-wall), and surface tension (liquid—air). The nasal vestibule
and valve were very confined spaces. Due to the high inertia of discharged spray droplets,
they were deposited on the lateral walls (white arrow) and roof of the top front nose
(yellow arrow), particularly those of the nasal valve. The deposited droplets coalesced
into a focused continuous liquid film, which, with collective gravity and interfacial forces,
could behave differently from those of individual droplets. Once stability was reached, the
gravity and inertia of the liquid film were insufficient to break this stability and mobilize
the liquid film.
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(a) Vertex-to-floor position with varying nozzle angles
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Figure 4. Nozzle angle effects on the nasal spray dosimetry in a nasal cast with a vertex-to-floor head
position: (a) fluorescent visualization of the spray distributions after one and two actuations using
different nozzle angles (x: 0-15°); (b) quantification of total and regional deposition after two doses;
and (c) deposition fractions (DF) in four nasal regions using different nozzle angles (x: 0-15°). UpM:
middle upper; LowM: middle lower.

The second row of Figure 4a shows the spray distribution one minute after applying
the second dose. The added mass destabilized and mobilized the liquid film. Once the film
translocation started, its own inertia would keep it moving forward till the stabilizing forces
slowed it down, and a new force equilibrium was reached. It was noted that a dynamic
shear was often smaller than its static counterpart. As the liquid film expanded further, its
thickness decreased, and the added mass effect dwindled until the liquid stopped moving
(brown arrow). It was further noted that the gravity effect depended on the local incline
angle. As illustrated in Figure 4a, at a vertex-to-floor position, the superior meatus acted as
an inclined furrow, which became progressively flatter from the nasal valve to the nasal
crest. After the crest, the furrow reverted to an upward angle so that gravity would slow
down the film motion and stabilize it to the furrow valley (nasal crest herein).

A quantitative comparison of total and regional deposition among different nozzle
angles is shown in Figure 4b. Overall, similar doses were delivered to the front nose and the
middle upper nose (UpM). Nearly no dose was deposited in the middle lower nose (LowM)
and back nose. Figure 4c shows the normalized deposition by the total dose (i.e., deposition
fraction, DF). In this case, about 82.6-85.2% of the applied dose reached the middle upper
nose. Only a small fraction reached the olfactory region, which was quantified, as will be
shown later, using an image-based method.

3.3. Head Position: 60° Backward Tilt from the Supine Position
3.3.1. Deposition Distribution

To improve OL delivery, the head position was adjusted to be 60° backward tilt from
the supine position (referred to as 60° BW tilt hereafter). At this position, the roof of the
front nose had a larger incline angle and, thus, a larger gravitational effect. As expected, the
liquid film after the first dose moved slightly further downward than the corresponding
vertex-to-floor position (Figure 5a vs. Figure 4a, first row). Furthermore, the liquid film after
the second dose reached the posterior OL region (brown arrow) and, therefore, improved
the delivery to the OL region more than the vertex-to-floor head position, given all other
factors the same (Figure 5a vs. Figure 4a, second row).
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(a) 60° BW tilt with varying nozzle angles
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Figure 5. Nozzle angle effects on the nasal spray dosimetry in a nasal cast with a head position tilted
backward 60° from the supine position (i.e., 60° BW tilt): (a) spray distribution after one and two
actuations for nozzle angles « of 0-15°; (b) quantified depositions after applying two doses; and
(c) deposition fractions (DF) in four nasal regions for nozzle angles «: 0-15°. UpM: middle upper;
LowM: middle lower.

Similar to the vertex-to-floor position, nearly no deposition was observed in the middle
lower nose or the back nose (Figure 5b,c). A slightly higher percentage of applied dose
reached the middle upper nose (i.e., UpM DEF: 83.3-88.8%) than the vertex-to-floor position
(Figure 5c vs. Figure 4c). For the nozzle angle of 5-10°, the 60° BW tilt head position led to
much lower variability in the UpM DF than the vertex-to-floor position, as evident by the
lower standard deviation of 0.7-3.0% in Figure 5c vs. 3.5-6.7% in Figure 4c.

The liquid film coverage appeared to be sensitive to the nozzle angle when adopting a
60° BW tilt head position. From Figure 5a, there was more coverage of the olfactory region
at the nozzle angle of 5-15° than at 0°. The nozzle angle affected the initial deposition
position and perhaps the initial liquid film inertia as well. The spray plume traveled longer
in the nose before deposition when discharged from a more inclined nozzle, which might
increase the liquid film flowability and allow it to move further (Figure 5a).

3.3.2. Dynamic Formation and Translocation of Liquid Film

To better understand the dynamic process of the formation and translocation of liquid
film, a time series of spray deposition snapshots are plotted in Figure 6a,b at varying
instants after applying the first and second dose, respectively. The head position was 60°
BW tilt, the nozzle angle was 10°, and the images were acquired at 30 fps. During the
first 0-67 ms, the high-speed spray impinged on the two lateral walls and roof of the front
nose (yellow arrows, Figure 6a). A liquid film formed on the inclined wall of the front
nose roof upon contact (0 ms, Figure 6a). With continuous sprays from 33 ms to 67 ms,
the liquid film grew in size and started to move downward along the inclined wall due to
the self-weight and the impaction inertia. A large, rounded liquid front formed because
of the liquid-wall adhesion and liquid—air surface tension. From 133 ms, when the spray
discharge was completed, the liquid front continued to move along the inclined wall, but
at a much slower speed. After the completion of the spray discharge at 100 ms, the liquid
front continued to advance along the inclined wall, albeit at a significantly reduced pace
(Figure 6a, 0.133-3.5 s). Only a short distance (less than 1 cm) was traveled within the next

48



Pharmaceutics 2023, 15, 1657

4 to 5 s, reflecting an equilibrium state between the destabilizing gravitational force and
the resistant forces such as wall adhesion, viscosity, and surface tension.

(a) The first dose (0-5 s)

60° BW tilt
a=10°

4
. &= L. &
33 ms 67 ms ¥ 100 ms & 133 ms “¥&¥ 333 ms

Figure 6. Snapshots of the dynamic liquid translocation in the nasal cast with a 60° BW tilt head
position from supine and a nozzle angle of 10° from the nostril normal (a) after the first dose (0-4 s),
and (b) after the second dose (0-60 s, or 4-64 s if counted from the first dose).

The dynamic progression of the liquid film after the second dose is displayed in
Figure 6b within one minute. Around 125 mg of the spray formulation was added to the
existing liquid film between 0 and 100 ms (yellow arrow). The added mass and kinetic
energy mobilized the otherwise static liquid film, which was observed to move at an
increasing speed from 100 to 333 ms, followed by a deceleration. At 333 ms after the second
dose (hollow red arrow, Figure 6b), the liquid film reached the nasal crest, which was also
one of the two landmarks defining the olfactory region. After 60 s, the liquid film crawled
beyond the second landmark (solid red arrow, Figure 6b) and covered the entire OL region.

3.4. Head Positions of 45° and 30° Backward Tilt from the Supine Position

Further tests were conducted with the head position being adjusted to 45° and 30°
BW tilt from the supine position, as shown in Figure 7a. Both had a nozzle angle of 10° and
an inhalation flow rate of 0 L/min. For all 45° BW tilt cases, the liquid film went beyond
the second landmark of the OL region. This improved liquid flowability was presumably
because of a steeper inclined wall than the 60° BW tilt cases. The flowability difference
was particularly apparent in the liquid film morphology and translation distance after the
first dose, with a tapered shape about 2 cm beyond the nasal valve for 45° BW tilt versus a
rounded shape that barely went beyond the nasal valve (Figure 7a vs. Figure 6a).
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Figure 7. Effects of delivery variables (head orientation, dose number, and inhalation flow rate) on
the regional spray dosimetry: (a) head orientation of 45° and 30° BW tilt from the supine position (no
flow); (b) effect of 10 L/min inhalation flow rate and dose number; (c) spray dosimetry at 20 L/min.
Here, 45_10_1: head orientation of 45°, inhalation rate of 10 L/min, and 1 dose; 45_10_2: head
orientation of 45°, inhalation rate of 10 L/min, and 2 doses; similarly for 60_10_1 and 60_10_2.

Significant differences were observed in the spray distribution between 30° and 45°
BW tilt head positions (second panel vs. first panel in Figure 7a). Because of a steeper slope
at a 30° tilt head position, the gravitational component after the first dose became stronger
than the wall adhesion force, causing the liquid to move straight down along the side walls
instead of adhering to the nasal roof like in all other cases considered earlier (second panel,
Figure 7a). After applying the second dose, the steeper slope also led to lower retention
in the front nose and a perceivable deposition in the back nose (second and third panels,
Figure 7a).

3.5. Effect of Inhalation Flow Rate

The effect of inhalation flow rate on spray deposition was tested by considering 10
and 20 L/min. At 10 L/min (Figure 7b), the liquid film after the first dose traveled a greater
distance because of the increased flow shear, which disrupted and mobilized the otherwise
stagnant liquid film when there was no flow. A notable difference in deposition pattern was
observed following the second dose administered at 10 L/min, with the sprays effectively
covering most of the middle upper nose, as opposed to the coverage of the nasal roof solely
with no flow. A quantitative comparison of the regional DF following one dose and two
doses administrated at 10 L/min is shown in the rightmost panel of Figure 7b. As expected,
the front nose retention rate following one dose was much higher than that following two
doses for both head positions (45° and 60° BW tilt) considered. As a result, lower DFs in the
middle upper nose were obtained following one dose than two doses. Spray deposition in
the middle lower nose was observed following both one dose and two doses administrated
at 10 L/min with a head position of 45° BW tilt (Figure 7b, middle and right panels). Its
steeper slope of the nasal roof wall and the flow shear diverted a fraction of sprays to the
middle lower passage. This was in contrast to the 60 BW tilt head position at 10 L/min,
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where no or negligible sprays were deposited in the middle lower passage following one
dose and two doses. Therefore, spray deposition was more sensitive to the head position
with a non-zero flow rate. Likewise, the DF variability at 10 L/min was much higher than
without a flow (Figure 7b vs. Figure 5c).

Figure 7c shows the spray dosimetry at 20 L/min. The high flow through the middle
meatus transported the majority of the sprays to the middle lower nose, and only a small
fraction to the middle upper nose. There was even a small amount of spray droplets
deposited in the nasopharynx (yellow arrow, Figure 7c). Furthermore, a much higher
degree of variability in dosimetry was observed at 20 L /min compared to 0 and 10 L/min,
as evident by the quantitative dosimetry comparison in Figure 7c (right panel).

3.6. Effects of Solution Viscosity

Figure 8 shows the effects of solution viscosity on spray dosimetry by varying the
methyl cellulose (MC) concentration (0.1-0.5% w/v) in the solution. The correlation be-
tween the solution viscosity and the methyl cellulose concentration is shown in Figure 2.
Following a single-dose application, the liquid film of a lower MC concentration traveled a
greater distance along the nasal roof (solid yellow arrows, upper panel of Figure 8a). The
remnant liquid films on the vestibular side walls appeared much thinner for 0.1% and 0.2%
solutions than for the 0.5% solution (hollow red arrows, upper panel of Figure 8a).

(a) Effect of methyl cellulose concentration (% w/v ) (b) Regional dosimetry vs. viscosity
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Figure 8. Effects of solution viscosity on the regional spray dosimetry with varying methyl cellulose
concentrations (% w/v): (a) spray deposition distributions; (b) regional dosimetry vs. viscosity.

The spray dosimetries following the second dose of 0.1-0.5% w/v MC concentrations
are visualized in the lower panel of Figure 8a and quantified in Figure 8b. Surprisingly, the
two-dose DFs appeared to be insensitive to the solution MC concentration, with insignifi-
cant differences in both the front nose and middle-upper nose among the five solutions
(Figure 8b). All liquid films reached or went beyond the posterior OL region, indicating
a good coverage of the OL mucosa. Considering the 0.5% solution, its viscosity nearly
doubled that of the 0.4% solution (16.1 vs. 31.8 mPa-s, Figure 2). However, the added
mass from the second dose successfully mobilized the liquid dam accumulated in the
front nose, which subsequently entered the superior meatus and ultimately reached the
olfactory region.

3.7. Left-Right Discrepancy in Dosimetry

A comparison of the spray dosimetry between the left and right nasal passages with
a 60° BW tilt head position is shown in Figure 9 for a nozzle angle of 10° at two flow
rates (0 and 20 L/min). The solution utilized had an MC concentration of 0.4% w/v.
Overall, given all other variables being the same, the two passageways yielded comparable
deposition distributions (Figure 9a,b) and regional DFs (Figure 9¢c,d). Note that the nasal
cast model was developed from patient-specific MRI scans, and the two passages had
different morphologies. At 0 L/min, the liquid film in the left passage, much like that in
the right passage, extended over the olfactory region after two doses (Figure 9a). Distinct
deposition patterns were observed at 20 L/min. The right passage had predominant
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coverage in the middle lower nose, while the left passage exhibited more coverage in the
middle upper nose (Figure 9b).

(a) Left vs. right, no flow, (b) Left vs. right, 20 L/min

(c) Left nasal passage dosimetry (d) Left vs. right (no flow)
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Figure 9. Comparison of nasal spray deposition between the left and right nasal passages: (a) surface
deposition at the nozzle angle of 10° with no flow; (b) surface deposition at the nozzle angle of 10° at
an inhalation flow rate of 20 L/min; (c) quantified regional dosimetry in the left passage at 0 and
20 L/min with nozzle angles of 5° and 10°; (d) comparison of dosimetry between the left and right
nasal passages at 0 L/min.

3.8. Image-Based Olfactory Dosimetry Estimation

The deposition fraction (DF) in the olfactory region was calculated as (A2/A1) times
the DF in the middle upper nose, where A2 and Al were the liquid-covered area in the OL
region and middle-upper nose, respectively (Figure 10a). Figure 10b compares the OL DFs
and standard deviations vs. the head position, nozzle angle, dose number, flow rate, MC
concentration, and passage geometry.
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Figure 10. Image-based dosimetry: (a) estimation diagram and (b) olfactory deposition fraction.

It was observed that the vertex-to-floor (90°) head position failed to yield the optimal
OL DF and, at the same time, had a large variability in OL DF (the first four bars, Figure 10b).
By contrast, the head position of 60° and 45° gave satisfactory OL DFs except for the nozzle
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angle of 0° (60°: four light blue bars and 45°: one blue bar in Figure 10b). Their standard
deviations were also lower. Thus, a head position ranging 45-60° and a nozzle angle
ranging 5-10° (with two-dose application and no inhalation flow) were proposed for
effective delivery of nasal spray to the OL region. The head position of 30° also had the
potential to dispense high doses to the OL region (deep blue bar, Figure 10b); however, it
was not recommended because of its relatively high variability in OL DF and high DF in
other regions, as previously explained in Figure 7a.

A lower magnitude and higher variability in the OL DF were observed for the inhala-
tion flow rate of 10 L/min and 20 L/min, and for single-dose applications (red boundary
bars). With two-dose applications, the OL DF and variability did not exhibit high sensitivity
to the solution viscosity ranging 1.9-32 mPa-s, nor to the left or right nasal passage in this
study (rightmost six bars, Figure 10b). After putting everything together, it was suggested
that for optimal delivery of nasal spray to the OL region, a head position between 45° and
60° BW tilt from supine and a nozzle angle between 5° and 10° normal to the nostril angle
should be used, along with a two-dose application and no inhalation flow.

3.9. Deposition Sensitivity Analysis to Delivery Variables

Figure 11a shows the box plots of the nasal spray dosimetry variability among five
regions based on the recommended delivery variables. Based on the nasal model used in
this study, a DF of 22.7 &+ 3.7% was achieved in the strictly defined OL region that was
bounded by two landmarks, as illustrated in Figure 1a. It is worth noting that in previous
studies, the OL region had been defined to cover varying extents of the top nose, and
the defined OL area/location could significantly affect the OL dose estimation. Further
examination of Figure 11a revealed that the two worst outliers (black arrows) came from
one single test case, which had a 60° tilt head position and a nozzle angle of 15°. This
was consistent with the abnormally large DF variability in Figure 5c for the front nose and
middle-upper nose.

(a) Recommend OL delivery range (b) All test cases
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Figure 11. Box plots: (a) middle-upper nose coverage variability (overall, vs. head orientation, and
vs. nozzle degree), and (b) comparison of deposition variability among five regions.

The DF variability based on all test cases is shown in Figure 11b. As expected, a much
higher variability and more outliers were observed for the DF in all five regions. Individual
checks of these outliers showed that they mainly came from test cases with 20 L/min or
single-dose administration, suggesting that these two categories should be excluded.

Sensitivity analyses of the regional DF to individual delivery variables are presented
in Figure 12a—e for the dose number, flow rate, head position, nozzle angle, and MC
concentration, respectively. The front nose DF was noted to be highly sensitive to the
number of doses applied and the inhalation flow rate, both of which exhibited large
variations in the mean value and box size (first column, Figure 12). By comparison, the
front nose DF was relatively insensitive to the nozzle angle (0-15°) and solution viscosity
(1.9-32 mPa-s). Considering the middle-upper nose DF (second column, Figure 12), the
highest variability occurred when the flow rate varied, while the lowest variability occurred
with varying nozzle angle and solution viscosity.
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Figure 12. Box plots of the regional deposition fractions from sixty test cases in response to varying
delivery variables: (a) the number of applied doses, (b) inhalation flow rate, (c) head orientation, (d)
nozzle angle, and (e) spray solution viscosity by varying methyl cellulose concentrations. Regions of
interest: front nose, middle-upper nose, and olfactory region.

The third column of Figure 12 shows the OL DF sensitivity analysis to input variables.
Its y-coordinate range was 0-35% in contrast to 0—60% in the first column and 0-100% in the
second column. It was clear that a two-dose application could significantly improve OL DF
over a single-dose application (Figure 12a). Furthermore, the presence of an inhalation flow
reduced the OL DF, and a flow rate of 20 L /min could completely preclude dispensing nasal
sprays to the OL region (by diverting to the middle meatus), as shown in Figure 12b. No,
or very slow, flow was expected to attain the optimal OL delivery, where the gravity-driven
liquid film translocation along inclined walls was the major mechanism for delivering
drugs to the OL region. In Figure 12¢, the vertex-to-floor (V_Floor) head position was
shown to deliver significantly lower doses to the OL region than the other three head
positions and, thus, should not be used for future OL delivery. In Figure 12d, the nozzle
angle of 5° and 10° overall performed better than 0° and 15° in OL delivery. Again, the
OL DF in this study did not exhibit significant sensitivity to the viscosity of the solution
(Figure 12e), given that two doses were applied, which triggered and facilitated the liquid
film translocation.

4. Discussion

One major difference between nasal sprays and nebulizers is the large size and high
speed of the spray droplets, which, upon deposition in the front nose, will form a liquid
film and cause dripping [51]. Using a transparent nasal cast and fluorescent imaging
allows a detailed examination of the film’s dynamic behavior that had been previously
veiled due to 3D printing materials. The real-time feedback on the input variables, in turn,
enables prompt adjustments to individual delivery parameters. This interactive manner
can notably expedite the design process for continuous improvement to reach an optimal
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delivery protocol. Similar delivery systems as in this study are promising as a test platform
for other nasal spray applications such as para-sinus drug delivery and for studying the
complex interactions among the patient-, device-, and administration-related variables.

Different levels of sensitivity to delivery variables were observed for the dynamic
liquid film translocation and final olfactory deposition. Applying two doses from a soft-
mist inhaler (~125 mg per dose) was needed to destabilize the accumulated liquid film in
the front nose and mobilize the fluid along the inclined nasal roof toward the olfactory
region. However, applying more than two doses would over-flood the olfactory and cause
waste in the nasopharynx. The inhalation flow was observed to decrease the liquid film
translocation to the OL region, which diverted a portion of the fluid to the middle meatus.
At 20 L/min, almost no fluid reached the OL region. Considering the head position, our
results showed that vertex-to-floor was not the best position for OL delivery, giving lower
OL deposition and higher variability than the head position of 45-60° tilted backward from
the supine position. Considering the nozzle angle, a range of 5-10° gave rise to higher OL
deposition and lower variability than 0° and 15°. As a result, the following parameters
were proposed to effectively deliver nasal sprays to the OL region: a head position tilting
45-60° backward from the supine position, a nozzle angle ranging 5-10° counterclockwise
from the nostril normal, two doses, and no inhalation flow. In practice, the patient should
breathe slowly during the spray application and hold their head position for at least 60 s to
allow the liquid film to translocate to the OL region.

The results of this study demonstrated that delivering clinically significant doses to
the olfactory (OL) region is feasible by leveraging the liquid film translocation after nasal
spray administration. With recommended delivery parameters, a delivery efficiency of
22.7 + 3.7% was achieved in the strictly defined OL region. Note that the OL area hereof was
around 20% of the middle upper nose and 8.7% of the middle nose. Different definitions of
the olfactory region have been used in previous studies. While the general consensus is that
the olfactory mucosa is situated at the top of the nose, there is no agreement on the precise
location and extent where drug molecules can enter the brain. The absence of agreement
makes it challenging to compare findings among various studies. Various areas have been
reported for the olfactory region, which ranged from 5.0-6.8 cm? [39,52], 10 cm? [53], and
35 cm? [47]. Similarly, the location and extent of the olfactory region have been defined
differently. Si et al. [54] and Shi et al. [55] defined a crescent-shaped olfactory region at
the apex of the nose. Schroeter et al. [47] defined an olfactory region with a similar area
but different locations, which was slightly posterior to the nasal apex and was similar to
the definition in this study. An OL delivery efficiency of 5% was reported using 10.3 pm
particles. On the other hand, gamma scintigraphy studies commonly regarded the superior
meatus as synonymous with the olfactory zone [56-59]. Using a nasal cast composed
of three parts (lower, middle, and top) and a nasal pump, Wang et al. [32] measured a
remarkable delivery efficiency of 73.5% to the top part, which had been described as the
olfactory zone. This high percentage, however, was close to the spray deposition fraction
of 80% in the middle upper nose in this study. More recently, Si et al. [12] numerically
studied the liquid film translocation in the nose and predicted a 6.2% delivery efficiency
to the olfactory region with the same definition as in this study. However, the liquid
film translocation path in [12], which was linear from the vestibule to OL, was different
from this study (along the nasal crest). A standard definition of the location and scope
of the olfactory region is necessary for nose-to-brain drug delivery and especially for the
performance evaluation of nasal devices targeting the olfactory region.

In this study, we observed that two doses were sufficient to mobilize the liquid films
of all methyl cellulose (MC) concentrations (0.1-0.5% w/v) considered with appropriate
head and device orientations. Theoretically, the added mass to mobilize the liquid film
formed from the first dose would vary for formulations of different MC concentrations
(or viscosities). In this study, the formulation viscosity ranged 1.9-31.8 mPa-s (Figure 2),
which covered most nasal spray formulations. It was thus expected that two doses would
be sufficient for olfactory delivery for most nasal sprays in practice. We have not quantified
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the exact mass needed to mobilize the first-dose film because the soft-mist inhaler could
only release a specific mass (~125 mg) per dose. To this aim, a device that can release a
small mass is needed by progressively adding incremental masses till the liquid film starts
to move. This aim, however, was out of the scope of this study.

The limitations of this study include a single airway, 3D-printed rigid nasal casts,
and a limited number of test cases. Both the initial deposition and subsequent liquid
film translocation were sensitive to the geometrical details of the nasal cavity. Thus, inter-
subject variability is expected. In this study, the geometrical effects were evaluated by
comparing the liquid film translocation and OL delivery between the right and left nasal
passages of the nasal cast. It was observed that despite the large differences in the transient
behaviors of the liquid film motion, the final dosimetry (and even variability) in the OL
region were similar between the two passages. Future studies are needed in a sufficiently
large cohort of nasal models that are representative of the targeted patient group, such
as age, gender, race, and health condition. Not all factors were explicitly investigated,
such as fluid density and surface tension, despite these two factors varying with MC
concentrations. Another interesting question that needs further investigation is the liquid
film stability on an inclined wall of different materials. The liquid film behavior on the
nasal epithelium will differ from that of the 3D printing SLA material because of their
differences in surface energy, roughness, and interactions with the fluid [60]. This question
was partially answered in this study by considering the spray solutions of varying methyl
cellulose (MC) concentrations (0.1-0.5% w/v). It was demonstrated that with a sufficiently
steep slope (45-60° head position) and two-dose application (i.e., large enough weight to
trigger the film motion), the MC concentration had an insignificant effect on the final OL
dosimetry (Figure 8b). However, we also observed different shapes and motion speeds of
the liquid film among different solutions after applying both the first and second doses.
Future studies of the fluid and cast material effects on transient fluid translocation and OL
deposition in different nasal airway models were needed. The soft-mist inhaler used in
this study generated polydisperse droplets with a wide size distribution (Figure 3). Thus,
deposition images with monodisperse aerosols were not available. We refer interested
readers to a study by Perkins et al. [61], who computationally studied nasal deposition
with different monodisperse aerosol sizes.

5. Conclusions

In summary, an in vitro system for nasal spray delivery was developed using sectional,
transparent nasal casts and fluorescent imaging. A systemic study of the delivery param-
eters was conducted for effective olfactory (OL) delivery, which included head position,
nozzle angle, dose number, inhalation flow rate, and spray solution viscosity. The tran-
sient liquid film translocation, the final deposition in the olfactory region, the deposition
variability, and the input sensitivity were examined. Specific findings are:

(1) The OL dosimetry depended not only on the initial deposition of spray droplets but
also on the liquid film translocation.

(2) A two-dose application from the soft-mist inhaler was needed to mobilize the liquid
film and enable it to move to the olfactory region.

(3) Recommended OL delivery parameters included: a head position tilting 45-60°
backward from the supine position, a nozzle angle ranging 5-10° counterclockwise
from the nostril normal, two doses, and no inhalation flow.

(4) With the recommended protocol, a delivery efficiency of 22.7 &+ 3.7% was achieved in
the strictly defined OL region.

(5) The presence of inhalation flow reduced the liquid film translocation to the OL region,
with negligible OL doses at 20 L/min.

(6) The vertex-to-floor head position was not optimal for OL delivery, with lower OL
delivery efficiency and higher variability.
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Abstract: Donepezil nasal delivery strategies are being continuously investigated for advancing
therapy in Alzheimer’s disease. The aim of this study was to develop a chitosan-based, donepezil-
loaded thermogelling formulation tailored to meet all the requirements for efficient nose-to-brain
delivery. A statistical design of the experiments was implemented for the optimisation of the
formulation and/or administration parameters, with regard to formulation viscosity, gelling and
spray properties, as well as its targeted nasal deposition within the 3D-printed nasal cavity model.
The optimised formulation was further characterised in terms of stability, in vitro release, in vitro
biocompatibility and permeability (using Calu-3 cells), ex vivo mucoadhesion (using porcine nasal
mucosa), and in vivo irritability (using slug mucosal irritation assay). The applied research design
resulted in the development of a sprayable donepezil delivery platform characterised by instant
gelation at 34 °C and olfactory deposition reaching a remarkably high 71.8% of the applied dose. The
optimised formulation showed prolonged drug release (t; /, about 90 min), mucoadhesive behaviour,
and reversible permeation enhancement, with a 20-fold increase in adhesion and a 1.5-fold increase
in the apparent permeability coefficient in relation to the corresponding donepezil solution. The slug
mucosal irritation assay demonstrated an acceptable irritability profile, indicating its potential for
safe nasal delivery. It can be concluded that the developed thermogelling formulation showed great
promise as an efficient donepezil brain-targeted delivery system. Furthermore, the formulation is
worth investigating in vivo for final feasibility confirmation.

Keywords: donepezil; chitosan; nose-to-brain delivery; thermoresponsive in situ gelling system; 3D
nasal cavity model; olfactory deposition
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1. Introduction

Nasal drug delivery offers distinct advantages in brain-targeted therapy of neurologic
disorders. Olfactory and trigeminal nerves innervating the olfactory and/or respiratory
mucosa enable the direct transport of nasally administered drugs to the brain, bypassing
the blood-brain barrier [1]. Nevertheless, the described potential is still scarcely utilised.
The demands for a major step forward include the development of functional drug delivery
systems and efficient drug deposition in specific nasal regions of interest [2]. Generally,
research on the development of nasal delivery systems has addressed the issues of limited
drug solubility, permeability, stability, and nasal residence time [3-5]. The potential of
advanced delivery platforms of simple production and easy scale-up, such as in situ gelling
liquid systems, is of particular interest [3,6]. These systems can incorporate mucoadhesive
polymers, drug permeation enhancers, and/or nanocarriers, thus optimising nasal retention
time, drug release, and absorption profile [7]. Formulation-related viscosity and /or reduced
volume of administration may improve patient compliance, diminishing the potential for
discomfort related to formulation run-off to the throat and unpleasant aftertaste [2,8].

Lately, drug delivery to the targeted region of the nasal cavity has become an inevitable
milestone towards effective nasal therapy [4], and it emerged as one of the key elements
in nasal product development [9]. Recently, our research team pioneered and extensively
investigated the issue of coupling formulation and administration parameters employing
the quality-by-design (QbD) approach to optimise the nasal deposition pattern in vitro in
relation to the specific disease in adults [10]. Such an approach has been shown to hold
great promise in promoting targeted nasal drug delivery [11,12].

Targeted nasal delivery can be considered a viable option for advancing drug therapy
in Alzheimer’s disease [13]. Alzheimer’s disease is a progressive neurodegenerative
disorder impairing memory, thinking, and behaviour, with rising prevalence corresponding
to population ageing [14]. It is one of the leading indications of the demand for drug
delivery strategies that overcome the blood-brain barrier [15]. Currently, donepezil is
the first-line treatment in patients with mild to moderate Alzheimer’s disease, which is
available predominantly in oral solid dosage forms [16]. Donepezil oral delivery has
several limitations including first-pass metabolism, gastrointestinal and peripheral adverse
effects, and low brain bioavailability [17]. On the contrary, the nasal administration of
donepezil offers the potential for its efficient and direct central nervous system delivery,
reduced systemic bioavailability, and a lower risk of adverse effects [18]. The recognised
advantages of nasal donepezil delivery have led to the development of several liquid
pharmaceutical platforms including donepezil nanosuspension [19], donepezil-loaded
liposomes [20,21], nanoemulsion [22], lipid nanoparticles [23], microemulsion [24], and in
situ gel [17], improving donepezil solubility and/or its permeation profile and enhancing
its brain bioavailability, as evidenced in animal models in vivo. However, no studies on
their possible application mode in humans and deposition pattern within the nasal cavity
have been performed.

The idea behind our study was to develop a donepezil-loaded advanced liquid formu-
lation and harmonize its biopharmaceutical performance and nasal deposition profile while
meeting all requirements for efficient brain-targeted delivery and keeping the formulating
process simple.

In situ gelling thermoresponsive polymer/drug solutions bear the potential to fulfil the
above-mentioned requirements. They present easy-to-produce and scale-up formulations
that can be readily applied as sprays while ensuring prolonged residence time in the nasal
cavity upon gelation triggered by nasal physiological temperature [6]. Ideally, gel-forming
constituents could contribute to a sustained drug release and interact with biological
barriers to increase drug absorption, altogether resulting in increased bioavailability of the
nasally applied drug [25].

Chitosan is a cationic linear polysaccharide widely applied as a mucoadhesive agent
and absorption enhancer in nasal formulations [26]. Moreover, chitosan can yield ther-
moresponsive physical gels in the presence of 3-glycerophosphate [27]. An almost neutral
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aqueous solution of chitosan and (3-glycerophosphate demonstrates a strong rise in the
storage modulus upon heating [6].

The aim of this study was to develop the chitosan-based donepezil-loaded ther-
moresponsive in situ gelling system, considering all aspects of donepezil nasal delivery,
including formulation stability, sprayability, gelation temperature and time, drug release
profile, interaction with the biological barrier, and, in particular, nasal deposition pattern,
which was included as a required complementary indicator of the brain-targeting potential
in humans and studied using the model of the healthy adult nasal cavity.

To the best of our best knowledge, this is the first report on the development of a
chitosan-based thermoresponsive system for nasal delivery of donepezil. Previously, only
Gu et al. [17] reported the development of a thermogelling nasal donepezil system. In that
study, two types of poloxamers were used as the thermogelling agent. The systems were
characterised in terms of gelation properties, in vitro release, and in vivo pharmacokinetics
in rats, and formulation potential to increase donepezil brain bioavailability was confirmed.
Compared with the aforementioned study, the innovation in our approach refers to a
comprehensive research design that allows an integrated formulation development, taking
into account all features of the nasal delivery, including the challenges of brain targeting
in humans.

The complex task of correlating the in situ gelling formulation properties and nasal
deposition profile with formulation and /or nasal administration parameters was accom-
plished by employing a statistical design of experiments.

Thorough biopharmaceutical characterisation of the leading formulation, including
studies on stability, in vitro release, in vitro biocompatibility and permeability (using Calu-
3 cells), ex vivo mucoadhesion (using excised nasal mucosa), and in vivo irritability (using
slug mucosal irritation assay), was performed to evaluate the overall potential of the
developed formulation in donepezil nose-to-brain delivery.

Finally, the results on the nasal deposition of the leading in situ gelling formulation
will be compared with the results obtained previously with optimised donepezil powder
formulation [12] to account for the differences in accessibility of the olfactory region using
two distinct formulation approaches.

2. Materials and Methods
2.1. Materials

Donepezil hydrochloride (further denoted as DH) was obtained from Carbosynth
Ltd. (Compton, UK). 3-glycerophosphoric acid disodium salt pentahydrate (denoted as
-glycerophosphate, BGP, further in the text) was purchased from Biosynth Ltd. (Bratislava,
Slovakia). Low-molecular-weight chitosan (molecular weight 50-190 kDa, with 75-85%
degree of deacetylation; further denoted as chitosan, C), medium-molecular-weight chi-
tosan (molecular weight 190-310 kDa, with 75-85% degree of deacetylation), and high-
molecular-weight chitosan (molecular weight 310-375 kDa, with >75% degree of deacety-
lation) were obtained from Sigma-Aldrich (Taufkirchen, Germany). Simulated nasal
fluid (SNF) was prepared as an aqueous solution by dissolving the following solids:
NacCl (150.0 mM; Kemig, Zagreb, Croatia), KCl (40.0 mM; Kemig, Zagreb, Croatia), and
CaCl, x HpO (5.3 mM; Sigma-Aldrich, Taufkirchen, Germany) [10]. Hank’s balanced
salt solution (HBSS; pH = 7.0) was prepared by dissolving the following in distilled wa-
ter: KCI (5.4 mM), NaHCO3 (4.2 mM), NaCl (136.9 mM), and D-glucose monohydrate
(5.6 mM), all purchased from Kemig, Zagreb, Croatia; KH,PO, (0.4 mM; Kemika, Za-
greb, Croatia); Na,HPO,4 x 2H,0 (0.3 mM; Fluka Chemie AG, Buchs, Switzerland); N-
2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES; 30.0 mM; Sigma-Aldrich,
Taufkirchen, Germany); and CaCl, x 2H,O (1.3 mM; Sigma-Aldrich, Taufkirchen, Ger-
many). The mixture was used for in vitro cell biocompatibility and permeability studies.
Sar-ge1® (Arkema, Colombes, France) was used for the determination of the fractional
deposition pattern. All other chemicals or solvents used in the study were of analytical
grade and purchased from Kemika (Zagreb, Croatia).
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2.2. Preliminary Studies

Thorough preliminary studies were performed to select suitable excipients and appro-
priate settings of upper and lower limits of the in situ gelling formulation and administra-
tion parameters.

Preliminary samples were prepared according to the protocol described in Section 2.4.
using chitosans of different molecular weight and different constituent concentrations as
presented in the Supplementary Materials, Tables S2-56.

Exclusion criteria included observed precipitation, inappropriate gelation time or
temperature, and poor sprayability (determined as spray cone angle or droplet size distri-
bution). Finally, administration parameters most common in the relevant literature were
preliminarily tested within the design space of formulation parameters. The methods
applied are described in Sections 2.6.2-2.8.

2.3. Design of Experiments (DoE)

Quality by design (QbD) principles were built into the donepezil-chitosan—f3-
glycerophosphate (DH-C-BGP) in situ gelling system development process. This approach
was used for optimising formulation and administration parameters to achieve efficient
DH nasal delivery. Two formulation (the concentration of DH and C) and two adminis-
tration (the inspiratory flow rate and angle of administration from the horizontal plane)
parameters were incorporated in the definite screening design developed with JMP 14.0
statistical software (JMP®, Version 14.0, SAS Institute Inc., Cary, NC, USA, 1989-2007).
Settings of the parameters in the experimental design are listed in Table 1.

Table 1. Settings of the parameters considered in the experimental design.

Parameter High (+1) Medium (0) Low (—1)
Donepezil hydrochloride (DH)

. 1 0.50 0.40 0.30
concentration (mg mL™")
Chitosan (C) concentration (mg mL~1) 9.23 7.69 6.15
Angle of administration from the horizontal
plane, AAH (°) 75 60 4
Inspiratory flow rate, IFR (L min~1) 30 15 0

Gelation properties (i.e., gelation time and temperature), zero-shear viscosity, droplet
size distribution, spray cone angle, and deposition in the turbinate and olfactory region
of the nasal cavity were investigated as responses. The statistical software JMP 14.0
(]MP®, Version 14.0, SAS Institute Inc., Cary, NC, USA, 1989-2007) was used to perform
data analysis.

2.4. Preparation of the DH-C-BGP In Situ Gelling Formulation

DH-C-BGP nasal formulations were prepared according to Gholizadeh et al. [28],
with slight modifications. First, concentrated C solutions (1.0%, 1.5%, and 2.0%, w/w)
were prepared by dissolving chitosan in 0.5% (v/v) acetic acid at room temperature, under
stirring conditions for 24 h. Then, an appropriate amount of DH was dissolved in a C
solution. A concentrated BGP solution (49%, w/w) was prepared by dissolving BGP in
water at room temperature. At 4 °C (in an ice bath), the concentrated BGP solution was
added dropwise to the DH-C solution, followed by 10 min of mixing. DH-C and BGP
solutions were mixed in a 1.6:1 volume ratio. Final DH and C concentrations are listed
in Table 2. The concentration of BGP in all DoE samples was 188 mg mL~!. The pH
value of all samples was also measured, using a 547 SevenMulti pH meter (Mettler Toledo,
Greifensee, Switzerland).

2.5. Determination of DH Concentration in the DH-C-BGP Formulations

The DH concentrations in the prepared DoE samples were assessed via the high-
performance liquid chromatography (HPLC) method, as detailed in Section 2.10. An
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aliquot of the DH-C-BGP sample was diluted with purified water. The diluted sample
was filtered (0.2 um pore size, Chromafil® Xtra PES-20/25, Macherey-Nagel GmbH & Co.
KG, Diiren, Germany), and then the drug concentration in the sample was determined.
Measurements for each sample were performed in triplicate.

2.6. Rheological Characterisation

Rheological characteristics of the prepared DH-C-BGP formulations were assessed
using a Modular Compact Rheometer MCR 102 (Anton Paar GmbH, Graz, Austria). The
temperature on the rheometer was assured via a Peltier temperature control system. Os-
cillatory rheological tests were performed using a parallel plate (PP50; diameter 50 mm)
and rotational rheological tests were performed using a cone plate (CP50; diameter 50 mm,
cone slope 1°). Software RheoCompass™ Light Version 1.23.403 (Anton Paar GmbH, Graz,
Austria) was used for the data analysis.

2.6.1. Zero-Shear Viscosity Determination

A rotational creep test, using a CP50 measuring system, was applied to determine
zero-shear viscosity (779) of the prepared formulations, at 25 °C. The zero gap was set at
0.102 mm. Before the test, the sample was left on the lower plate to equilibrate at 25 °C
for 3 min. During the test time of 5 min, a shear strain stress of 0.1 Pa was applied to the
sample, and the shear strain was recorded as a function of time. Zero-shear viscosity was
computed using RheoCompass software, fitting the shear stress vs. data on the shear rate
and calculating the regression on the creep measuring data within the three retardation
points [10]. Each sample was analysed in triplicate.

2.6.2. Measurement of Gelation Temperature

In order to determine the sol-gel transition point, an oscillatory temperature test was
used. A PP50 measuring system was used and the test recorded the changes in storage (G')
and loss modulus (G”) over a temperature range from 20 °C to 40 °C. The gap was set at
0.500 mm, the angular frequency was fixed at 6.28 rad s~ !, and the applied strain was 1%.
The intersection of G’ and G” curves was recorded as the gelation temperature—Tggy, [29].
All measurements were performed in triplicate.

2.6.3. Measurement of Gelation Time

The time needed for the formulation to undergo sol-gel transition was determined
using an oscillatory time test. A PP50 measuring system was used and the test was
performed at 34 °C—the temperature of the nasal cavity [5]. Variations in G’ and G” were
monitored as a function of time. The zero gap was fixed at 0.500 mm. The measurement
was performed at an angular frequency of 6.28 rad s~ ! and 1% strain. The cross point of
G’ and G” curves was recorded as the time needed for the formulation to transit from the
liquid to the gel state (tggr) [30]. Each formulation was analysed in triplicate.

2.7. Droplet Size Distribution (DSD)

Droplet size distribution (DSD) was determined via a Malvern Spraytec unit (Malvern
Instruments, Malvern, Worcestershire, UK) via a laser diffraction technique. Samples were
loaded into a VP7 spray pump equipped with a 232 NE actuator (dosing volume of 100 uL),
kindly provided by AptarGroup Inc., Le Neubourg, France. Prior to the test, the spray pump
was primed several times by discarding the actuations as waste. For the measurement, the
tip of the device was placed 3 cm below the laser diffraction measurement zone. The focal
distance from the lens was 300 mm. Each test was performed manually, in triplicate. The
results were expressed as volume diameters D, 10, D50, and D,90. Span, defined as (D90
— D,10)/Dy50, was also calculated [31]. The analysis of the results was performed via
Malvern Spraytec 3.20 software (Malvern Instruments, Malvern, Worcestershire, UK).
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2.8. Spray Cone Angle Determination (SCA)

Spray cone angle (SCA) was determined by spraying the samples from the VP7 spray
pump equipped with the 232 NE actuator (AptarGroup Inc., Le Neubourg, France) against
the dark background. A Panasonic Lumix DMC-FZ1000 camera was used to record the
spray plume under a set-up of 120 frames per second. The recorded spray plume was
analysed using a virtual protractor. Each formulation was analysed in triplicate.

2.9. Assessment of the Deposition Pattern in the Nasal Cavity In Vitro

Nasal deposition pattern studies were performed using a multi-sectional 3D-printed
nasal cast. The development of the nasal cavity model had been previously performed by
our research group using anonymised Multislice Computer Tomography (CT) scan data
of a 62-year-old patient [32], obtained from the Sestre milosrdnice University Hospital
Center database. The protocol was carried out following the rules of the Declaration of
Helsinki and was approved by the Ethics Committee of the Sestre milosrdnice University
Hospital Center (Project identification code: EP-9941/19-3) and the Ethics Committee of
the University of Zagreb Faculty of Pharmacy and Biochemistry (Class: 643-02/19-01/02;
Registry number: 251-62-03-19-43). The model was made via stereolithography process
using 3D Systems®ProX 800 (3D Systems, Inc., Rock Hill, SC, USA). Transparent rigid plastic
Accura ClearVue was used to print the septum and the olfactory, respiratory, and posterior
regions of the model. The anterior region was printed in a flexible material (Digital-Material
FLX 9850, 60 ShoreA TangoBlackPlus and VeroWhitePlus) using a Stratasys Connex 350
printer (Stratasys Ltd., Rehovot, Israel) [32]. In order to observe a fractional deposition
pattern, the model was divided into different regions of the nasal cavity: anterior region,
turbinate region and septum—both with detachable olfactory fragments, and a posterior
region (nasopharynx) with a connecting part for the respiratory pump. The model also
contains the paranasal sinuses. The proper assembly and alignment of the model parts
were ensured using bar pins, measuring 6.4 and 2.0 mm in diameter and 6.0 and 4.0 mm in
height, and transverse coupling.

The fractional nasal deposition pattern was assessed by placing the 3D-printed nasal
cast on a stand in order to properly connect the model to a respiratory pump (model 613;
Hardvard Apparatus, Holliston, MA, USA). The respiratory pump was used to simulate
breathing conditions in a range from 15 L min~! (rest breathing) to 30 L min~! (deep
moderate breathing condition) [10]. The inspiration flow rate set by the respiratory pump
was checked via the inspiratory flow meter (In-Check Nasal; Clement Clarke International
Ltd., Harlow, UK). Prior to the administration of the sample, the model was uniformly
coated with a thin layer of a Sar-gel® indicator paste (Arkema, Colombes, France) in order
to visualise the deposition pattern and prevent the formulation from dripping. The Sar-gel®
paste turns purple when in contact with the formulation. The formulation was administered
into the model using a VP7 spray pump, equipped with the 232 NE actuator. The spray
pump was inserted into the right nostril, at a depth of 5 mm, and the device was actuated
at an angle 0° from the vertical plane, and 45°, 60°, and 75° from the horizontal plane,
while the left nostril was blocked. The fractional spray deposition pattern was determined
gravimetrically: each region of the right side of the model was weighed before and after
formulation administration, using an electronic balance (precision 0.01 mg; Mettler Toledo,
Greifensee, Switzerland) [11]. The assessment of the deposition pattern was performed in
duplicate for each run of the experimental design.

2.10. HPLC Method for Quantitative Determination of DH

The quantitative determination of DH was performed via the HPLC method using a
1260 Infinity II LC System consisting of an auto-sampling system, controller unit, degasser,
UV-VIS detector and column oven (Agilent Technologies, Santa Clara, CA, USA). OpenLab
software (Agilent Technologies, Santa Clara, CA, USA) was used to process the data of
all chromatographic analyses. The chromatographic separation was carried out using a
Kinetex C18 (250 x 4.6 mm, 2.6 um particle size) reverse-phase column with a suitable
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guard column, both obtained by Phenomenex (Torrance, CA, USA). The method was
performed according to Pappa et al. [33], with a few minor adjustments. Briefly, the
mobile phase was prepared by mixing 0.02 M buffer phosphate (pH 2.7), methanol, and
triethylamine in a volume ratio of 50:50:0.5. The flow rate was set at 1.0 mL min~! and the
injection volume at 20 pL. The analysis was performed at 25 °C. The detection wavelength
was 268 nm. The run time was 7 min and the DH retention time was 5 min. The above-
described method was validated based on the International Conference on Harmonization
(ICH) guideline Q2 (R1) [34]. The validation of the method was carried out for linearity,
range of linearity, accuracy, repeatability, intermediate precision, the limit of detection
(LOD), and the limit of quantification (LOQ) (Table S1). All measured concentration values
were within the range of linearity of the method (Table S1).

2.11. In-Depth Characterisation of the Leading DH-C-BGP Formulation

The leading DH-C-BGP formulation (LF) was further characterised in terms of in vitro
DH release profile, mucoadhesiveness, biocompatibility, and permeability. The stability
profile was also assessed. The slug mucosal irritation assay was performed in order to
predict the formulation’s potential to cause nasal discomfort.

2.11.1. In Vitro Release Studies

The automated Franz diffusion cell testing system Phoenix™ RDS (Teledyne Hanson,
Chatsworth, CA, USA) was used to determine the DH in vitro release profile from the LF.
The Phoenix RDS platform consists of six vertical diffusion cells (volume of the receptor
compartment: 15 mL) placed in the Peltier heating and stirring block. The cells were
filled with SNF and the system was thermostated at 34 °C under a constant stirring of
500 rpm. A polyamide membrane with a pore size of 0.45 um (Sartorius Stedim Biotech
GmbH, Gottingen, Germany) was placed between the donor and acceptor compartment.
Prior to the experiment, the membranes were conditioned in SNF for 15 min. The selected
samples (500 pL) were pipetted into the donor compartment using a Multipette® E3
(Eppendorf, Hamburg, Germany) equipped with 1 mL ViscoTip® (Eppendorf, Hamburg,
Germany). At predetermined time intervals, aliquots of 200 pL. were drawn from the
receptor compartment and replaced with fresh SNEF, also heated to 34 °C. The total time
of the experiment was 5 h and, during that time, the sink conditions were assured. The
DH content in the collected samples was determined via the HPLC method, as detailed in
Section 2.10. Donor compartments were also tested for DH content. All release experiments
were performed in triplicate.

2.11.2. In Vitro Mucoadhesion Test

Mucoadhesive properties of the LF were tested using a porcine nasal mucosa, obtained
from a local slaughterhouse. The nasal mucosa was isolated from porcine heads by splitting
the heads in half by longitudinal incision, and then the mucosa was separated from the
septum and conchae [35]. Prior to the experiments, the mucosa was kept at —20 °C. A
texture analyser TA XT Plus (Stable Micro Systems, Godalming, UK), equipped with a
mucoadhesion rig, was used to test the mucoadhesiveness of the LF; this method was
previously developed by our research group [11]. Prior to the experiment, the mucosa was
soaked in SNF for approximately 30 s at 34 °C. Then, the mucosa was cut into a 10 mm
diameter disk and adhered to the upper probe using cyanoacrylate glue. A selected sample
(100 uL) was pipetted onto the lower platform (using Multipette® E3 (Eppendorf, Hamburg,
Germany)) and thermostated at 34 °C for 30 s. The experimental parameters used were: pre-
test, test, and post-test speeds of 0.5 mm s 1 01mms!,and 0.1 mms—}, respectively, with
a contact time of 120 s and applied force of 0.1 N. Mucoadhesive properties were expressed
as the maximum detachment force (Fmax) and the work of adhesion (W,q4n) [32]. The sample
from the DoE with a chitosan concentration different from the leading concentration (control
formulation—CF) and corresponding aqueous DH solution were used as controls. Filter
paper soaked in SNF served as a negative control. Each sample was tested in triplicate.
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2.11.3. Cell Culture Conditions

In order to examine in vitro biocompatibility and permeability of the formulations,
Calu-3 cell line (ATCC® HTB-55TM, ATCC, Manassas, VA, USA) was used. The cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM-F12) cell culture medium
(Sigma Aldrich, Burlington, MA, USA) containing penicillin/streptomycin (1% v/v; Lonza,
Basel, Switzerland) and fetal bovine serum (FBS; 1% v/v, Sigma Aldrich, Burlington, MA,
USA). The cell cultures were maintained at 95% humidity and 37 °C in an atmosphere of
5% CO;, (Sanyo CO; incubator, Osaka, Japan). The medium was changed every 2 days,
and the cells were passaged when they reached 70-90% confluence, according to the ATCC
recommended protocol. The detachment of the cells from the flasks was performed using a
mixture of trypsin (0.25%) and EDTA (0.02%) solutions in phosphate-buffered saline (PBS;
Lonza, Basel, Switzerland).

2.11.4. In Vitro Biocompatibility Study

The Calu-3 cells were seeded into 96-well plates (Corning Costar, Corning, NY, USA)
ata density of 4 x 10* cells per well and allowed to reach confluence over 48 h. Biocompat-
ibility was assessed using an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide, Sigma-Aldrich, Burlington, MA, USA) colorimetric test.

Before the experiment, the cell culture medium from the wells was withdrawn, and
the cells were washed with HBSS/HEPES (pH =7.0) and treated with the prepared samples.
The leading formulation was mixed with HBSS/HEPES (pH = 7.0) in a volume ratio 1:1.
The LF-HBSS/HEPES (pH = 7.0) mixture resulted in DH, C, and BGP concentrations of
0.15 mg mL ™!, 4.62 mg mL~!, and 94.00 mg mL "}, respectively. The cells incubated in
HBSS/HEPES (pH = 7.0) were used as a negative control. The DH solution in HBSS/HEPES
(pH = 7.0) (DH concentration ranging between 0.05 and 0.25 mg mL~!) and the BGP
solution in HBSS/HEPES (pH = 7.0) (94.00 mg mL 1) served as controls. The cells were
incubated with the prepared samples for 2 h at 37 °C. Afterwards, the samples were
removed from the wells, and the wells were rinsed twice with HBSS/HEPES (pH = 7.0),
followed by adding 100 uL of prepared MTT reagent in each well. The MTT reagent was
prepared by dissolving MTT in PBS (MTT concentration of 2.5 mg mL~!), and then the
solution was further diluted with DMEM-F12 to a final MTT concentration of 0.5 mg mL~!.
The cells were incubated with MTT reagent for 2 h at 37 °C. After the incubation, the
reagent was removed. Isopropanol (100 pL per well) was added to lyse the cells and to
dissolve the formazan crystals. The amount of formazan product was determined using a
spectrophotometer 1420 Multilabel counter VICTORS3, Perkin Elmer, Waltham, MA, USA,
at 570 nm. Cell viability was calculated using the following equation:

Agampic — Ai
Viability (%) = S”A'”P’E—Al’” % 100 1)
¢ — Lipr

where Agppie is the absorbance of the formazan crystal solution formed in cells treated with
tested samples, A;, is the absorbance of pure isopropanol, and A1 is the absorbance of
a solution of formazan crystals formed in cells treated only with HBSS/HEPES (pH = 7.0).

2.11.5. In Vitro Permeability through the Epithelial Model Barrier

The Calu-3 epithelial cells were seeded into polycarbonate 12-well Transwell® in-
serts, with 0.4 um mean pore size, and 1.12 cm? surface area (Corning Costar Inc., Corn-
ing, NY, USA) at a density of 5.5 x 10° cells per well in order to test in vitro perme-
ability [32]. The volume of the cell culture medium in the apical and basolateral com-
partment was 0.5 mL and 1.5 mL, respectively. After an incubation period of 48 h,
the medium from the apical compartment was aspirated and the cells were cultured
at the air-liquid interface, with 800 uL of the culture medium in the basolateral compart-
ment. The media in the basolateral compartment was replaced with a fresh medium
every 48 h. The cells were grown for 14 days until a plateau in transepithelial electri-
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cal resistance (TEER) was reached (above 1000 Q) cm?). An epithelial volt/ohm meter
EVOM with STX-2 chopstick electrode (WPI Inc., Sarasota, FL, USA) was used to measure
the TEER of the cell monolayers. Permeability studies included the following samples:
(i) LF mixed with HBSS/HEPES (pH = 7.0) in a volume ratio of 1:1; (ii) solution of DH in
HBSS/HEPES (pH = 7.0) (DH concentration = 0.25 mg mL~1); (iii) DH solution in hyperos-
motic HBSS/HEPES (pH = 7.0) (DH concentration = 0.15 mg mL~!); and (iv) HBSS/HEPES
(pH = 7.0) as the negative control. Osmolality of the hyperosmotic HBSS/HEPES (pH = 7.0)
was equal to the leading formulation-HBSS/HEPES (pH = 7.0) mixture. The hyperosmotic
HBSS/HEPES (pH = 7.0) was prepared according to Soni et al. [36]. An amount of 12 g of
NaCl was added to 1 L of the prepared HBSS/HEPES (pH = 7.0), resulting in 2% NaCl (w/v)
in the final hypertonic HBSS/HEPES (pH = 7.0) solution. Osmolality measurements were
performed with an OsmoTECH® Single-Sample Micro-Osmometer (Advanced Instruments,
Norwood, MA, USA).

Before the experiment, the cells were washed with HBSS/HEPES (pH = 7.0) and,
afterwards, the HBSS/HEPES (pH = 7.0) was pipetted into apical and basolateral compart-
ments and the plate was incubated at 37 °C, 5% CO,, for 20 min. After the incubation,
TEER was measured at the beginning of the permeability experiment. The HBSS/HEPES
(pH = 7.0) was removed from the wells and 500 pL of each sample was added to the apical
compartment. Each sample was tested in triplicate. Over the period of 120 min, 500 pL of
the sample from the basolateral compartment was taken every 20 min and replaced with
fresh HBSS/HEPES (pH = 7.0). All samples collected during the experiment, including the
samples from the donor compartment at the 120 min final point of the experiment, were
analysed for DH content using the HPLC method described in Section 2.10. In order to
check cells” monolayer integrity, TEER values were recorded during and upon completion
of the experiments. During the permeability test, cells were incubated at 37 °C and 50 rpm
on a horizontal orbital shaker. The apparent permeability coefficient (Ppp) was calculated
according to the following equation:

dQ 1
Porr="31 * 4c, @

where dQ/dt is the permeability rate, A is the surface area of the permeation barrier, and
Cp is the initial concentration of DH in the apical compartment [27].

The attenuation factor was calculated as the ratio between the P,pp value of the LF or
the DH solution in the hyperosmolar HBSS/HEPES (pH = 7.0) and the P,pp value of the
DH solution in the HBSS/HEPES (pH = 7.0) [12].

2.11.6. Slug Mucosal Irritation Assay

The slug mucosal irritation (SMI) assay was used to evaluate the potential of the
leading formulation to cause irritation on the nasal mucosa. The SMI was performed
according to Trenkel et Scherliefs [37]. Briefly, slugs of the species Arion lusitanicus were
collected by wild harvesting. Prior to the experiment, the specimens were kept under
laboratory conditions. The SMI assay was performed only with slugs with a body weight
between 3 and 6 g. Slugs were weighed (BW) at the beginning of the experiment. An
aliquot (100 uL) of the tested sample was transferred into a Petri dish and the mass of
the dish and the sample was recorded. Slugs were placed on the liquid formulation for a
contact period (CP) of 15 min. After the time of the first contact period expired, the slugs
were placed on 1.5 mL of PBS in another dish, for a resting time of 60 min. During the
resting time, the dish with the liquid formulation and the mucus produced after the first
CP was weighed and recorded. This procedure was repeated two more times, so the total
number of CPs was three. Total mucus production (TM) after three CPs was calculated
according to the equation:
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Mucus per CP, g)
BW, ¢

The same procedure was applied for negative control (100 puL of PBS) and positive
control (100 uL of 1% (w/v) benzalkonium chloride (BAC) solution). Experiments were
performed in triplicate. For each replicate, a separate slug was used.

™ (%) = % Ml x 100% ®)

2.11.7. Stability Studies

Stability studies of the LF were performed in time points of 30 and 90 days. The liquid
was kept in an airtight container, at 5 & 3 °C, which is the envisaged storage temperature
for the product. The drug concentration, rheological properties, SCA, and in vitro drug
release profile were measured and compared with the initial results, recorded right after
the preparation of the leading sample. All experiments were performed in triplicate.

2.12. Statistical Analysis

JMP 14.0 software (]MP®, Version 14.0, SAS Institute Inc., Cary, NC, USA, 1989-2007)
was used to perform statistical analysis related to DoE, with p < 0.05 set as the minimal
level of significance. Mucoadhesive properties were analysed using GraphPad Prism
(trial version, GraphPad Software, Inc., San Diego, CA, USA), using a one-way analysis of
variance (ANOVA), followed by a Tukey’s post hoc test. The similarity factor (f,) was used
to assert the similarity between in vitro release profiles [38]. The profiles were considered
similar when the f, factor was greater than 50 [39].

3. Results and Discussion

The aim of this research was to develop a thermosensitive in situ gelling platform for
efficient nose-to-brain delivery of DH. Thermosensitive hydrogels based on C-BGP have
been studied for various purposes [29,40—42], but there are only a few studies aimed at
the development of a C-BGP in situ gelling system for nasal delivery [28,43]. In this work,
we focused on the development of a nasal C-BGP formulation that is safe, biocompatible,
non-irritable, and efficient regarding delivery of DH to the brain.

A nasal in situ gelling DH formulation was developed with the aim to produce a
platform that is easily administered as a spray but turns to gel at the temperature of the
nasal mucosa, 33-35 °C [44]. The sol-gel transition results in prolonged residence time of
the formulation at the mucosal surface, owing to reduced mucociliary clearance [45].

Chitosan (C) is a non-toxic, biocompatible, biodegradable, and bioadhesive polymer
with penetration-enhancing properties [30]. On its own, chitosan does not exhibit ther-
mosensitive properties. However, by mixing the chitosan with a polyol-phosphate, such
as BGD, the C-BGP platform undergoes a sol-gel transition at the temperature of the nasal
cavity. At room temperature, 3-glycerophosphate interacts with the positively charged chi-
tosan amine groups, keeping chitosan chains in the solution by forming a water-protective
shield despite increasing the pH of the solution. The mechanism of thermoreversible
sol—gel transition includes a loss of electrostatic repulsion, ionic crosslinking, hydrogen
bonding, and hydrophobic interaction [6].

3.1. Selection of the Formulation and Administration Parameters for DH-Loaded In Situ
Gelling Systems

In this study, the development of a DH-loaded in situ gelling formulation was per-
formed employing a statistical design of experiments. Such an approach potentiates the
development of a DH thermogelling delivery platform with built-in quality, maximizing
the cost and time savings [46]. In order to set the appropriate design space, thorough
preliminary studies were conducted to select the constituents and their concentrations,
fulfilling the requirements for nasal delivery [5].
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Donepezil concentration range in the preliminary studies (0.3-0.6 mg mL~!; Table S2)
was in line with the relevant references concerning donepezil nose-to-brain delivery [19].
Taking into account the dosing volume of 100 pL, the indicated concentration range pro-
vides delivering the dose per actuation equal to 0.6-1.2% (or 0.3-0.6%) of 5 (or 10) mg oral
daily dose. The aforementioned fraction of the donepezil daily oral dose is considered
appropriate to achieve its therapeutic potential via direct nose-to-brain delivery [47].

The starting BGP concentration was set at 188 mg mL~! (Table S2), which is within
the range usually reported for such systems [28,29,48]. In previous studies, the molecular
weight of chitosan was shown to have a significant impact on thermogelling properties
of the chitosan—-BGP systems [41]. More particularly, it was observed that the increase
in chitosan molecular weight resulted in faster system gelation [28,49,50]. In this study,
DH-loaded systems prepared with the medium and high molecular weight chitosans at the
gelation-promoting concentration (6.15 mg mL~!) showed precipitation or poor sprayabil-
ity (Tables S2 and S3), while at lower chitosan concentrations, the systems did not exhibit
gelling properties. On the contrary, the chitosans of low molecular weight provided appro-
priate spray and gelation properties at the relevant range of DH concentrations (Table S3).

In the next step, a DH-loaded system (DH concentration 0.3 mg mL~!) prepared
with the low-molecular-weight chitosan (C concentration 6.15 mg mL~1) was selected
for the BGP concentration optimization. Based on the results obtained (Table S4), a fixed
concentration of BGP was set. Namely, even a small shift in gelling agent concentration
caused a great difference in the formulation’s thermogelling properties [51]. Ranges in the
BGP concentrations were previously reported in experimental designs for the development
of similar systems [52,53]. However, susceptibility to the BGP concentration in this study
may be related to the difference in the incorporated drug type and concentration.

The final step revealed concentration ranges for both the DH and the low molecular
weight chitosan, defining the design space for formulation optimisation in relation to the
studied responses (Tables S5 and S6).

It was previously shown that the angles of administration and inspiratory flow ex-
hibit a pronounced impact on the nasal deposition pattern. According to the literature
sources, administration parameters including the angle of administration from the horizon-
tal plane ranging from 30 to 75° and inspiratory flow from 0 to 30 L min~! were assessed
in the preliminary deposition studies [10,54-57]. Only the angle of administration of 30°
was discarded as inappropriate for targeted nasal delivery of tested formulations. Other
parameters were included in the statistical design of experiments as presented in Table 1.

3.2. Design of Experiments: Optimisation of DH-C-BGP Formulation

The design of the experiments was successfully incorporated into the DH-C-BGP
formulation development. The DoE generated 17 runs varying in formulation (DH and C
concentration) and /or administration parameters (horizontal angle of administration and
inspiratory flow rate). The design matrix is presented in Table 2.

The DH concentration in the prepared DoE samples ranged between 0.29 £ 0.00 and
0.52 + 0.02 mg mL~! (Table 2), providing complete DH dissolution in C-BGP systems and
adequate DH dose with respect to nasal delivery [19]. The value of pH for all prepared
samples ranged between 7.02 £ 0.00 and 7.35 £ 0.00 (Table 2). The observed pH values
were expected due to the basic values of BGP systems [28] and are acceptable for nasal
administration [58,59].

Within the DoE, the formulation of rheological and thermogelling properties (gela-
tion time and temperature, and zero-shear viscosity), spray characteristics (droplet size
distribution and spray cone angle), as well as olfactory and turbinate deposition assessed
in the nasal cavity model were analysed as responses. The obtained results are presented
in Table 2.
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Regression modelling was applied to enlighten which formulation parameters (and
their interactions) had the most influence on the responses and to select the parameter
settings that resulted in the most convenient response values. Regression modelling
equations are presented in standardised covariates that are normalised to unitless intervals
[—1, 1], an approach common in experimental design modelling [60]. Within the regression
model equation, all statistically significant parameters (p < 0.05) are noted with an asterisk.
The regression models and the analysis for the formulation of rheological, thermogelling,
and spray properties as DoE responses are presented in Table 3. Nasal deposition modelling
in relation to the formulation and administration parameters will be discussed in a separate
section. Prediction profilers are presented in Figures S1-S7.

3.2.1. Formulation of Rheological, Thermogelling, and Spray Properties within the
DoE Space

DH-C-BGP formulations prepared according to the design matrix were moderately vis-
cous solutions with zero-shear viscosity ranging between 35.03 & 0.82 and 232.21 4+ 2.30 mPa s.
The observed range of the viscosity values is appropriate for simple administration by
spraying [2]. In addition, DH-C-BGP systems exhibit shear-thinning behaviour [28], which
implies a decrease in viscosity at the applied aerosolisation shear stress.

All DoE samples gelled at the physiological temperature of the nasal mucosa (34 °C)
with the gelation time (tggL) ranging between 0.0 £ 0.0 and 14.9 £ 0.2 min (Table 2), which
is below the time of nasal mucus turnover (approximately 20 min) [61]. As expected, the
increase in gelation time at 34 °C was coupled with the increase in the temperature of the
instant gelation (Tggy), which ranged from 32.2 £ 0.9 to 39.9 £ 0.1 °C within the DoE space.
Nonetheless, DoE settings revealed the potential for optimising this crucial formulation
property to undergo instant gelation at the temperature of the nasal mucosa.

The spray cone angle (SCA) of the prepared DoE samples was between 15.1 + 0.3
and 26.6 £ 1.2° (Table 2). The SCA is an important factor that affects nasal deposition
and, therefore, the efficacy of a nasally administered drug. The narrow spray cone angles
obtained in this study favour targeted nasal deposition [5,57]. The olfactory region of
the nasal cavity is a small area (representing ~5-7% of the nasal epithelial surface area)
located at the roof of the nasal cavity [62]. It is more likely that the nasal spray will
reach the olfactory region if it is concentrated in a narrow plume. Apart from SCA, it is
important to note that the deposition in the olfactory region is also affected by the droplet
size distribution and the velocity of the applied spray [63].

For all DoE samples, values for D, 10, D50, and D90 were as follows 23.6 £ 1.4
723 £ 3.2 um, 61.6 + 4.8-167.6 + 6.3 um, and 137.2 & 7.3-320.6 & 15.2 um, respectively
(Table 2). The measured DSD values are in accordance with regulatory requirements for
nasal sprays (the vast majority of droplets being larger than 10 microns) [31,64]. The
span ranged from 1.45 £ 0.06 to 1.89 =+ 0.06 (Table 2). A span smaller than 2.0 indicates
a monodisperse system with narrow size distribution [65]. Droplets with a narrow size
distribution are more likely to deposit uniformly to the targeted area (e.g., olfactory region)
in comparison with droplets with a broad size distribution. This could be explained by
the fact that droplets with a narrow size distribution have more consistent aerodynamic
behaviour and are less likely to undergo deposition by inertial impaction, which can cause
uneven deposition in the nasal cavity [56,63,66].
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Regression Modelling

The statistical analysis of the regression models for zero-shear viscosity, gelation time
and temperature, spray cone angle, and volume diameters or spray droplets revealed a
good fit (Table 3). Each of the aforementioned responses was significantly influenced by
DH and CH concentrations (apart or in interaction), confirming the rationale for their
consideration as DoE variables.

Impact of Chitosan Concentration

Chitosan concentration revealed linear and /or quadratic impacts on the zero-shear vis-
cosity, gelation time, gelation temperature, spray cone angle, and droplet size distribution
(Table 3).

Anincrease in chitosan concentration led to increased zero-shear viscosity, owing to the
entanglement of the polymer chains that led to the limited movement of individual chains
and the rise in zero-shear viscosity [67]. At the same time, the increase in C concentration
decreased gelation time and temperature, which is in accordance with the literature [41,68].
Namely, due to the entanglements of the polymeric chains, less heat is needed to create a
3D gel network. However, too high a concentration of chitosan can slow down the gelation
process. Due to the high chitosan concentration, the solution becomes highly viscous,
and the attraction between the chitosan amino groups and the BGP phosphate groups is
hindered [51]. In conclusion, setting the right interval of chitosan concentration in the
preliminary studies was crucial to obtain valid regression modelling for gelation properties.

The increase in C concentration resulted in a spray cone angle decrease and spray
droplet size increase, both of which are related to increased solution viscosity [55,66,69].
Namely, the increased viscosity of the nasal spray led to the decrease in the velocity of the
spray droplets as they exited the nozzle. Thereupon, the droplets of the spray spread out
less and formed a narrower spray cone angle [69,70]. The increased viscosity resulted in
the production of larger droplets in the aerosolisation process [56]. Larger droplets tend to
travel in a narrower direction and will ultimately be deposited in the narrower area into
which they are directed [66].

Impact of DH Concentration

DH concentration exhibited a significant influence on the monitored rheological ther-
mogelling and spray properties, as a single parameter and /or in combination with the C
concentration (Table 3). The increase in DH concentration led to the increase in zero-shear
viscosity. This effect can be explained by the presence of DH molecules in the chitosan
network that increased the steric repulsion between the polymer chains, increasing the
system viscosity [71]. The same reason could be behind the decrease in the spray cone
angle that occurred with the increase in DH concentration.

The rising DH concentration in the C-BGP thermosensitive platform increased the
gelation time and temperature. As explained above, the addition of the drug in the system
increased the viscosity, and the diffusion of the heat was reduced [71]. Moreover, the
addition of salt decreased the pKa of the BGP and consequently led to the chitosan’s higher
degree of ionisation; hence, more heat was needed for gel formation [72].

The interaction between the DH and C concentrations within the derived regression
model for the gelation time (Table 3) could be explained by the presumption that the DH
affected the steric repulsions between the polymer chains to an extent that was dependent
on the C concentration in the system [72-74].
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Table 3. The results of the statistical analysis on zero-shear viscosity, gelation time, gelation tempera-
ture, spray cone angle, and droplet size distribution within the DoE.

Regression Analysis

Common DoE Response Regression Model
R? RMSE PRESS R? PRESS RMSE
- . . 70 =93.50 * + 5.01 x cpy * + 87.63 X cc * +3.97 x
Zero-shear viscosity Cb X Ce — 5.52 x cpp? * +36.08 x cc2 * 1.00 6.79 0.99 8.53
— * * *
Gelation time foer =3.60 "+ 4.31 X cppy * — 2.92 x c¢ * — 241 x 0.99 0.72 0.97 091

CpH X € * + 241 X cpp? * — 1.19 x cc2 *
Gelation temperature TgeL (°)=35.61*+1.84 X cpg* —1.24 x cc * 0.87 0.86 0.80 0.96

SCA(°) =19.02* — 0.65 X cpy * — 4.27 X cc * +
0.57 X cpyp X cc * + 0.43 x cpp? + 0.58 X cc? 0.99 0.59 0.96 0.76

Dy10 (um) = 43.82 * + 3.69 x cppy + 18.14 x cc * +

Spray cone angle

4.00 x CpH X CC + 0.32 x CC2 0-89 725 078 845
. . o . = * *

Droplet size distribution 8D Igox(l;gz chzgfi 1;2951 icczD*H +40.22 X cc "+ 0.93 12.70 0.86 14.87
— * %

Dy90 (um) = 249.71 6.17 X cpy + 68.80 X cc * + 0.92 2251 0.84 26.41

14.60 X cpy X cc * — 29.94 x cc?

cpu = donepezil hydrochloride concentration; cc = chitosan concentration in the spray-drying solution.
R? = the coefficient of determination; RMSE = root mean square error; and PRESS = predicted residual error sum
of squares. * Statistically significant parameters (individual and in interaction; p < 0.05).

3.2.2. Nasal Deposition of DH-C-BGP Formulations

A growing number of studies that are tackling nose-to-brain delivery of drugs have
emerged over the past decade [2]. However, the question of how to deliver drugs to the
small, hindered area of the olfactory zone still remains a major obstacle. For neurological
drugs to manifest their optimal therapeutic effect, the goal is to achieve high drug con-
centrations in the previously mentioned area. Apart from targeting the olfactory region, a
direct delivery to the brain is enabled through the trigeminal nerve innervating both the
olfactory and respiratory mucosa [75-77].

To ensure the targeted delivery of the nasal drug, deposition studies should be imple-
mented in the early phase of formulation development [2]. In this work, nasal deposition
studies were performed using a multi-sectional 3D-printed model based on the CT scan
of a patient with healthy airway passages. Inflammatory disorders, such as rhinitis or
rhinosinusitis, may influence the nasal deposition pattern [9,78]. However, they are not
common for patients with Alzheimer’s disease [79]. Hence, a healthy phenotype of the
nasal cavity is chosen for this study. The smallest vertical cross-sectional areas (valve
region) and the length of the nasal cavity fit into the ‘normative range’ [32,80]. The model
was connected to the respiratory pump to simulate three breathing patterns: no breathing,
rest breathing, and deep moderate breathing [81-83]. One nostril was closed during the
actuation [55]. For the nasal device, we used an Aptar’s VP7 pump, which was previously
also used in other studies [56,84].

Deposition in the Olfactory Region

The olfactory region corresponds to the upper turbinate with a small fragment of the
middle turbinate and the corresponding part of the nasal septum (Figure 1). The respira-
tory region is presented by the rest of the turbinates and septum, lined with respiratory
epithelium, and innervated by the trigeminal nerve [32].

The olfactory deposition pattern in the 3D-printed nasal cast used in this study was
monitored for all DoE samples differing in formulation and administration parameters, and
the results ranged from 1.9 £ 2.1 to 71.8 & 0.8% (Table 2). Regression modelling produced
a model that showed a good fit (R-squared 0.89, RMSE 8.83, Press R-squared 0.59 and Press
RMSE 13.25), represented in the following equation:

OD (%) = 24.46 — 4.51 x cpyy — 5.74 x IFR* + 18.31 x AAH* + 4.48 x cpyy x IFR — 438 x cpy x AAH — 4.63 x IFR x AAH  (4)
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Figure 1. The olfactory region of the 3D-printed nasal cast: superior turbinate with a small portion of
the middle turbinate (left, in blue) and corresponding segment of the nasal septum (right, in red).

The formulation parameters showed no significant influence on the deposition in
the olfactory region. However, the equation above indicates that both administration
parameters (AAH and IFR) have a significant influence on the olfactory deposition. The
increase in the angle of administration from the horizontal plane (from 45° to 75°) increased
the fraction of the drug deposited in the olfactory region. For liquid systems, high angles
of administration have the potential to pass the nasal valve and aim for the olfactory
region [56]. Indeed, in our study, the highest olfactory deposition was achieved at the
highest angle of administration (at 75°), which is equal to 71.8 & 0.8% of the administered
dose, proving the assumption that the angle of administration is the critical factor for
targeted olfactory deposition of nasal liquid sprays.

The inspiratory flow rate was shown to decrease the olfactory deposition (Equation (4)).
This could be due to the pattern of airflow during low to moderate breathing conditions.
According to Tian et al. [85], during the moderate breathing flow, most air flows through
the turbinate region (middle and inferior meatus), while airflow in the olfactory region
stays very low to unchanged. It can be assumed that breathing and airflow steer the
formulation from its original direction to the turbinate region and, as a result, a smaller
fraction of the drug is deposited in the olfactory region. From the patient’s perspective, a
‘breath hold” condition is preferred during the administration: less coordination between
breathing and actuation leads to lower variability, and thus patient adherence to the therapy
is facilitated [12,32].

For nasally administered neurological drugs, 0.01-1% of the orally applied dose needs
to be delivered by nose-to-brain direct pathways to achieve its therapeutic potential [47].
In this study, the highest olfactory deposition attained by single-dose actuation represents
0.4% or 0.2% of oral daily dose (5 mg/10 mg) prescribed for the treatment of Alzheimer’s
patients [86]. It is evident that the drug concentration set by the experimental design,
coupled with an appropriate mode of administration, resulted in effective drug dosing. In
addition, by nasal administration, the daily dose of donepezil can be reduced, which leads
to reduced systemic bioavailability, with the potential to minimise side effects.

Deposition in the Turbinate Region

The fraction of the deposited dose in the turbinate region for all DoE samples ranged
between 10.5 £ 0.8 and 65.1 £ 3.3% (Table 2). The model retrieved from the regression
modelling showed a good fit (R-squared 0.86, RMSE 9.41, Press R-squared 0.39 and Press
RMSE 13.49) and is presented in the following equation:
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TD (%) = 52.41 + 0.14 X cppy +2.38 X cc +5.24 x IFR — 11.42 x AAH* + 8.81 x cpy X cc *
— 6.77 x cpy x IFR* — 11.33 x IFR2 + 5.18 x IFR x AAH

The administration angle measured from the horizontal plane had a significant impact
on the turbinate deposition. It can be observed that the decrease in AAH led to an increase in
the turbinate deposition. This effect has already been described in the literature [10,11,87],
and it is explained by the fact that low angles, coupled with appropriate formulation
parameters, have a great potential for delivering the formulation to the turbinate region,
surpassing the nasal valve.

The inspiratory flow rate exhibited a quadratic effect on the turbinate deposition.
A flow rate of 15 L min~! showed a positive influence, which can be explained by the
rise in air flow through the turbinate region [85]. The spray is carried by the airflow and
the deposition is the result of convection. However, at 30 L min~! airflow, a decrease
in turbinate deposition was evident. At high airflows, liquid escapes the streamline and
it is deposited by impaction [57]. The observed interaction between the DH concentra-
tion and the inspiratory flow rate indicates the combined impact of the formulation and
administration parameters on spray aerodynamic properties.

The interaction between the formulation parameters (donepezil and chitosan concen-
trations) showed a positive effect on the turbinate deposition, which can be related the
observed positive effect on solution viscosity and DSD. These characteristics, coupled with
appropriate administration parameters, provided a greater potential for deposition beyond
the nasal valve [70].

In conclusion, by using QbD methodology, we paved the way for the targeted drug
delivery, resulting in an astoundingly high-dose fraction deposited in the olfactory region.
So far, to the best of our knowledge, no studies have reported a fractional deposition
pattern this high. The precise selection of components and their concentrations, followed
by carefully selected administration parameters, resulted in an optimal DH nose-to-brain
delivery. DH incorporated into a developed in situ gelling C-BGP platform showed great
potential to achieve its therapeutic effect by a simple mode of nasal administration.

3.3. Selection of the Leading DH-C-BGP In Situ Gelling Formulation

The design of the experiments, combining formulation and administration parameters,
was used to identify the optimal DH-C-BGP in situ gelling formulation for nasal DH
delivery. Guided by QbD principles and based on the identified quality target product
profile (QTPP—development of thermosensitive DH-C-BGP platform for safe and efficient
nose-to-brain delivery) during the formulation development, we assessed: the quality target
product profile, critical quality attributes (CQA—spray characteristics: zero-shear viscosity,
DSD, and plume geometry), thermogelling properties (gelation time and temperature), and
nasal deposition profile and critical material attributes (CMA—concentration and type of
compounds) [46].

The applied approach enabled the identification of the leading formulation, consisting
of 0.3 mg mL~! DH, 9.23 mg mL~! C, and 188 mg mL~! BGP (denoted as LF). The LF
exhibited immediate gelling at the temperature of the nasal mucosa, and combined with a
75° administration angle measured from the horizontal plane at breath hold, resulted in the
highest olfactory deposition (71.8 &= 0.8% of the applied dose). The selected formulation
was characterised by a zero-shear viscosity of 206.37 + 1.46 mPa s, a narrow plume
angle (15.5 £ 0.4°), and an appropriate range of droplet sizes; all characteristics that are
preferred for targeted olfactory deposition. The LF was further subjected to thorough
biopharmaceutical characterisation to account for its performance in contact with the
nasal mucosa.
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3.4. In-Depth Characterisation of the Leading DH-C-BGP Formulation (LF)
3.4.1. DH In Vitro Release Profile

In vitro release studies were performed under sink conditions using an automated
Franz diffusion system. The DH release profile from the LF was compared with two control
samples: (i) the DH-C-BGP in situ gelling system differing from the LF in C concentration
(control formulation—CF; chitosan concentrations in the leading and control samples were
9.23 and 6.15 mg mL ™!, respectively) and (ii) the corresponding aqueous DH solution.
SNF was used as a physiologically relevant acceptor medium. In order to stimulate the
conditions at the nasal mucosa, the membranes placed between the donor and acceptor
compartments were soaked in SNF for 15 min prior to the experiment, at 34 °C [88]. In vitro
release profiles of the tested samples are presented in Figure 2.

The drug release behaviour was studied over a 5 h period. It was observed that the
DH release rate decreased in the following order: DH solution > CF > LE. The dissimilarity
of all compared DH release profiles was confirmed using an f, similarity criteria (f, = 36.3
for the LF vs. the CF, f, = 21.4 for the LF vs. the DH solution, and f, = 35.4 for the CF vs.
the DH solution).

120

100

0 Time (h)
| | | | |

0 1 2 3 4 5
Time (h)

Figure 2. In vitro release profiles from the leading DH-C-BGP formulation (LF—circle) and the

corresponding DH-C-BGP control formulation (CF—square) compared with the dissolution of the
DH solution (reverse triangle). Graph insert: in vitro release profile of the LF immediately after
preparation (empty circle), upon 30 days of storage (empty triangle), and upon 90 days of storage
(empty square). Data are expressed as the mean 4= SD, n = 3.

Both the LF and the CF formed a gel at 34 °C. During the formation of the gel, its
structure and viscosity determine the drug diffusion rate through the gel matrix and its
release from the formulation [88,89]. Indeed, both thermosensitive formulations showed
prolonged release (32.5 4= 4.0% and 62.9 =+ 1.0% in 45 min for the LF and the CF, respectively)
in comparison with the DH solution (90.6 £ 3.5% of the drug released in 45 min).

Due to different C concentrations and, consequently, different gelling times and
viscosities, distinct release profiles for the LF and the CF were observed. The lower initial
burst of DH from the LF can be explained by the fact that it exhibited instant gelation at
34 °C (i.e., the drug is entrapped in the gel from the beginning of the experiment), while
the CF turned to gel after 1.0-1.3 min of exposure to 34 °C (Table 2). The overall slower
drug release profile observed for the LF can be ascribed to higher viscosity and diffusion
resistance of the gel prepared at higher chitosan concentrations [6,43,90]. The resultant
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sustained and efficient drug release, when coupled with prolonged residence time at the
deposition site, bears the potential to increase drug absorption and bioavailability at the
action site.

3.4.2. Mucoadhesion

Increasing nasal residence time is a crucial task for an efficient nasal drug delivery.
It can be achieved by the sol-gel transition of the formulation in contact with the nasal
mucosa and is also promoted by the use of mucoadhesive agents. These agents interact with
mucins in the mucus layer, decreasing mucociliary clearance and improving formulation
mucosal affinity [91].

A mucoadhesion study of the LF was carried out using nasal porcine mucosa, on
account of its physiological and histological similarity to human mucosa [92]. The fol-
lowing control samples were employed: (i) control formulation—CF (gelation time at
34 °C of the CF is 1.0-1.3 min (Table 2); and (ii) corresponding aqueous DH solution (DH).
Mucoadhesion of the CF was determined: (i) under the described test conditions applied
for all samples (sol-gel transition of the CF appeared in the last third of the testing time),
and employing longer thermostating (2 min) to ensure gelation before the start of the test
(CFge). Filter paper served as a negative control (NC). The obtained results are presented

in Figure 3.
0.08-1 25—
20
0.06-
l —_—
3
£ 0.04- =
- S 10-
0.02
[] i
0.00- T T *— 0-
LF CFy, CF DH NC LF CFy CF DH NC

Figure 3. Maximum detachment force (F; left) and work of adhesion (W,q; right) of the leading DH-
C-BGP formulation (LF), the control DH-C-BGP formulation (CF), the control DH-C-BGP formulation
after gelation (CFg), the DH aqueous solution (DH), and filter paper as the negative control (NC).
Data are expressed as the mean + SD, n = 3.

The LF showed prominent mucoadhesive properties, with a five-fold higher maximum
detachment force and a 20-fold higher work of adhesion in relation to the drug solution.
The LF presented a 2.4-fold higher maximum detachment force and 2.0-fold higher work
of adhesion in relation to the CF formulation. The obtained results indicate a largely
improved nasal retention potential of the LF in relation to the DH simple solution and
an impact of gelation time and chitosan concentration on its mucoadhesive performance.
To differentiate between these two effects, CFg) was also analysed for its mucoadhesive
properties. Comparing the results for the CF and the CFyj, it was observed that the sol-gel
transition contributed significantly to the detachment force (p = 0.019). At the same time,
the comparison of the leading and control gelled formulations (LF and CFg)) suggested a
significant influence of chitosan concentration on the work of adhesion (p < 0.001).

The chitosan’s mechanism of mucoadhesion is a result of alectrostatic interaction
between positively charged amino groups of chitosan and negatively charged mucins of the
nasal mucosa [93]. It is important to note that the pH of the leading formulation is about
neutral (pH = 7.02). At this pH, amino groups of chitosan are not fully protonated and the
percentage of chitosan ionisation at the pH of the formulation can be calculated according to
the Henderson-Hasselbalch equation [94]. Considering the pKa of chitosan (pKa = 6.5 [95]),
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the percentage of ionisation of chitosan in the DH-C-BGP is 23.1%. Nonetheless, a moderate
electrostatic interaction might contribute to a better mucosal tolerability of chitosan [42,96].

Chitosan also interacts with mucin through other attractive forces—hydrogen bonding
and hydrophobic interaction [97]. Higher values of detachment force and work of adhesion
for formulations with higher chitosan concentrations can be explained by all the above-
mentioned mechanisms of chitosan mucoadhesivness.

3.4.3. In Vitro Biocompatibility

Excipients used in the formulation of DH thermosensitive gelling systems are known
to be safe—applied individually or in combination [27,29,43]. As stated earlier, chitosan is
a non-toxic and biocompatible polymer [98] and BGP is a substance naturally present in
the human body that is also approved by the Food and Drug Administration (FDA) as a
parenteral phosphate supplement [51].

The human airway epithelial Calu-3 cell line was used to evaluate the biocompatibility
of the LE. The LF was diluted with HBSS/HEPES (pH = 7.0) in a 1:1 volume ratio, resulting
in DH, C, and BGP concentrations of 0.15 mg mL~1, 4.62 mg mL~1, and 94.00 mg mL~1,
respectively. The DH solution (0.05 and 0.25 mg mL~!) and BGP solution (94.00 mg mL™1)
served as controls. Pure HBSS/HEPES (pH = 7.0) served as a negative control. The cells’
incubation temperature (37 °C) induced the gel formation of the leading formulation. No
cytotoxic effect was observed in any of the tested formulations. The viability of the Calu-3
cells was above 80% in relation to the control (86.0 + 1.4% for the LF; 86.4 + 2.5% and
99.1 + 9.9% for 0.05 mg mL~1 and 0.25 mg mL~! for the DH solutions, respectively; and
95.7 £ 9.7% for the BGP solution). At the pH of the leading formulation, chitosan is not
fully protonated, as discussed in Section 3.4.2. Positive amino groups of chitosan interact
with negatively charged cell membranes and this interaction can lead to a reduction
in cell viability. However, a lower extent of chitosan protonation at a higher pH, or
shielding the positive charges on the chitosan molecule, can result in a decreased chitosan
cytotoxicity [96,99]. The obtained results showed appropriate biocompatibility of the LF at
the Calu-3 cell model. The selected compound concentrations are recognised to be optimal
for further permeability studies.

3.4.4. In Vitro DH Permeability

Permeability studies were performed using Calu-3 cells grown at an air-liquid in-
terface. Calu-3 cells form monolayers that adequately simulate the nasal epithelial bar-
rier considering its ultrastructure, mucus production, and barrier properties [100], while
providing benefits of immortalised cell lines including high reproducibility and genetic
homogeneity [101]. Recently, the Calu-3 cell model was successfully used by our group to
screen chitosan-based powder formulations intended for DH nose-to-brain delivery [12].

In this work, the permeability study was designed to screen the permeation enhanc-
ing potential of the LF compared with the DH solution and to differentiate between the
effect of chitosan and hyperosmotic conditions on monolayer integrity and the DH per-
meation profile. Thus, the following samples were tested on Calu-3 cell monolayers:
(i) the LF mixed with HBSS/HEPES (pH = 7.0) in a ratio of 1:1, v/v (final DH concentration
0.15 mg mL~!; osmolality 750 & 3 mOsm/kg), and (ii) the DH solution in hyperosmolar
HBSS/HEPES (pH = 7.0) (DH concentration 0.15 mg mL~1; osmolality 745 £+ 9 mOsm/kg)
and DH solution in HBSS/HEPES (pH = 7.0) (DH concentration 0.25 mg mL~!; osmolal-
ity 340 £ 1 mOsm/kg). The permeability study was performed under sink conditions,
and assuming predominant passive paracellular transport of the hydrophilic drug, no
influence of DH concentration in the donor/receiver compartment on DH permeation
could be expected [102,103]. Transepithelial electric resistance (TEER) was monitored over
the experiment and up to 24 h upon the start of the experiment, as an indicator of the
monolayer integrity.

The results of permeability studies of DH from the tested samples across the Calu-
3 cell monolayer are given in Table 4. The P,p, value of the DH from the solution in
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HBSS/HEPES (pH 7.0) (DH concentration 0.25 mg mL™1; Papp = 3.38 x 107> cm s71)
evaluated in this study is in line with the previously obtained P,pp value for the DH
solution in HBSS-Ca?* /HEPES (pH = 6.0) (DH concentration 0.008 mg mL~!; osmolality
321 & 1 mOsm/kg; Papp =3.59 x 107° cm s~ !) using the same cell model [12].

Table 4. Osmolality and DH apparent permeability coefficients (Papp) across the Calu-3 monolayer
of the LF, the DH solution in hyperosmolar HBSS/HEPES (pH = 7.0), and the DH solution in
HBSS/HEPES (pH = 7.0).

Sample Osmolality (mOsm kg~1) Papp (10-5 cm s~ 1) Attenuation Factor

Leading DH-C-BGP

750 £3 4.96 £+ 0.84 1.47

formulation (LF)

DH solution in hyperosmolar
HBSS/HEPES (pH =7.0) 745 £9 3.31 £2.60 0.98

DH solution in HBSS/HEPES

(pH =7.0)

340 + 1 3.38 £3.23 -

HBSS/HEPES (pH =7.0) 312 £2 - -

The attenuation factor was calculated as the ratio between the Pypp, value of the LF or DH solution in hyperosmolar
HBSS/HEPES (pH = 7.0) and the Papp value of the DH solution in HBSS/HEPES (pH = 7.0). Values are the
mean £+ SD, n=3.

The P,pp value of the DH from the LF was 1.47-fold higher than that of the DH solution,
confirming the formulation’s permeation-enhancing effect. Considering the prolonged
DH release observed in in vitro release studies, it may be concluded that the permeation-
enhancing effect was even higher than described with the calculated attenuation factor.
Namely, in the case of the LF, only the released fraction of the drug was available for
permeation at each time point, while in the case of drug solution, the total dose of dissolved
drug is instantly available for permeating the cell monolayer [12,104]. The permeation-
enhancing effect of the LF can be explained by the observed decrease in the TEER value
of the cell monolayer (Figure 4), indicating the loosening of the barrier properties and
favouring paracellular transport of a hydrophilic drug.
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Figure 4. Trans-epithelial electric resistance (TEER) values of the Calu-3 cell monolayer during the
study of DH permeability from the LF (circle), the DH solution in hyperosmolar HBSS/HEPES
(pH =7.0) (triangle), the DH solution in HBSS/HEPES (pH = 7.0) (square), and HBSS/HEPES
(pH =7.0) (reverse triangle). Data are expressed as the mean 4 SD, n = 3.
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The reversible nature of the LF effect on the barrier integrity was confirmed by the
TEER increase to 80 = 7% of the initial value 22 h after the formulation was washed off the
cell monolayer. The observed TEER decrease was ascribed to the reversible opening of the
tight junctions resulting from a combined effect of the chitosan and the hyperosmolality of
the formulation. Such a conclusion was supported by a more pronounced TEER decrease
observed for the leading hyperosmolar chitosan-based formulation than for the chitosan-
free hyperosmolar DH solution (Figure 4). Interestingly, the hyperosmolar DH solution
showed no permeation-enhancing effect compared with the isoosmolar DH solution (atten-
uation factor = 0.98), stressing the role of chitosan in promoting DH permeation across the
cell monolayer barrier.

3.4.5. Slug Mucosal Irritation Assay

Due to the intense contact of the applied nasal formulation and the sensitive nasal
mucosa, certain nasal discomfort, described as stinging, itching, and burning (SIB) sensa-
tions, may occur. These adverse effects affect patient compliance, and consequently the
outcome of the treatment [105]. For this reason, it is very important to assess the formu-
lation’s potential for irritation in the early stage of formulation development. Adriaens
and Remon [106] developed a simple and inexpensive method to predict the formulation’s
potential irritancy on the mucosal surfaces. The slug mucosal irritation (SMI) assay uses
slugs of species Arion lusitanicus as a test organism to assess the irritation potency. Slugs
are placed on a tested substance. If the formulation causes irritation, the slug produces
mucus as a protective mechanism [107]. Based on the total amount of the produced mucus,
and in relation to the positive and negative controls, it is possible to assess the irritation
potential of the formulation and predict the discomfort the formulation may cause to the
patient [37].

We performed the SMI assay as described earlier [37]. The mucus production after
exposing the slug to the LF was compared with the results of the SMI assay performed
on the positive control (maximum irritation) and the negative control (no irritation). The
results of the performed SMI assay are presented in Table 5.

Table 5. Total mucus production from the three contact periods in the SMI assay expressed as a
percentage of the initial body weight of the slugs. The results are expressed as the mean £ SD, n = 3.

Sample Total Mucus Production (%)
Leading DH-C-BGP formulation (LF) 6.64 +1.04
PBS—negative control 0.48 + 1.50
BAC 1% (w/v)—positive control 17.64 + 4.33

The mucus production for the LF was 2.7 times lower compared with the BAC 1%
(w/v), which is used as a marker for severe discomfort [108]. The observed LF-induced
mucus production was comparable to a previously reported result obtained for mannitol
(sieved fraction 32-90 um; 6.30 = 0.61%), employing the same SMI assay. The observed
mucus production was ascribed to a size-related dissolution rate and osmotic effect [37].

The tolerability and formulation potential to cause irritation can be ascribed to for-
mulation pH, constituents, and osmolality [105]. Considering the relatively high mucus
production previously observed for carboxymethyl chitosan powder [37], it may be as-
sumed that the neutral pH of the LF contributed to its tolerability, as a neutral pH renders
the chitosan charge density to a moderately low value.

The hypertonic nature of thermosensitive chitosan/polyol-phosphate in situ gelling
systems has already been reported [43,51,109]. Lenoir et al. tested a hypertonic NaCl
solution (2.6%, w/v), characterised by similar osmolality to the LF, employing a human
nose irritation test [105]. After 5 min of the nasal exposure, 54% of the participants did not
feel discomfort, while 41.5% experienced mild discomfort. Ten minutes after the exposure,
79% of the participants did not feel discomfort anymore.
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It can be concluded that the LF in the SMI assay showed an acceptable irritability
profile, demonstrating its potential for safe nasal delivery.

3.4.6. Stability Profile

The physicochemical stability of the LF was monitored over a period of 3 months.
The formulation was stored in an impermeable container at 5 + 3 °C and inspected for
drug concentration, rheological and gelling properties (zero-shear viscosity, and gelation
temperature and time), spray characteristics, and drug release profile. Stability studies
revealed no significant change in any of the tested characteristics, confirming the suitability
of the formulation stability profile (Table 6). The f; criteria for similarity estimation revealed
no significant difference between release profiles of the LF determined after 0, 30, and
90 days of storage at described conditions (Table 6; Figure 2, insert).

Table 6. Three-month stability data for the leading DH-C-BGP in situ gelling formulation.

Inspected Property Immediately after Preparation After 30 Days After 90 Days
DC (mg mL~71) 0.30 + 0.00 0.30 + 0.00 0.30 £+ 0.01
7o (mPas) 206.37 + 1.46 192.28 £ 11.57 211.02 + 6.53
TgeL (°) 33.7 £ 0.1 339 +0.3 349 +0.1
tger (min) 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0
Dy 10 (um) 69.8 + 3.7 74.6 + 6.0 702+ 1.4
D450 (um) 161.1 £5.2 1672 +45 166.5 + 2.6
Dy90 (um) 309.7 +10.9 313.1 3.9 3174 +77
Span 1.5+ 0.0 14 +0.1 1.5+0.0
SCA (°) 155+ 04 15.6 + 0.2 15.8 £ 0.1
f2 - 72.7 70.2

DC = drug concentration; #¢ = zero-shear viscosity; Tggr = gelation temperature; g, = gelation time; Dy 10; D50
and D, 90 = droplet size distribution; SCA = spray cone angle; and f, = similarity factor of in vitro release profiles
after 30 and 90 days compared with the release profile immediately after preparation.

3.5. Discussing the Potential of the Developed DH Liquid Formulation in Comparison with the DH
Powder Formulation

In this study, a thermoresponsive chitosan-based in situ gelling system was proven to
be a promising platform for an efficient nasal DH delivery. Recently, our research group
developed a comparable nasal spray-dried DH formulation, embedding the well-known
advantages of a dry nasal form [12]. The applied complementary approach, including the
development of both powder and liquid DH delivery platforms, is beneficial considering
the patient perspective, as patients still prefer liquid formulations over nasal powders [110,
111]. This aspect is particularly important in the targeted patient population since the
adherence of AD patients is linked to the tolerability of drug therapy [112].

The comparison between powder and liquid formulations, based on their advan-
tages and disadvantages, is presented in the literature [2,5]. However, to the best of our
knowledge, there are no reports in which the comparability between powder and liquid
platforms of the same active substance has been discussed, particularly in terms of nasal
deposition profiles.

Both technological platforms, apart from being of simple production and acceptable
stability profile, allowed for the optimisation of physicochemical, biopharmaceutical, and
nasal deposition properties, which are crucial for an efficient DH nose-to-brain delivery.
Indeed, a high olfactory deposition was obtained with both liquid (71.8% of the applied
dose) and powder (65.5% of the applied dose) formulations [12], despite distinct aero-
dynamic properties of dispersed droplets and dried particles. The direct comparison of
deposition profiles is feasible since the same 3D-printed model of the nasal cavity was
used for the evaluation of both types of formulations. The high olfactory deposition was
achieved by a fine-tuning of administration parameters in relation to formulation-specific
properties. Generally, different administration angles from the horizontal plane were found
to favour an olfactory deposition of aerosolised droplets and dry particles, while inspira-
tory airflow reduced the olfactory deposition of both formulations. Complex regression
models for olfactory deposition efficiency, coupling formulation properties, and mode
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of administration stress the need for deposition considerations in the early phase of the
formulation development.

Finally, the comparison of distinct liquid and powder DH formulations using an
animal model is needed to rate their in vivo performance in terms of potentiating DH
brain bioavailability.

4. Conclusions

A thermogelling chitosan-based donepezil formulation was prepared by a fast, single-
step method applicable in industrial settings. The manufacturing process enabled the
fine-tuning of the formulation parameters that resulted in a final product of desirable
characteristics. Droplet size, rheology, and sprayability were optimised features of the
nasal product that, coupled with appropriate administration parameters, resulted in an
efficient olfactory deposition (71.8% of the applied dose), which is crucial for the therapeutic
outcome of nasally applied donepezil. The optimised formulation proved to be stable at
the observed period of time and showed biopharmaceutical properties, suggesting the
potential for safe nasal administration, prolonged retention at the nasal mucosa, sustained
DH release, and increased permeability across the epithelial barrier. The obtained results
indicate the formulation potential to promote DH brain bioavailability and support the
continuation of studies aimed at gaining in vivo proof-of-concept and comparison of
distinct liquid and powder DH formulations.
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Abstract: Sino-nasal disease is appropriately treated with topical treatment, where the nasal mucosa
acts as a barrier to systemic absorption. Non-invasive nasal delivery of drugs has produced some
small molecule products with good bioavailability. With the recent COVID pandemic and the need for
nasal mucosal immunity becoming more appreciated, more interest has become focused on the nasal
cavity for vaccine delivery. In parallel, it has been recognized that drug delivery to different parts
of the nose can have different results and for “nose-to-brain” delivery, deposition on the olfactory
epithelium of the upper nasal space is desirable. Here the non-motile cilia and reduced mucociliary
clearance lead to longer residence time that permits enhanced absorption, either into the systemic
circulation or directly into the CNS. Many of the developments in nasal delivery have been to add
bioadhesives and absorption/permeation enhancers, creating more complicated formulations and
development pathways, but other projects have shown that the delivery device itself may allow more
differential targeting of the upper nasal space without these additions and that could allow faster
and more efficient programs to bring a wider range of drugs—and vaccines—to market.

Keywords: nasal delivery; intranasal delivery; upper nasal space; olfactory epithelium; blood-brain
barrier (BBB); central nervous system (CNS); ViaNase®; OptiNose® ; Precision Olfactory Delivery
(POD®); nose-to-brain (N2B)

1. Introduction

Deliberate nasal administration of drugs for medicinal purposes has a long history,
was well documented in traditional Chinese medical practice [1], and is more extensively
discussed in many Persian texts dating from the 9™ to 18 centuries [2]. In recent history,
it has been used primarily for treating local sino-nasal disease where systemic absorption
was neither needed nor desired [3].

As more large molecule drugs were developed, especially the biological drugs in
the last 10 years [4] and acute situations requiring self-administration and diseases with
associated or comorbid gastrointestinal dysmotility were tackled, so non-invasive, non-oral
delivery of drugs have become a more pressing need.

Nasal delivery started to gather more attention, however, as animal experiments
demonstrated direct delivery of drugs to the brain [5-9], so-called “Nose-to-Brain” (or
N2B) delivery, and it was speculated for humans [10], thus avoiding the difficulty that
systemically administered drugs encounter of crossing the protective Blood Brain Barrier
(BBB). This barrier effectively blocks high molecular weight (MW) substances, such as
proteins and peptides [11] and even 98% of small molecular weight drugs [12] from access
to the brain from the systemic circulation. There is emerging promising data bypassing
the BBB with insulin, leptin, oxytocin and orexin A, but also hydrophilic molecules and
charged molecules [13]. Indeed, even cells may be able to cross from the upper nasal space
directly to the brain, as has already been shown in animals [11,14].

The data and opportunity were nicely summarized in a 2022 review [15], which re-
iterated many of the points made in a 2014 review [16], highlighting the slow progress,
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at least in clinical application, in the intervening 8 years. Indeed, one statement from the
2014 review, “evidence of direct N2B transport in man may still be considered lacking,” re-
mains true, although differential delivery to the olfactory epithelium remains an important
step in that direction which has now been achieved. The 2022 review nicely summarized
the BBB and suggested how direct N2B delivery may be possible along branches of the
trigeminal nerve, but most research indicates the olfactory nerve is the more promising
access point. Both nerves may involve extracellular convective flow [17], transcellular [16],
perivascular/paracellular [16,18], or perineuronal [16] routes. This 2022 review focused
on the N2B delivery of insulin (and some other products) rather than the benefits of de-
livering to the olfactory epithelium of the UNS per se. Nanoparticles have been detected
in the olfactory bulb 5 min after dosing [19], making N2B delivery potentially suitable
even for acute indications. This interest in N2B has grown as more large MW drugs are
developed for CNS indications, although low MW drugs can also benefit from rapid entry
into the CNS. Parkinson’s disease (off episodes), epilepsy [20], migraine and acute agita-
tion are all indications where drug penetration into the brain may be time-sensitive, and
Alzheimer’s disease, multiple sclerosis and stroke have large MW candidates in develop-
ment. For glioblastoma (direct access of cytotoxic drugs to the tumor may avoid undesired
systemic toxicity. A comprehensively researched 2020 review [21] dealt with some of
the device options being considered, specifically for N2B delivery, and those devices are
summarized herein.

While interest in nasal delivery has gathered pace for high MW compounds, the
COVID pandemic has shown that nasal mucosal immunity may not be sufficient with
systemic vaccine administration to avoid mild disease or asymptomatic carriage and
transmission. In addition to viral disease, the concept of being able to induce immunity to
certain cancers with vaccination is also stimulating research [22]. There are now multiple
nasal vaccine programs in development with the additional advantage that these vaccines
may be more suitable for widespread use, where healthcare is less accessible or cold storage
less available, and they may induce immunity at other distant mucosal surfaces [23]—e.g.,
the gastrointestinal and urogenital tracts.

Different approaches have been taken to target systemic disease by nasal drug de-
livery, with much interest and development focused on the addition of bioadhesives and
absorption/permeation enhancers to formulations (especially liquid) delivered as a cloud
to the lower nasal space. There are several excellent reviews of the range of excipients that
have been investigated for these purposes [24,25], while others have focused on the drug-
delivery systems more broadly [26-28]. An alternative approach has been to identify areas
within the nose where absorption may be enhanced and deliver drugs to that area. This
complimentary area of research has received much less attention, but with N2B delivery
requiring non-invasive delivery to the olfactory epithelium of the upper nasal space, that
interest is now growing and is the focus of this review.

2. Local Delivery

Local delivery within the nose has tended to deliver a cloud of liquid droplets (or pow-
der particles) to the inside of the nostril. Much of the plume from most traditional options
is actually deposited on the impermeable squamous epithelium of the nasal vestibule, with
varying amounts penetrating to the mucus-covered respiratory epithelium of the lower
nasal space.

2.1. Local Nasal and Sinus Disease

Many local sino-nasal diseases, specifically allergic rhinitis and rhinosinusitis with
or without nasal polyps, have responded to the development of numerous topical cor-
ticosteroid sprays, starting with triamcinolone in 1957 but followed by beclomethasone,
budesonide, flunisolide, fluticasone, mometasone and ciclesonide. All were delivered with
either a pressurized metered-dose inhaler (pMDI) that was originally chlorofluorocarbon
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(CFC)-propelled but later changed to hydrofluoroalkane (HFA) or an aqueous product
delivered by a “traditional” pump-spray.

Although many cases of chronic rhinosinusitis, especially with the additional pathol-
ogy of nasal polyposis, are perennial, many patients have seasonal allergy problems making
year-round administration of potent corticosteroids unnecessary. The target of the respi-
ratory epithelium on the turbinates (conchae) of the LNS has been effectively reached by
the traditional nasal spray delivering a diffuse cloud of droplets. In addition, systemic
absorption is not desired, allowing for simpler formulations and delivery systems. Most
recently, fluticasone has been approved for delivery by the OptiNose bidirectional Exha-
lation Delivery System (EDS) specifically for the treatment of chronic rhinosinusitis with
nasal polyps (CRSwWNP) [29] and is able to deliver more of the potent steroid “higher
and deeper” into the nasal cavity (compared to traditional sprays) where many polyps
originate [30]. The OptiNose device generally distributes better throughout the nasal cavity
(than traditional nasal sprays) with its bidirectional design and is propelled by the patient’s
own exhalation, which also elevates the vellum (soft palate), thus closing off the nose from
the rest of the respiratory tract (Table 1). The nose piece directs the exhaled breath to push
the drug product into one nostril, allowing it to reach the back of the nose, pass behind the
septum and exit from the other nostril, hence creating the “bi-directional flow path” [16].

91



Pharmaceutics 2023, 15, 1720

‘Keads dund

(3onpoxd

. . UOTJeUIqUIOD
sopnaed /syordoip jo ,pnop,, asnyiq |, [eUORIpeI), B SeE] ‘Soureidiu fexdg ootasp i)
[og’ge]  -uontsodap GNI'T pue SN[ USIMID] UOHIULSIP ON JO JUaW} A} AJNDE 10J [AHd] JEweSiy 1 QUON O I
‘Gurwnad pue Ajquussse saxmbay g pmbr Sw oz jo A1oarEp ® ; RS (epewrer ‘[eae)
10§ (s1eak (z<) pasoxddy ESEL humsmmm
'S9ATJEUIS)[E DLIDUSS J191)) pue SR
spueiq A319[[e-nue 10jeurdLio foada 1o 184S
[#¢]  -uonisodap GNT pue SN U9MIdq UOTOUTSIP ON 105 dwnd aouaroyoy “woeishs [ourporuaIeA] ardnmy SUON wwﬁ wm ® Mﬂmwm%
[edTURYRA "SI (F< I0F IRININIS (904~ m_ww * . M )
Aexds [eseu | feuonipen,, ayL -8
-Gurund /Sunyeys
oN ‘uondiosqe /uorsnyjip
Snap seoueyue amssaxd
“Ky1piqeytir aseardur Aewr pue uorenuLioy xajdwo)) pue Ajiqefreaeorq saaoxdur ozoonbs 1o8ury  Aeadg [eseN 1opmog
[ee] ‘uonrsodop GN'T PUe SN US9MIDq UOHOUNSIP ON  “Uonensiurpe asop 1ogief 105 [uodeon|3] gruisbeg 1 -Gurrds oN (san) @soprun
smofre ‘syuawarmbar juardoxe SUON
SIZIWITUTW ‘S[NIS[OUX
A111qn{os Mo 10§ [eap]
Bunidg Aexdg reseN
QUIWIR}IYNSD T X -
[eel [ @Es,,wam_ moor e auoN  pmbr] (sag) 2sopig
*(SUOT}EDTPUT IOY}0 sarueduwod Snip yym
pue) sureidru 10j—sjonpoxd sweiSoxd swer3oxd ardnm
VINA/Vad pasoxdde adnmpy pazoured adpmu (Auo a0189(7)
“Bupyeys oN -Sururid oN + SIOYIO [IAAIS +] -omssoxd
‘sapnred/syardorp jo ,pnop,, asngiq *3210§ UOT}ENIOR MO [AHA] o erwAsor, az0onbs 1o9urg feads pesen; pmbr (vsn “II
[1€] ‘uonrsodap GN'T Pue SN[ U99M]9q UOTIOUTISIP ON ‘uonjerado papuey-auQ [wedszerp] goo0IeA i porordnjo g Bupds oZ (san) mmo.v ED ‘o3 reyshi)) reydy
[rueda8anez] BN
gio1dzaez
[ueydinruroz]
3oz
31183,
\munaw.h”_w%v\w suo) sorg [swreiB01g $3s0(] "ON jueradorg 1A I2INn)oeyNUEA
RpYO/8SnIq] :

(VA 943 JO ased a3 ur) 1o3awrerp ut win 001—-0¢ sapnred jo swnid peoiq 1o jstu ed0] e Juryeard sdiy snorrea
3y} JO N0 Padiog st audea pimbiy ayy “ur a3urifs ayy jo 108unid s saysnd 1auorioRI ] 9ILDYI[LIL] B SE Jey} OS Payde}je S9[ZZOU JUIIJJIP
M sa3UtIAs A[Tedrseq are Sad1Adp Inoj wopoq Y[, ‘(paaordde 10 juswdorasap ur) sweysAg AI2AT[(] TeseN FuaIafji(] Jo sajdurexy I a[qel,

92



Pharmaceutics 2023, 15, 1720

‘(ourex8ru enozu |w:m$w
. a £ 105) 19pmod ueydiewns werdimewns @ O mDM_
[%%] 950U UMO Ojur SUIMO[ YIIM AJLIeT[IUeun JUsne, J0 Kx2ATp o3 10§ poaciddy [ueydiry ] 1 wayshg
‘SNIN $3Y0EaT SnIp 3y3 JO SION alPSX o120 Araarpaq uonereyXg sppnpord
[euonaIIp-1g uoneuIquUIod
(pasamod mugmﬁ..wsuﬂ
AIBATP *(s8uny 10) xukreyd yeaiq) ;
: oy Sunejus woiy Snip ayy suo
TN T0 dTUIAISAS JOU—DdSLISIP [ESLU U0 SN0, Sugusaaid ssn Supmp s3s0p N [euondaIrp-1g (vsn ‘vd
[eF] . “as0p avered yos sy Ayaeo [eseu [puoseonny] sAexds g1 (g¥s1AmdO) “Aarprex) esoNndo
193 210J0q Sunyeys pue ‘papasu st Surwrrd renruy : due Y oueYY
9y} punoie uorsiadsIp 1opeorg ® @
“9S0U UMO 0Jur SUIMO[q YIIM AJLIRI[IURIUN JUSHE ] . : :
INMSYD 105 pasorddy
‘paromod Arapeg -drur-ur (Auo a0189(7)
, [en uaa3anoy ‘swreidoxd usalxIg o (pmbry) . 35ENEL
ks gty urmsur-(Jy HIN 281e[ ur souewtoyrad ajqerprun ‘Jonpoid yoes 10§ paydepe [urmsur] v/N I SUON PHBH) py 2SENEIA (VSN “YM
201A9(T "gZN 10J SN[ UO SNo0 “POOMUUAT) dAINY]
(suosear ssaursnq (A1quuasse 10 Surwrid ou) usSont L5DMO
(o] 10§) €207 1O Paiey 3uawrdo@Adp pue yoIeasay 901A9p poapeoraid ‘esn-ai8urg  [surdezue[o] GOTINI 1 N (19pmod) AOd
uSisap asop (dn ajqeadueyd)
ardnnu 10 (Ajquuasse LOMBUIAUOS
s yuawdopasp ut,, sureway'AIATRP gZN ou) a13urs pue (sansded edo _o?% m%o ¥ sdr) ajqeaduerpxa . (19pmog)
le€] U0 BJEP OU dI 1Y) ‘SN[ 03 SULIATPP YSnoyy ur sponpoid epmod Snip P EUM\ Ptq ardnmn velVAH PMOd) AOd
SISI YDIYM) UDIEISII ‘dDIAP 18] ZOLINI (sponpod
[edopoaar] €0TdNI
9} JO SUOHRIAI [BIDADG UOTJRUTqUIOD
suresSmu Q01A9P-8Ni(])
JO JUDW} LI} AJNOE 10§ (pmbry)
Bunud  wogemuwioy gHQ pmby Sw [urmsu] Z0TINI bt o (vsn
(8¢l pue A[quuasse sarmbai—adiAsp uoneIaudL) ISIT] GF'T JO A1A1[PPp 10§ parorddy I CrELVAH X (od0d) A12At20 VM ‘@peas) pduw
‘Jonpoid yoes 10§ pajdepe [HA] geseypniL TOPEJO HOIsRI
201A3(T'gZN 10§ SN[] UO SNdO.|
“pazisap
ION st uondiosqe oruajsAg (snoogy
‘uondiosqe pue asn wie}-Suoy ym “SQIuryI J18I9[[e 10§ GNI'T D10 pue sduLua3) (pmbry) GIn
[£€] $950p (09 auoN ,
UQ9S a1k §109)J9 PIOISISOOI}I0D dIwd)sAs [edrd Ay, ayy 0 spo[dorp auoseonnyy JSIwIsuag 28prighap ) uosery
pmbry jo pnop e 1aATEP 03 [ouoseonnyy]
paulisa( “1onpoid D10 MON @PSeuor]
ISqIM
J0URIa)Y suo) sox g [swre801g saso( "ON juepadorg ERVETq I2IN)PRFNURIA
YO/8naq] :

Ju0D *L dqeL

93



Pharmaceutics 2023, 15, 1720

"KIDAT[OP SN[ J0] pajadie],
‘suorjemuIoy opmod pue pmbry “uondSfUT IEMNOLIUS A0IGITIDLIIUT

(parawred
0M] PUE ‘UMO I}

(syonpoxd
UORRUIqUIOD

pojeme e [edaLJRIIUL) S oAISeAUT OM) 0) paredumos 30 POTB PIR-UToAY 2OP 1re passarduo asoud oo149p-3nuq)

[1¢] ejep [edIuI) £ p % WHERUL) SYOY 2AL EOM3 03 P ‘swrerdord uanas) ardnmn pue a18urg ep 2 'S
[0g] stsATeuy 30oeduy a1e)) ParsjUa)-JUSTIR] UT [[9M PIULIONID ] p—
[urmsur] v /N ‘ureawyox) asoNdig

ATuo 20149
‘A31S00SIA asn. 03 Aseq ¢ )
[67] Ul SUOHELIEA 0} S0P PANUHUODSIP Sem Weiol] drduns “ununid sambay [umsur] /N a1dnmNy/218uws SUON +042dS (9ouex] “axaridIap
©]) BIOWDN
(Axoagop (ATuo 20189(7)
uonjernurioy pmbry vsn
. , : -asn 03 Aseq 103 sdwnd /sap0q . o
[87] AI2AT[PP SNI'T ‘Pa198103-UON -opduirg “Surunad sormboy spaoxd) erdnmn/o18ug suoN  dumg PN a1RISIA sw mwﬂmw%%
VA “puounr
[urmsu] v /N T 3%&%
uonouny

aanudod aaneradoysod £ d (aorddns (4quo 2a1ra0q))

ue wnirpp aaneradoisod oewireyd uetpeue)) 1asuadsi(q
(%] K12A1[9p GN'T “pa1adie;-uoN P i : ordnmy BN : (epeue)
: U S)IJoUaq Pamoys [orpsug] v /N : [eseN paIaldn NO W)
swei301 ‘osn 03 Aseq -ojduurg fmsutl v s mwum £ WHEIN
-Burunad sarmbay oISASEULIEd

(sSn1p
oupuad pue D10 (A1uo 21a0q)
(98] JSCINIETY) -asn 03 Asey -oidwrrg  £q asn 105 o[qeidepe) auoN dungomy (huewmssy
SN “pa3edie}-uoN -Buruwrrd sarmbay ,

UTeJA] We WISYUYO0H)
[wmsut] v/N dum joray
(3onpord
AIDAT[OP GNI'T PUR SN[ USIMID] UOHIUTSIP ON 1opmod o UOREUIILIOS
AOMT P SNTP q uonounstp qHA 8w 0'9 SurraarPp moq 2o1A9P-8ni(])

[c¥] K12AT[DP 9A01dWIT 0] USIM]SQ UT SUOTEDTITPOT Bunupd 10 Ajquisese [aHal v/N 1 QuoN onserd pazoeanbs

/ d (e A S
D1AIP Y3Im ‘satpnys ¢ aseyd pajrey omf, ou pue ‘aqeyod ews Trenuew e—101SIS (VS0 9N
‘weyIn() ewnsjeg
ECLEIVY
JERIEREIEN | suo) sorg [swre1801g $3s0(] ‘ON jueadorg 1A I2In)deyNueA
PYO/8naq] :

Ju0D) *L dqeL

94



Pharmaceutics 2023, 15, 1720

‘aoeds

reseu 1addn = gN ) ‘A19AT[0(q A1030€J[O UOISINI] = (O “9IUN0D Y} 19A0 = DT “3[edIH JO seampsu] [euoneN = HIN ‘AT9AI[Pp ureiq-03-asou = ggN ‘(3onpoid
poaaoidde ou) apqesridde jou = y /N ‘eoeds [eseu 1omo] = GN['] ‘Due[eoIONFOIPAY = Y[ ‘1ouonderd aredyyjeay = JOH ‘Uonensiurupy 3ni(] pue poog = vVl
‘KouaBy soumrpaj ueadomy = YN ‘(durerStu 105) sururejoS100IpAyrp = gH( ‘sdAod [eseu Y3rm SHISNUISOUTYI JTUOIYD = JNMGYD) ‘9SeasIp S, IWIYZ[Y = (V

uoneqst *SUIDIBA JO S[eLI) [edIUI]d Ul 93uLIAs prepuess e jo dij ayj 0 payig (ATuo 91zzou)
-urwpe pmbry : : B : : : [seumoea] v/N 1 QuoN xepson] redy
dOH 104
dOH
, Aq uoryenst -103eordde (Sprsou g
leg'od] -urwpe (s8nx 0} [RIA WOIJ A[}ODIIP PaLIdJSURI} 9q Ued aumdeA pinbiy o ssone yids—1r 00g d
I I I I mbry oy, [soumoea] v/N QuoN XeATq 1eydy
EMwEuum\m [ J ARPSIIP PoLIdy q pmbipay, 10 71 00z 10ya19)
pmbry !
dOH (Auo a0189(7)
4q uoexst SUIDOBA JO S[eLI} [edTUI]d Ut 93ULIAS prepue)s e jo dij ayj 03 panT pateap ()o1g ! ’
[eg'pg]  -urwpe (sSnip : FO STELG [t HAS PIepUE:s €50 dn 9 O PoRtd 1 QUON] wiAeadsnooy ( q
10 SOUIDDRA) [soumoea] v /N P E_%.Mm% D_M
pmbr] :
dOH (sumoea (&Tu0 20189(7)
. 4q uoexst SAUIDDBA JO S[eLI) [edIUT[D Ul 93ULIAs prepuess e jo dij ay) 0 payig mH.>.oU5xOv<sU @vw)
[egzg]  -urwpe (s8nip 1BD2URY BIISY) 1 SUON 9DIAJ(] UOTJLSIWO}Y
10 SOUIDDRA) TesodNAl T ouk (vsn
pmbr] [soupoea] v/N v ‘oufem) XepRIRL
31153,
\uuaw.u%w%v\" suo) sorg .SWMMNMM $3s0(] ‘ON jueadorg 1A I2In)deyNueA

Ju0D) *L dqeL

95



Pharmaceutics 2023, 15, 1720

2.2. Nasal Vaccination

The emergence in 2020 of COVID-19 as a global pandemic stretched public health
systems globally but led to accelerated vaccine development programs. SARS-CoV-2, the
novel coronavirus that causes COVID, as with all other airborne viruses, enters the body
through the nose. Entry of the virus via the nose and, specifically, the olfactory mucosa
of the nasal cavity is thought to be responsible for a number of the symptoms of COVID,
including anosmia [58] and central nervous system effects [59]. Many vaccine development
programs are now looking at nasal administration of vaccines to ensure mucosal, as well as
humoral, immunity and appreciating that mass vaccination campaigns, especially in rural
communities will benefit from vaccines that do not require refrigeration and /or adminis-
tration by healthcare personnel using a needle. The rationale for nasal delivery of vaccines
and the range of options now being considered is covered in Supplementary Material.

Nasal delivery of vaccines is not new, with three influenza (live attenuated) vaccines
having received market approval in the US (Table 2) and a similar number in Europe,
while another, Nasalflu (using an inactivated virosome), had to be withdrawn from the
Swiss market [60]. However, the US Center for Disease Control reviewed data in 2016 and
recommended the nasal Flumist vaccine (popular with children) not be used the following
season due to poor results in the previous flu season, despite good results in previous
years [61]. This highlights one of the issues with any vaccine for a seasonal disease, such
as flu. Each year a new strain (or strains) emerge, usually in the Far East. Scientists
must predict which will be the prevalent strain(s) in Europe/US the following season,
and the vaccine must then be updated to deliver antigen from that strain or those strains.
Sometimes those predictions turn out to be incorrect, and even the IM-administered vaccine
can provide disappointing levels of protection.

Table 2. Currently US-approved nasally administered vaccines (US).

Vaccine Approved = Manufacturer Target Antigen Adjuvant & Excipients
Influenza A MedImmune Cold—adapted., live Mon.osodlun} glutamfite;
. HIN1 attenuated virus: porcine gelatin; arginine;
(2009) 2009 (Gaithersburg, . . :
Influenza A /California/7/2009 sucrose; potassium
Monovalent MD, USA) L.
HIN1v phosphate; gentamicin.
Cold adapted., hV.e Monosodium glutamate;
FluMist® 3 Influenza attenuated virus: porcine gelatin; arginine;
. 2003 MedImmune . A /California/7/2009(HIN1); F !
(Trivalent) strains sucrose; potassium

A/Perth/16/2009(H3N2);

B/ Brisbane,/60/2008 phosphate; gentamicin.

Monosodium glutamate;
porcine gelatin; arginine;

Cold adapted, live

attenuated virus: ¢
2 Influenza A sucrose; potassium

FluMist® . A/Victoria/1/2020(HIN1); ' .
Quadrivalent 2003 MedImmune Stralsrliaiﬁj 2B A/Norway/16606,/2021(H3N2); phosp}’;ar’lcie,1 r?1\ilcailrl1)‘um1n,
B/Phuket/3073/2013; ethylenegdiaminetet,raacetic
B/Austria/13599417 /2021 acid (EDTA).

A comprehensive summary of the nasal vaccines in development was recently pub-
lished [62], citing nine ongoing programs against SARS-CoV-2, six against influenza, four
against Respiratory Syncytial Virus (RSV), three against Shigella sonnei, two against Borde-
tella pertussis (whooping cough), with others against parainfluenza, norovirus, Neisseria,
Ebola, anthrax, tuberculosis and HIV. In total, 36 current nasal vaccine development pro-
grams were registered, the vast majority, 31, were in phase 1 clinical development, three
were in phase 2, one was in phase 4, and one was undisclosed. Details of the nasal delivery
devices were minimal but suggested that 21 were simple nasal drops delivered by pipette
or atomized from the tip of a syringe. A further eight used the term “nasal spray” but
also appeared (according to the sponsoring organization’s website) to use a syringe with
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an atomizer tip (e.g., the Teleflex Mucosal Atomization Device, MAD Nasal™ [52], BD
AccusprayTM [55] or Aptar’s LuerVax™) (Table 1); one program compared the results
obtained between vaccine delivered by “sprayer” and “pipette.” It was not possible to
determine the delivery device in the remaining six programs, only that nasal delivery was
planned for the vaccine. With intranasal delivery of vaccines already approved [63] and the
knowledge that mucosal immunization drives CD8+ and CD4+ T cell responses [64] and
leads to mucosal immunity, a better understanding of where in the nose vaccine payloads
are delivered and then processed, is overdue. Aptar’s LuerVax delivered water droplets
ranging in size from a Dv10 of 20 um to Dv90 of 65 um (meaning 10% of particles were
smaller than 20 pm and 90% were smaller than 65 pm with a Dv50 of 35 um [57] according
to laser diffraction. This size range may be good for targeting the nasal turbinate, but for
optimal delivery to the nasopharynx (where the Nasal Associated Lymphoid Tissue (NALT)
is located, smaller droplets in the range of 7-17 pm are considered optimal [65]. For further
information, see Supplementary Material.

3. Systemic Delivery

Most drugs, especially small molecules, are given orally, and this remains the most
popular and widely used method of administration. When those drugs are peptides
or proteins that will not survive transit through the gut; are largely metabolized on the
first pass through the liver; are needed for situations where gastrointestinal absorption
is delayed, such as in Parkinson’s disease [66] or migraine [67]; or if the drug is needed
acutely, such as for seizure or anaphylaxis, then a non-oral route of administration is
necessary—and preferably one that leads to rapid and reliable systemic drug concentrations.
By avoiding oral administration, nasal delivery (to either the UNS or LNS) or pulmonary
delivery with formulations of good bioavailability can often deliver microgram doses
of a drug that access the systemic circulation, thus avoiding some of the adverse effects
reported with milligram doses when administered orally. Intravenous injection is the gold
standard, especially for acute situations, but when those situations occur in the community
without immediate access to healthcare personnel, other options are required. Much focus
has been on formulation changes that increase absorption (e.g., a powder desmopressin
formulation improved on the liquid nasal formulation [68]) rather than where in the
nose the drug is deposited. As such, many excipients and formulations have been tried;
some with success, such as a dry-powder, chitosan-coated, liposome formulation loaded
with ghrelin delivered with the Aptar UDS, which showed >50% deposition in the UNS
using a 3D printed nasal cast model that was also better than the liquid formulation [69].
Further work has been conducted with thyrotrophin-releasing hormone [70], selective
opioid agonist [19] and a chitosan-enhanced formulation of a modified peptide calcitonin
gene-related (CGRP) antagonist [71]. Some of these programs look to explore N2B rather
than systemic absorption and subsequent distribution to the brain.

3.1. Lower Nasal Space (LNS) Delivery

The delivery of drugs to the LNS can provide good bioavailability (BAV), i.e., access
to the systemic circulation, with products such as Valtoco® (diazepam) through the Aptar
Unit Dose System (UDS) reported at 97% [72], although this good bioavailability was
obtained with the help of dodecyl maltoside (DDM) as an absorption/permeation enhancer
and Vitamin E to increase solubility. Another product with good nasal bioavailability is
Nayzilam® (midazolam), also delivered by Aptar’s UDS. Section 12.3 of the Prescribing
Information states the absolute bioavailability to be approximately 44%. However, other
intranasal midazolam formulations have been independently investigated [73], delivered
by a different unit dose device obtained from Ing. Erich Pfeiffer GmbH, demonstrating
better bioavailability ranging from 76 to 92%. These different formulations contained
different concentrations of randomly methylated-p5-cyclodextrin (0, 2, 4, or 12%); different
concentrations of saline and with or without 0.5% chitosan added as an absorption enhancer.
In contrast, a very recent approval of Zavzpret'™ (vazegepant), also given by the Aptar UDS
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device [74], only reported ~5% bioavailability. The liquid formulation has the additional
inactive ingredients: dextrose, hydrochloric acid, sodium hydroxide, succinic acid and
water. In these examples, the same basic Aptar UDS delivery was used, presumably
delivering to the same part of the nose (the LNS) with a diffuse nasal spray, showing that
the addition of absorption enhancers was required to increase bioavailability. That, in turn,
increases the complexity of the development program but does illustrate the extremes of
the level of bioavailability that can be achieved through LNS delivery.

3.2. Upper Nasal Space (UNS) Delivery

There is now a greater appreciation that drugs delivered to the upper nasal space
(UNS) may experience faster and more extensive absorption than when delivered to the
LNS. Data were initially generated with the OptiNose® bi-directional system and then,
more recently, by several clinical programs using the Precision Olfactory Delivery (or
POD®) system (Table 1), which specifically targets the upper nasal space (UNS). These
programs have served as important steps as they highlighted the complex nasal architecture
(Figure 1a) and showed one of the potential benefits of delivering drugs to the olfactory
epithelium lining in the UNS. As can be appreciated, a cloud or broad plume of droplets
delivered into the nose by a mechanical pump will coat the surfaces of the septum, inferior
turbinate and lateral wall, with some penetrating to the middle turbinate but little to the
superior turbinate and even less to the upper nasal space lying mostly above the superior
turbinate. The nose is designed to convey volatile molecules to the olfactory epithelium
in the UNS carried by inhaled air but not to allow a broad plume of droplets/particles to
reach it. The olfactory epithelium has distinct differences from the respiratory epithelium
of the nose’s humidification and filtering system covering the three turbinates (or conchae),
mostly located in the lower nasal space (Figure 1b). These differences lead to very different
absorption profiles for drugs landing on different mucosae [75]. Few data have historically
been generated looking at where nasal devices deliver their payloads, with options being to
investigate in cadavers, nasal cavity replicas, nasal casts or by using in vivo gamma camera
imaging [76].

Investigating the novel breath-actuated, bi-directional system, Djupesland and col-
leagues compared the systemic levels of midazolam with those obtained after traditional
nasal spray delivery and IV delivery [77]. The 100 pL of bespoke formulation, including cy-
clodextrin, HPMC, EDTA and benzalkonium chloride, to 12 healthy adult subjects showed
similar serum concentration curves for the two nasal devices, both with rapid Tmax of 15
min and a geometric mean ratio (OptiMist/Traditional spray) of 97.6%, suggesting no
difference in systemic delivery between the two devices. However, this group went on to
deliver *™Technetium-labelled aerosol [78] to nine healthy subjects and showed increased
delivery to the UNS, of 32%, versus 11% with a traditional spray. Subsequent work with
the OptiNose® system reported 53.6% of the formulation reaching the UNS (upper and
middle posterior regions) versus only 15.7% with the traditional liquid spray [79] with no
lung deposition.

Hoekman and colleagues generated data supporting the differential delivery systems
to the UNS with Precision Olfactory Delivery (POD®) using MAG-3 (**™Technetium-
labelled peptide) as determined by SPECT imaging in seven healthy subjects [80]. For
this assessment, the nasal cavity was divided into four sections (Figure 1c): (1) vestibule,
(2) lower nasal space, (3) UNS and (4) nasopharynx, determined from MRI imaging [81].
The UNS is where the olfactory epithelium is confined, which will be further discussed in
the context of N2B delivery below—although there is also an approximately equal area
of respiratory epithelium in the UNS, as it covers the superior turbinate. POD delivered
substantially more (approaching 50%) to the UNS and less to the vestibule than the tradi-
tional spray (Figure 1d). The olfactory epithelium covers ~5 cm?, representing ~3% of the
total surface area of the nasal cavity [82]. The enhanced delivery of radioisotopes to the
UNS then led to several clinical programs being launched with the POD system. The STOP
101 [83] clinical study specifically looked at the delivery of the same liquid formulation
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through an approved, traditional spray to the lower nasal space and compared it with POD
(using the same device that was subsequently used in the phase 3 study [84] and thereafter
approved and commercialized) delivering it to the UNS and showed a four-fold increase
in (Cmax), an almost four-fold increase in absolute bioavailability (59% vs. 15%) and an
almost three-fold increase in AUC ¢ (Figure 2a). To accomplish this, the POD system
has a novel design for the nozzle (dosing tip), which focuses the plume of emitted liquid
droplets into a narrow plume [85], which is pictured in the publication. The differences in
plume and aerosol characteristics between the two systems, with the same formulation of
dihydroergotamine (DHE) mesylate, were further explained in a technical manuscript [86]
as well as the Anderson Cascade Impactor data and using Spraytec technology, with a
particle size distribution of Dv10 ranging from ~290 um, Dv50 ranging from 402-472 um
across 10 samples from two lots and Dv90 ranging from 561-734 um—all well above the
respirable range. In addition, the novel nozzle of the POD device allows patients to position
the device in the correct orientation if they follow the Instructions for Use and insert the
device up to the “shoulder” of the actuator arm, which was confirmed to be easy to achieve
in human factor testing.

To complete the clinical development for this INP104 program, the FDA required
safety assessments of the UNS over 24 weeks with repeat dosing [84], which seemingly no
other nasal delivery program had been asked to perform. This required the development
of specific tools to assess the mucosal integrity of the olfactory epithelium and olfactory
function, which detected no significant adverse effects over 24 and even 52 weeks [87].

A subsequent program, INP105, with a spray-dried powder formulation of olanza-
pine [88], showed in phase 1 a similar Cppax and AUC as the same dose administered by
intramuscular injection but with a faster Tiax; however with no approved IV formulation
of olanzapine to compare against, absolute bioavailability could not be determined in
this study (Figure 2b). The POD powder programs (both INP105 and INP103/107 with
levodopa/carbidopa) [89] benefited from the previous development of both rodent and pri-
mate versions of the POD which expedited formulation development and pharmacokinetic
characterization before, or even during, human trials [90], with the structure and function
of the non-human primate nose being most similar to that of humans [91].
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Figure 1. (a) Cross-section of the frontal portion of the human head, representing the posterior third
of the nasal cavity, with outlined region (black box) highlighting areas commonly enriched with
olfactory epithelium. Adapted from Salazar, I.; Sanchez-Quinteiro, P.; Barrios, A.W.; Lépez Amado,
M.; Vega, J.A. Handb. Clin. Neurol. 2019, 164, 47-65, with original adaptation from Schiinke, M.;
Schulte, E.; Schumacher, U. et al. Prometheus: Texto y Atlas de Anatomia. 3% edicion, vol. 3. Madrid:
Panamericana; 2014 [19]. (b) Diagram showing the different epithelium (left panel) and clearance
mechanisms (right panel) of the nose [75]. Reproduced with permission from the publisher. (¢) SPECT
Imaging data of nasal delivery of MAG-3 (*?™Technetium-labeled peptide) by POD vs. a traditional
nasal spray in 7 Healthy Volunteers. To determine nasal deposition, the nasal cavity was divided
into four regions: (1) Vestibule, (2) Lower nasal space, (3) UNS and (4) Nasopharynx based on MRI
imaging [58]. (d) POD delivery led to significantly (* p < 0.05) greater deposition in the UNS (and
nasopharynx) and less deposition in the vestibule (than the traditional spray) [81]. Regions defined
in (c).
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Figure 2. (a) STOP 101: Mean plasma DHE concentrations 0 to 4 Hours postdose (Safety Popula-
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tion) [61].  Measures dihydroergotamine free base on a semi-log scale; ® Doses represent dihydroer-
gotamine mesylate; © N = 31 for time points of 5, 10, 30, and 40 min. Note: Dihydroergotamine
concentration measurements begin at the 5-min timepoint. Represented as mean (SD). For the
calculation of mean values, individual BLQ values were set to zero before determining the mean.
BLQ = below the limit of quantitation data; IV = intravenous; SD = standard deviation. (b) SNAP
101: Plasma olanzapine concentrations 0 to 2 h post-dose [86]. INP105 = POD OLZ.

4. Nose-to-Brain (N2B) Delivery

In the last decade, some big companies exited drug development for neurological
indications [92], but research and development in CNS indications has seemingly now
picked up again [93] as CNS diseases are increasingly recognized as the leading cause of
disability globally [94]. The challenge remains that at least two approved new therapies,
both antisense oligonucleotides developed by Ionis Pharmaceuticals for devastating neu-
rological diseases—spinal muscular atrophy [95] and amyotrophic lateral sclerosis [96],
have to be delivered by intrathecal injection. So, the search continues for a less invasive
way to circumvent or breach the Blood Brain Barrier (BBB). A comprehensive review of the
direct N2B delivery of therapeutic peptides was published in 2022 [97]. To summarize that
work: The therapeutic peptide market is large (US$39.3 Billion in 2021) but is expanding
rapidly and is due to reach nearly $91.25 Billion in 2031 [98], while the nasal delivery
market is also rapidly expanding (from $7.8 Billion in 2018 to $12 Billion by 2026 [99]. The
article listed 14 approved small molecule products delivered nasally and 21 large molecular
weight (MW) products (of which 9 were various versions of desmopressin), including one
attenuated live virus vaccine (Flumist®). Of those large MW products, only three have
received approval in the last 10 years, and only 1 of those, glucagon (Baqsimi™) in the last
5 years. This slow pace of translating the exciting preclinical data into clinical programs is
disappointing, but at last, that situation may be changing with ongoing research programs
in several indications where interesting data has been generated: insulin in cognitive im-
pairment/Alzheimer’s disease [100] in 2017; oxytocin to improve social communication in
autism spectrum disorders [101] 2018; orexin-A in narcolepsy [102] 2011; basic fibroblast
growth factor in Parkinsonism [103] 2021; leptin in obesity [104] in 2018, and there remains
vigorous activity in oligonucleotide development for neurological disease [95,96]. However,
clinical progress still remains slow, with direct injection of growth factor protein into the
brain proposed as remaining the most promising option [103], with the development of
protective biomaterials and device selection still required to better deliver these peptides
across the BBB in a less invasive manner.
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In his 2014 paper [16], Djupesland reviewed many of the articles claiming N2B trans-
port, commenting then that encouraging data had been generated with both insulin and
orexin, based on MRI imaging and/or clinical response, but that “convincing, unequivocal
proof of N2B transport was still missing in humans, largely due to methodological and
ethical considerations”. Sadly, 9 years later, we are really no further forward.

Insulin N2B has been the most studied large molecular weight (5808 Da)
peptide [100,105-110], perhaps not surprising since the discovery of specific insulin recep-
tors in the olfactory bulb, hippocampus, hypothalamus and lower brainstem [111].

A 2018 study [109] looked at data from 38 clinical studies of acute nasal insulin ad-
ministration that had dosed 1092 individuals and a further 18 studies in 832 individuals
for periods between 21 days and 9.7 years and found no evidence of symptomatic hypo-
glycemia or serious adverse events, while 10 of the acute studies reported minor, temporary
reductions in blood glucose and one report of minor glucose reduction in the chronic study.
Overall blood glucose fell by 0.2-0.5 mmol/L (4-9 mg/dL) and lasted longer than the
temporary rise in circulating insulin [110]

Another review from 2021 similarly looked at the growing number of clinical trials
investigating N2B delivery [111]. One such device claiming UNS delivery and showing
promising results with the delivery of insulin is the Kurve ViaNase® device leading to
the Study of Nasal Insulin to Fight Forgetfulness (SNIFF) study, a large phase 3 NIH
trial [42]. Kurve’s ViaNase technology incorporates an electronic atomizer that creates a
vortex of nebulized particles, their Controlled Particle Dispersion (CPD®) nasal delivery
technology to “create a precisely-controlled turbulent flow” appropriate for monoclonal
antibodies and larger peptides, maximize distribution to the UNS and minimize pharyngeal
deposition. Several publications have featured Kurve’s technologies, with one of those
publications [112] reporting, in 2015, an exploratory study delivering a single dose of 2-
PMPA (a blocker of the brain metallopeptidase, glutamate carboxypeptidase II, thought to
be responsible for excess glutamate in neurodegenerative diseases) to a single non-human
primate. At 30 min post-dosing, 2-PMPA was undetectable in the plasma (lower limit of
quantitation being 50 nM), while the concentration in the CSF was 0.32 pg/mL (~1.5 uM)
determined by LC/MS/MS. Several **Technetium labeled scintigraphic images on their
website (kurvetx.com/research/peer-review-deposition comparison, dated 2005) show the
widespread distribution of isotope throughout the nasal cavity, but it is not clear that this
data was, in fact, peer-reviewed or if it has ever been published.

Kurve technology was selected for the NIH SNIFF trial, but the device suffered from
frequent malfunctions and after 49 patients were dosed, it was replaced with the POD
device for the remaining 240 patients with mild cognitive impairment [42]. The trial failed
to show clinical benefit compared to placebo, but there were no reports of hypoglycemia,
suggesting a lack of significant systemic absorption of the insulin. Kurve’s ViaNase tech-
nology is still being advanced for treating psychiatric conditions, post-stroke and cognitive
impairment in multiple sclerosis, with six separate programs delivering insulin in mild
cognitive impairment, five programs delivering polyclonal antibodies in neurodegenerative
disease, and five other programs featured on their corporate website. Other N2B delivery
projects have looked at cholecystokinin [113], erythropoietin [114], melanocortin [115],
glutathione [116], perillyl alcohol [117], angiotensin II [118] and neurotrophic factors [119]
all with promising preclinical, or clinical case study results but have yet to be subjected to
large scale, randomized clinical trial investigation.

While the importance of delivery of these drugs and peptides to the olfactory epithe-
lium for N2B was stressed, there is little data comparing UNS delivery to LNS delivery
to demonstrate this. Neither is there clarity about what device was actually used to gen-
erate the data. This highlights one of the important questions still to be addressed in
clinical development: how to demonstrate N2B delivery in humans before investing in and
conducting long-term clinical studies.
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4.1. Olfactory Delivery

Millions of Olfactory Sensory Neurons (OSNs) are embedded in the olfactory epithe-
lium and have long, non-motile cilia extending into the UNS. This is the only place in
the body where the CNS is in direct contact with the environment [16,120]. These OSNs
die and regenerate—perhaps the best-known neurons with that ability likely resulting
from their exposure to inhaled chemicals—with a lifecycle of 30-60 days [15], although
much of the research showing this comes from mice [121]. Once drugs are delivered
onto the UNS, they may be transported across the olfactory epithelium inside the nerve
axon (intracellularly), between the epithelial cells (paracellularly) or through the epithelial
cells (transcellularly) [16], and thereafter the drug enters the olfactory bulb and then may
distribute to other areas of the brain. Uptake by the OSN is by either non-specific or
receptor-mediated endocytosis, predominantly the former [111]. The endocytosed drug is
then transported to the olfactory bulb, taking an estimated 0.74-2.67 h [15,122]. Data from
mice has shown drug in the CNS by 5 min post administration [123], peaks in the olfactory
bulb by ~10 min [15] and distributes to distant brain regions such as the hypothalamus and
midbrain by 30 min [124]. As the OSNs apoptose, so there are temporary gaps between
the sustentacular cells of the epithelium, through which drug can pass—the paracellular
route—and enter the perineural space that surround the OSNSs as they traverse the cribri-
form plate [125]. Once in the brain, distribution may be by continued intracellular transport,
although considered more likely is ongoing extracellular transport by convective bulk flow
and a putative “perivascular pump” [15]. It is important to remember that many of the
experimental studies conducted in rodents (whose olfactory epithelium may cover 50% of
their nasal cavity [126] rather than the ~5% in humans) will be conducted by highly trained
and familiar technicians applying drugs to anesthetized animals lying on their backs. The
olfactory epithelial surface area to body weight ratio in humans is very different from those
found in other animal species [127] (Table 3), and unanesthetized humans will be physio-
logically different from anesthetized animals. These considerations make it challenging to
extrapolate animal data to humans, and the usual allometric scaling conventions applied
when moving from preclinical to clinical experiments may not apply. Hence knowing both
the surface area of an animal’s olfactory mucosa and its surface area to weight ratio may
need to be considered prior to clinical studies. As yet, there is no consensus on how to mea-
sure the direct CNS uptake of drugs in humans, short of the longer-term efficacy benefits
that all drugs seek. What is known, however, is that cerebrospinal fluid levels obtained by
lumbar puncture may not accurately reflect tissue levels in the brain [12,128]. As the route
of administration of intrathecal drugs, such as the oligonucleotides Spinraza® [95] and
Qalsody® [96], is also through a lumbar puncture, there may be other excellent therapeutics
that, even with intrathecal delivery, show disappointing clinical results due to the failure
to get from the CSF into the CNS tissue due to the protective arachnoid membrane and
its tight junctions [129] with only ~5% of the CSF reaching and circulating around the
olfactory region [12]. It is estimated that the dose delivered by this route may only need to
be 0.01-1% of an oral dose [125].

Table 3. Olfactory epithelium surface area:Body weight ratio (cm?/kg) of different species. Adapted

from [130].

Species Olfactory Epithelilzlm Surface Area Olfactory Epithelium Surfgce Area:Body Weight Ratio
(cm?) (cm?/kg)
Mouse 1.25-1.40 31.0-35.0
Rat 4.20-6.80 12.0-19.0
Dog 170.0-380.0 17.0-38.0
Small primate 0.25-0.55 2.30-2.75

Human 10.0 0.14
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4.2. Trigeminal Delivery

The trigeminal nerve provides sensory innervation to the LNS through its ophthalmic
(V1) and maxillary (V2) branches. These supply upper anterior segments of the nasal space
(i.e., also supply areas that the olfactory nerve serves, through its OSNs) and lower parts of
the nasal space, respectively, and provide the respiratory epithelium with both sensory and
parasympathetic innervation, projecting back to the pons. Unlike the OSN, the trigeminal
nerve endings do not project above the epithelial surface; thus, any trigeminal transport
first has to cross this respiratory epithelium or pass between the tight junctions of the
mucosal cells to reach the underlying neurons. This results in transport via the trigeminal
nerve being slower than via the olfactory nerve, estimated at 17-56 h [15] from mucosa
to brain, with the axonal transport component alone also being slower (than olfactory
transport) at 3.7-13.3 h [120]. However, even some drugs delivered to the LNS may be
taken up by these neurons and transported directly to the brain. That could be the reason
why one traditional nasal spray administered vaccine containing a neurotoxin resulted
in dozens of cases of Bell’s palsy and had to be withdrawn from the (Swiss) market [60].
Whether this route will be able to supplement or supplant olfactory delivery remains
unknown at this time, and similarly unknown is whether future imaging technology will
be able to differentiate between the two neuronal routes.

4.3. Vomeronasal Terminalis

The vomeronasal organ (VNO) [130] is present in newborn infants in the soft tissue
at the base of the nasal septum just above the hard palate and is the termination of the
vomeronasal terminalis nerve [79]. The VNO (or Jacobson’s organ) is fully functional in the
macrosmotic rodents and canines, sensing not only compounds emanating from prey and
predators but sex pheromones [131] too, but is vestigial in human adults. It is unknown
how much, if any, drug may reach the olfactory bulb via this nerve.

5. Discussion

As medicine advances, and especially as many CNS diseases are now receiving much
greater attention, so focus on how to deliver these new medicines has increased. Drug
delivery has to address the inability of these medicines to be delivered orally and how to
cross the BBB. Only ~2% of small molecule drugs cross the BBB from the bloodstream, and
maybe only 0.1% reach the CNS [132], so it is only suitable for potent molecules, especially
peptides and proteins. With advances in bioadhesives, absorption/permeation enhancers
and other Drug-Delivery Solutions (such as the addition of alkylsaccharides [133]—as used
in Valtoco—see Table 1) and new devices, the non-invasive delivery of more of these future
medicines has become possible.

Emerging infectious diseases, such as COVID that enter the body through the nose—can
still cause illness and be transmitted in subjects who have received systemic vaccination,
making nasal vaccine delivery and mucosal immunity a higher priority [134]. So far, vaccine
programs have not further investigated where in the nose their payload is delivered or
whether delivering to different parts of the nose affects the immunological response. If a
vaccine were to be delivered to the olfactory epithelium, depending on its components, it
too could gain direct access to the CNS, which could be detrimental, although allowing
a vaccine to dwell longer on the epithelium could aid uptake into the Nasal Associated
Lymphoid Tissue (NALT) and thus confer greater mucosal protection for the whole nasal
mucosa. To date, most vaccine programs have utilized traditional nasal aerosol sprays
or “nose drops,” which deposit most of their contents in the non-absorptive (squamous
epithelium lined) vestibule or respiratory epithelium lined lower nasal space [135].

The UNS is also the target for drugs seeking N2B delivery, and while imaging (MRI,
PET, SPECT and gamma scintigraphy [21] can provide some supportive data and all show
promise, none have yet to be fully validated as a way to measure deposition into the UNS,
let alone absorption into the CNS although PET/MRI is considered most sensitive at quan-
tifying N2B delivery [135]. Current options to assay the drug levels remain HPLC, high
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sensitivity mass spectrometry and immunoassay [127], while other methods to determine
direct N2B delivery are also being considered, such as changes in brain metabolism [108],
selective insulin impairment [136], changes in brain blood flow [137] and neuromodula-
tion [138]. These options need to be vigorously explored so that the requisite evidence of
direct N2B delivery in humans can be convincingly demonstrated.

Previous nasal delivery systems have not proven to be very popular for a variety of
cultural or clinical reasons: unfamiliarity, local intolerability (e.g., drug dripping down the
back of the throat, bad taste and swallowing), drug loss as it drips out of the front of the nose
(requiring lying head hanging to combat gravity), or lack of consistency of absorption and
thus effect. Patient adherence is critical, and thus formulation for taste should be considered
early in development with patient input to the design of devices, their instructions for
use and important Human Factor work undertaken prior to commercialization. Different
strategies have been employed to try and overcome these difficulties, with varying degrees
of success, but only recently has attention shifted to delivering drugs to different parts of
the nose, specifically to land on the olfactory epithelium of the UNS for drugs requiring
rapid and extensive absorption, or potentially N2B.

Targeting the olfactory epithelium may, by virtue of its non-motile cilia and high
vascularity, also provide potentially highly differentiated systemic PK profiles for drugs
compared to traditional nasal delivery and may be better than intramuscular injection and
only surpassed in efficiency by intravenous injection, at least for some, maybe simpler nasal
formulations. Conditions where acute treatment is required, such as seizures, migraine,
agitation, off episodes in Parkinson’s disease and anaphylaxis, could well benefit from
drugs redirected to this epithelium when access to a healthcare practitioner and the requisite
equipment for IV injection or infusion are not available. Delivery to the UNS may be
the optimal target within the nose for small- and large-molecule drugs and perhaps for
some vaccines. Further information about mucosal immunity and vaccine adjuvant and
excipients, nanotechnology and the surge of nasal vaccine delivery clinical trials [139-159]
can be found in the Supplementary Materials.

6. Conclusions

Nasal delivery of drugs and vaccines using small, portable, easily operated (by patients
themselves, caregivers or healthcare professionals) devices will likely never replace oral
pills, capsules and tablets. But where rapid drug levels are required, oral drugs are prone to
gut or liver degradation, disease-related gastrointestinal dysfunction or comorbidity delay
absorption, large molecules need to be delivered, delivery of drugs N2B for CNS disease is
being contemplated, or induction of nasal (or distant) mucosal immunity by vaccinations is
required, there are compelling reasons to consider nasal delivery and as we understand
more about the complex anatomy and physiology of this organ, perhaps targeting the UNS
within the nose. I believe that in the years to come, nasal delivery will become much more
popular for all three situations: non-invasive systemic delivery, N2B delivery, and ensuring
broad mucosal immunity. Regional deposition within the nose will thus become a standard
part of development programs, along with an array of formulations to ensure safe, effective
and consistent delivery of their large molecule and even future cellular cargo.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ pharmaceutics15061720/s1. The Supplementary Material provides
a short summary of mucosal immunity; recent vaccine, adjuvant, excipient, nanotechnology and
attenuated viral developments, and the surge in nasal delivery in clinical trials [139-159]. Table S1:
Different vaccine platforms (with some examples, advantages and disadvantages).
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Correction: Shrewsbury, S.B. The Upper Nasal Space: Option for
Systemic Drug Delivery, Mucosal Vaccines and “Nose-to-Brain”.
Pharmaceutics 2023, 15, 1720

Stephen B. Shrewsbury

Formerly of Impel Pharmaceuticals, 201 Elliott Ave West, Seattle, WA 98119, USA; steve.shrewsbury@me.com;
Tel.: +1-(415)-250-1169

Error in Table

In the original publication [1], there was a mistake in Table 1 as published. The
corrected Table 1 appears below. Specifically, the SipNose device is intended to deliver
both liquid and powder formulations to the upper nasal space, although clinical data are
yet to be generated to demonstrate that.
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Text Correction

There was an error in the original publication. The bioavailability ascribed in the origi-
nal publication to nasal midazolam was from a program developed by another company
with another product (and device), not Nayzilam (as developed and marketed by UCB).
The bioavailability for the approved (Nayzilam) product is less than that claimed by the
competitor product and that has now been corrected in the text of Section 3.1. Lower Nasal
Space (LNS) Delivery.

Section 2.1. Local Nasal and Sinus Disease

Many local sino-nasal diseases, specifically allergic rhinitis and rhinosinusitis with
or without nasal polyps, have responded to the development of numerous topical cor-
ticosteroid sprays, starting with triamcinolone in 1957 but followed by beclomethasone,
budesonide, flunisolide, fluticasone, mometasone and ciclesonide. All were delivered with
either a pressurized metered-dose inhaler (pMDI) that was originally chlorofluorocarbon
(CFC)-propelled but later changed to hydrofluoroalkane (HFA) or an aqueous product
delivered by a “traditional” pump-spray.

Although many cases of chronic rhinosinusitis, especially with the additional pathol-
ogy of nasal polyposis, are perennial, many patients have seasonal allergy problems making
year-round administration of potent corticosteroids unnecessary. The target of the respi-
ratory epithelium on the turbinates (conchae) of the LNS has been effectively reached by
the traditional nasal spray delivering a diffuse cloud of droplets. In addition, systemic
absorption is not desired, allowing for simpler formulations and delivery systems. Most
recently, fluticasone has been approved for delivery by the OptiNose bidirectional Exha-
lation Delivery System (EDS) specifically for the treatment of chronic rhinosinusitis with
nasal polyps (CRSwNP) [29] and is able to deliver more of the potent steroid “higher and
deeper” into the nasal cavity (compared to traditional sprays) where many polyps originate
[30]. The OptiNose device generally distributes better throughout the nasal cavity (than
traditional nasal sprays) with its bidirectional design and is propelled by the patient’s own
exhalation, which also elevates the vellum (soft palate), thus closing off the nose from the
rest of the respiratory tract (Table 1). The nose piece directs the exhaled breath to push the
drug product into one nostril, allowing it to reach the back of the nose, pass behind the
septum and exit from the other nostril, hence creating the “bi-directional flow path” [16].

Section 3.1. Lower Nasal Space (LNS) Delivery

The delivery of drugs to the LNS can provide good bioavailability (BAV), i.e., access
to the systemic circulation, with products such as Valtoco® (diazepam) through the Aptar
Unit Dose System (UDS) reported at 97% [72], although this good bioavailability was
obtained with the help of dodecyl maltoside (DDM) as an absorption/permeation enhancer
and Vitamin E to increase solubility. Another product with good nasal bioavailability is
Nayzilam® (midazolam), also delivered by Aptar’s UDS. Section 12.3 of the Prescribing
Information states the absolute bioavailability to be approximately 44%. However, other
intranasal midazolam formulations have been independently investigated [73], delivered
by a different unit dose device obtained from Ing. Erich Pfeiffer GmbH, demonstrating
better bioavailability ranging from 76 to 92%. These different formulations contained
different concentrations of randomly methylated-f35-cyclodextrin (0, 2, 4, or 12%); different
concentrations of saline and with or without 0.5% chitosan added as an absorption enhancer.
In contrast, a very recent approval of Zavzpret'™ (vazegepant), also given by the Aptar UDS
device [74], only reported ~5% bioavailability. The liquid formulation has the additional
inactive ingredients: dextrose, hydrochloric acid, sodium hydroxide, succinic acid and
water. In these examples, the same basic Aptar UDS delivery was used, presumably
delivering to the same part of the nose (the LNS) with a diffuse nasal spray, showing that
the addition of absorption enhancers was required to increase bioavailability. That, in turn,
increases the complexity of the development program but does illustrate the extremes of
the level of bioavailability that can be achieved through LNS delivery.
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Section 3.2. Upper Nasal Space (UNS) Delivery

There is now a greater appreciation that drugs delivered to the upper nasal space
(UNS) may experience faster and more extensive absorption than when delivered to the
LNS. Data were initially generated with the OptiNose® bi-directional system and then,
more recently, by several clinical programs using the Precision Olfactory Delivery (or
POD®) system (Table 1), which specifically targets the upper nasal space (UNS). These
programs have served as important steps as they highlighted the complex nasal architecture
(Figure 1a) and showed one of the potential benefits of delivering drugs to the olfactory
epithelium lining in the UNS. As can be appreciated, a cloud or broad plume of droplets
delivered into the nose by a mechanical pump will coat the surfaces of the septum, inferior
turbinate and lateral wall, with some penetrating to the middle turbinate but little to the
superior turbinate and even less to the upper nasal space lying mostly above the superior
turbinate. The nose is designed to convey volatile molecules to the olfactory epithelium
in the UNS carried by inhaled air but not to allow a broad plume of droplets/particles to
reach it. The olfactory epithelium has distinct differences from the respiratory epithelium
of the nose’s humidification and filtering system covering the three turbinates (or conchae),
mostly located in the lower nasal space (Figure 1b). These differences lead to very different
absorption profiles for drugs landing on different mucosae [75]. Few data have historically
been generated looking at where nasal devices deliver their payloads, with options being to
investigate in cadavers, nasal cavity replicas, nasal casts or by using in vivo gamma camera
imaging [76].

Investigating the novel breath-actuated, bi-directional system, Djupesland and col-
leagues compared the systemic levels of midazolam with those obtained after traditional
nasal spray delivery and IV delivery [77]. The 100 uL of bespoke formulation, including cy-
clodextrin, HPMC, EDTA and benzalkonium chloride, to 12 healthy adult subjects showed
similar serum concentration curves for the two nasal devices, both with rapid Tmax of 15
min and a geometric mean ratio (OptiMist/Traditional spray) of 97.6%, suggesting no
difference in systemic delivery between the two devices. However, this group went on to
deliver *™Technetium-labelled aerosol [78] to nine healthy subjects and showed increased
delivery to the UNS, of 32%, versus 11% with a traditional spray. Subsequent work with
the OptiNose® system reported 53.6% of the formulation reaching the UNS (upper and
middle posterior regions) versus only 15.7% with the traditional liquid spray [79] with no
lung deposition.

Hoekman and colleagues generated data supporting the differential delivery systems
to the UNS with Precision Olfactory Delivery (POD®) using MAG-3 (**™Technetium-
labelled peptide) as determined by SPECT imaging in seven healthy subjects [80]. For
this assessment, the nasal cavity was divided into four sections (Figure 1c): (1) vestibule,
(2) lower nasal space, (3) UNS and (4) nasopharynx, determined from MRI imaging [81].
The UNS is where the olfactory epithelium is confined, which will be further discussed in
the context of N2B delivery below—although there is also an approximately equal area
of respiratory epithelium in the UNS, as it covers the superior turbinate. POD delivered
substantially more (approaching 50%) to the UNS and less to the vestibule than the tradi-
tional spray (Figure 1d). The olfactory epithelium covers ~5 cm?, representing ~3% of the
total surface area of the nasal cavity [82]. The enhanced delivery of radioisotopes to the
UNS then led to several clinical programs being launched with the POD system. The STOP
101 [83] clinical study specifically looked at the delivery of the same liquid formulation
through an approved, traditional spray to the lower nasal space and compared it with POD
(using the same device that was subsequently used in the phase 3 study [84] and thereafter
approved and commercialized) delivering it to the UNS and showed a four-fold increase
in (Cmax), an almost four-fold increase in absolute bioavailability (59% vs. 15%) and an
almost three-fold increase in AUC ¢ (Figure 2a). To accomplish this, the POD system
has a novel design for the nozzle (dosing tip), which focuses the plume of emitted liquid
droplets into a narrow plume [85], which is pictured in the publication. The differences
in plume and aerosol characteristics between the two systems, with the same formulation

120



Pharmaceutics 2024, 16, 821

of dihydroergotamine (DHE) mesylate, were further explained in a technical manuscript
[86] as well as the Anderson Cascade Impactor data and using Spraytec technology, with a
particle size distribution of Dv10 ranging from ~290 um, Dv50 ranging from 402-472 pm
across 10 samples from two lots and Dv90 ranging from 561-734 um—all well above the
respirable range. In addition, the novel nozzle of the POD device allows patients to position
the device in the correct orientation if they follow the Instructions for Use and insert the
device up to the “shoulder” of the actuator arm, which was confirmed to be easy to achieve
in human factor testing.

To complete the clinical development for this INP104 program, the FDA required
safety assessments of the UNS over 24 weeks with repeat dosing [84], which seemingly no
other nasal delivery program had been asked to perform. This required the development
of specific tools to assess the mucosal integrity of the olfactory epithelium and olfactory
function, which detected no significant adverse effects over 24 and even 52 weeks [87].

A subsequent program, INP105, with a spray-dried powder formulation of olanza-
pine [88], showed in phase 1 a similar Chax and AUC as the same dose administered by
intramuscular injection but with a faster Trax; however with no approved IV formulation
of olanzapine to compare against, absolute bioavailability could not be determined in
this study (Figure 2b). The POD powder programs (both INP105 and INP103/107 with
levodopa/carbidopa) [89] benefited from the previous development of both rodent and pri-
mate versions of the POD which expedited formulation development and pharmacokinetic
characterization before, or even during, human trials [90], with the structure and function
of the non-human primate nose being most similar to that of humans [91].
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Abstract: Formulating low-solubility or low-permeability drugs is a challenge, particularly with the
low administration volumes required in intranasal drug delivery. Nanoemulsions (NE) can solve
both issues, but their production and physical stability can be challenging, particularly when a high
proportion of lipids is necessary. Hence, the aim of the present work was to develop a NE with good
solubilization capacity for lipophilic drugs like simvastatin and able to promote the absorption of
drugs with low permeability like fosphenytoin. Compositions with high proportion of two lipids
were screened and characterized. Surprisingly, one of the compositions did not require high energy
methods for high droplet size homogeneity. To better understand formulation factors important for
this feature, several related compositions were evaluated, and their relative cytotoxicity was screened.
Optimized compositions contained a high proportion of propylene glycol monocaprylate NF, formed
very homogenous NE using a low-energy phase inversion method, solubilized simvastatin at high
drug strength, and promoted a faster intranasal absorption of the hydrophilic prodrug fosphenytoin.
Hence, a new highly homogeneous NE obtained by a simple low-energy method was successfully
developed, which is a potential alternative for industrial application for the solubilization and
protection of lipophilic actives, as well as (co-)administration of hydrophilic molecules.

Keywords: nanoemulsion; intranasal; low energy; homogenous; phase inversion; propylene glycol
monocaprylate type II

1. Introduction

Most drug candidates are highly lipophilic in nature, making their high strength
solubilization in liquid dosage forms a challenge. Additionally, most drugs are easily
susceptible to chemical and/or enzymatic degradation, which reduces their bioavailability
at the action site. To tackle these issues, several strategies have been developed, with the
encapsulation of molecules in nanosystems being one of the most successful [1,2].

Nanosystems are typically classified as colloidal structures with a size of less than
500 nm, inside which drugs are incorporated. This will allow not only to increase the
preparation’s drug strength, but also to protect the molecules from degradation, increase
their permeability through biological membranes, promote bioavailability, reduce plasma
protein binding, and allow a controlled drug release, with the possibility of targeting certain
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organs. There are many types of nanosystems, polymeric and lipid nanosystems being the
most frequently used. There is a great variety of lipid nanosystems: liposomes and derived
structures (transfersomes, niosomes, cubosomes, ethosomes, etc.), solid lipid nanoparticles,
nanostructured lipid carriers, and nanometric emulsions [3,4]. Nevertheless, many of these
nanocarriers have important disadvantages, such as being complex, time-consuming and
having polluting preparation methods, low physical stability, low encapsulation efficiency,
and lack of biocompatibility. However, these disadvantages are reduced or simply do not
apply to nanometric emulsions, particularly those with the right formulas, which have
good stability, solubilization capacity, and simple preparation methods.

Nanometric emulsions include nanoemulsions (NE) and microemulsions. Microemul-
sions, named as such since 1959 [5], are thermodynamically stable and spontaneously form
liquid dispersions of lipids and water, generally implying high amounts of surfactants and
co-solvents/co-surfactants [6,7]. The droplet size is usually inferior to 100 nm, often not
much larger than simple surfactant micelles, in which case they may appear completely
transparent. The nature of their composition makes them related to classic emulsions,
which are, however, biphasic thermodynamically unstable systems.

In turn, NE are colloidal liquid-in-liquid dispersions, usually presenting a size below
200 nm and a higher kinetic stability than macroemulsions. Compared with microemul-
sions, NE are usually composed of a lower content of hydrophilic surfactants and co-
solvents, and usually require high energy methods for shearing and homogenizing the
lipid droplets. Nevertheless, specific NE compositions can also be prepared by low energy
methods, but with some compromise in the amounts of surfactant and co-solvents that
are used (which tends to be high, although not as much as in microemulsions), and in the
degree of homogeneity, which is tendentially low [8].

Oil-in-water NE are a good strategy to deliver solubilized lipophilic drugs at high
drug strengths. This is of high importance, especially for some delivery routes, such as in
intranasal administration to the systemic circulation or to the brain, given the relatively
short residence time and small volume of administration [9-12].

Hence, the purpose of this work was to develop a NE using low amounts of surfactants
and/or cosolvents, thus with high lipid content and good solubilization of lipophilic drugs
like simvastatin, while able to promote the absorption of drugs with low permeability
like fosphenytoin. At the same time, it was aimed at a homogenous size under 200 nm
and, preferably, a low energy preparation method. We screened NE compositions with a
high proportion of relatively polar lipids aiming to achieve a good solubilization of drugs
such as simvastatin and then characterized their droplet size. A composition with low
proportion of hydrophilic surfactant to oils and no co-solvent originated a NE about 100 nm
in droplet size using a simple low energy phase inversion method. Surprisingly, these NE
spontaneously became highly homogenous upon refrigeration, with a polydispersity index
(PDI) < 0.1, which is not usually found in NE without homogenization. Therefore, we
secondarily aimed to establish which formulation factors were required for this attribute.
The extremely low PDI was lost when changing excipients to similar ones or by changes
in their proportion outside a narrow range. We also describe alternative compositions
of the aqueous phase in which the NE display PDI < 0.1 already at room temperature.
Given the high lipid content of such NEs, a high drug strength of lipophilic substances
was obtained. Furthermore, the intranasal administration of the NE of a hydrophilic
prodrug (fosphenytoin) to mice demonstrated a faster absorption than an aqueous solution
of the drug.

2. Materials and Methods
2.1. Materials and Reagents

The hydrophilic surfactants Kolliphor® RH 40 (Macrogolglycerol hydroxy stearate),
Kolliphor® EL (Macrogolglycerol ricinoleate), Kolliphor® P124 (Poloxamer 124), Kolliphor®
HS 15 (Polyethylene glycol 660 12-hydoxystearate), and the oil Kollicream® IPM (Iso-
propyl Myristate) were kindly offered by BASF (Ludwigshafen, Germany); Transcutol®
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HP (Diethylene glycol monoethyl ether), a cosolvent, Labrasol® ALF (Caprylocaproyl
polyoxyl-8 glycerides), a hydrophilic surfactant, and the oils Capryol® 90 (Propylene
Glycol Monocaprylate (type II) NF), Capryol® PGMC (Propylene glycol monocaprilate,
Type 1), LabrafacTM PG (Propylene glycol dicaprylocaprate), Maisine® CC (Glycerol
monolinoleate), and PeceolTM (Glycerol mono-oleate) were kindly offered by Gattefossé
(Saint-Priest, France); the oils Imwitor® 948 (Glyceryl mono-oleate), Imwitor® 988 (Glyc-
erol monocaprilate, Type 1), and Softisan® 64S (Bis-diglyceryl polyacyladipate-2) were
kindly offered by IOI Oleo GmbH (Hamburg, Germany); Capmul® MCM (Glycerol mono-
caprilocaprate), Capmul® 808G EP/NF (Glycerol monocaprylate Type IT), Capmul® PG-8
(Propylene glycol monocaprylate), and Capmul® PG-8-70 NF (Propylene glycol mono-
caprylate Type IT) were kindly offered by Abitec; Miglyol® 812 (medium-chain triglycerides;
Caprylic/Capric Triglyceride), Soybean oil, Span® 80 (Sorbitane mono-oleate), Vitamin E
Acetate, Cetiol V (Decyl oleate), the hydrophilic surfactants Tween® 20 (Polysorbate 20) and
Tween® 80 (polysorbate 80), and the polymers Polyethylene glycol (PEG) 4000, (Hydrox-
ypropyl)methyl cellulose (HPMC, corresponding to Hypromellose Viscosity 4000 mPa-s),
and Polyvinylpyrrolidone (PVP, corresponding to Povidone K30) were acquired from
Acofarma® (Madrid, Spain); the surfactant Tyloxapol was from Acros Organics (Thermo
Fisher ScientificGeel, Belgium); Malic acid was acquired from Applichem (Darmstadt, Ger-
many). Ultra-pure water was obtained from a Mili-Q® purification system from Millipore
(Billerica, MA, USA). Simvastatin (98.03% purity) was purchased from Bld Pharmatech
GmbH. (Kaiserslautern, Germany.) and kept at 4 °C under a nitrogen atmosphere dur-
ing utilization. The bovine serum albumin (BSA) was acquired from Sigma-Aldrich, Inc
(St. Louis, MO, USA). Acetonitrile and methanol were high-performance liquid chro-
matography (HPLC) gradient grade. The symbols TM and® will be omitted from now on
for simplification.

2.2. Nanoemulsions Preparation

The oil phase (preconcentrate) was prepared by weighing the lipids and surfactants
and mixing them from a few seconds to a few minutes until a homogenous solution was
obtained. Depending on the NE, the aqueous phase either consisted in water, a 30 mM pH
5 malate buffer, or a 20 mM pH 7 phosphate buffer, to which NaCl, BSA, PEG 4000, HPMC,
or PVP were added at the indicated concentrations (presented with the respective data in
the results section). To prepare the NE, a phase inversion method was used, in which about
a quarter of the final aqueous phase mass was first added and mixed with e preconcentrate,
followed by the addition and mixture of the remaining aqueous phase mass.

2.3. Nanoemulsion’s Droplet Size and Zeta Potential

Both hydrodynamic diameter (droplet size) and PDI were measured by dynamic light
scattering (DLS) technique associated with cumulants analysis. For that, a Zetasizer Nano
7S (Malvern®, United Kingdom) combined with the Zetasizer software (version 7.10) was
used. Before each measurement, samples were diluted, about 500-fold, in ultra-pure water.
For each tested formulation, two independent discardable cuvettes were prepared and
three different measurements of each were automatically performed by the equipment
set either at 20 or 25 °C. Measurements were typically performed within 30 min after
dilution. As measurement parameters set in Zetasizer software, water was considered as
the dispersant (Refractive Index = 1.330 and Viscosity = 0.8872 cP) and the material was set
to a Refractive Index = 1.450, representing “lipid”). When assessing the role of refrigeration
in mean droplet size and PDI, formulations were placed at 4 °C overnight (at least 12 h),
and then measurements were performed exactly as stated before, after diluting the samples
immediately upon removing them from the refrigerator.

Zeta potential was measured with Malvern’s Dip Cell Kit in the same equipment,
using the same preparation steps. Measurements were taken at 20 or 25 °C and water was
selected as the dispersant (Dielectric Constant = 78.5) and “lipid” as the material.
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2.4. Osmolality

Osmolality was measured using Osmomat® 3000 freezing point osmometer from
Gonotec® GmbH (Berlin, Germany). Osmolality measurement was performed in inde-
pendent triplicates. The device was previously calibrated using ultra-pure water and two
standard solutions of 300 mOsmol/Kg and 850 mOsmol/Kg.

2.5. Viscosity

Viscosity measurements were performed at different rotational velocities in a Brook-
field DV3T™ RV Cone Plate (DVTRVCP) Rheometer (Toronto, ON, Canada), using the
CPA-40z cone spindle (viscosity range of 1.7-32,700 cP) and the Rheocalc T® software (ver-
sion 1.1.13). Measurements were performed at controlled temperature using a thermostatic
water bath (MultiTemp III Thermostatic Circulator, Thermo Fisher Scientific, Waltham, MA,
USA). Before viscosity measurements, equipment calibration was verified using Ametek
Brookfield Fluid 500 Viscosity Standard (Middleborough, MA, USA) with a standardized
viscosity of 489 cP at 25 °C. At each velocity, viscosity was registered after the spindle had
enough time to perform five complete rotations. For fluids with Newtonian rheological
behavior, viscosity was determined at the shear rate corresponding to the highest torque
value (just below 100%), due to the equipment’s higher resolution and precision resulting in
a lower measurement error. For non-Newtonian fluids, zero shear viscosity was estimated
by the Y-intercept of the non-linear regressions based on the measurements performed at
different shear rates at a constant temperature.

2.6. In Vitro Release of Model Drug

In vitro drug release studies, performed in horizontal Ussing Chambers (Harvard
Apparatus, NaviCyte, Hugstetten, Germany), used phenytoin as a model drug. The
methodology was adapted from Pires et al. [13]. Synthetic membranes were used, with a
pore size of 0.2 um (hydrophilic polyethersulfone Supor® membrane disc filters, Pall Life
Sciences, MI, USA). The receiving chamber was filled with 1.8 mL of phosphate buffer (pH 7,
20 mM), plus albumin at 1% w/w, and 100 uL of this same solution was placed on the donor
side of the membrane. The temperature was kept at 32 °C, the approximate temperature of
the nasal cavity at the region of the middle turbinate [14], with a heating water bath (Grant
Instruments, Cambridge, England), and receiving chamber homogenization was achieved
through magnetic steering (Micro Stirring Bars, 2 mm, VWR, United Kingdom). When
the intended temperature was reached, the buffer on the donor chamber was replaced
with 100 pL of the test formulations. Afterwards, samples of 100 pL were taken from the
receiving chamber and replaced by the same volume of buffer plus albumin solution at 10,
20, 40, 60, 90, 120, 180, and 240 min.

For phenytoin quantification, samples were diluted 5-fold in a water-Transcutol mix-
ture (3:1), followed by addition of perchloric acid at 10% (v/v). Formulation’s initial drug
concentration was also quantified in a similar way, but the dilution was 500-fold. A previ-
ously developed and validated HPLC method [15] was used, comprising specific apparatus
and conditions: LC-2010A HT Liquid Chromatography system, coupled with a SPD-M20A
diode-array detector, controlled by LabSolutions (version 5.52) software (Shimadzu, Kyoto,
Japan); analyte separation was performed in a reversed-phase column (3 pm particle size,
55 x 4 mm) protected by a guard column (5 um particle size, 4 x 4 mm, C18, LiChroCART®
Purospher® STAR, Merck, Darmstadt, Germany), with isocratic elution at 1 mL/min at
30 °C. Mobile phase was a mixture of 36% (v/v) methanol and 64% (v/v) sodium phosphate
buffer (10 mM, pH 3, with 0.25% triethylamine), filtered (Nylaflo membrane, 0.2 um pore
size, Pall, NY, USA) and degassed in a ultrasound bath. Sample injection volume was
20 uL, and phenytoin was detected at 215 nm, with a retention time of 10-11 min, within
20 min runs.
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2.7. Cell Culture and Cytotoxicity Evaluation

Normal Human Dermal Fibroblasts (NHDEF, adult donor cells, Ref. C-12302 from Pro-
moCell) were cultured in RPMI 1640 medium supplemented with inactivated fetal bovine
serum at 10%, 2 mM L-glutamine, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, 1 mM sodium pyruvate, and 1% antibiotic (10,000 U/mL penicillin G, 100 mg/mL
streptomycin) at 37 °C in a cell incubator with a humidified atmosphere of 5% carbon diox-
ide. The culture media was renewed every two or three days, and cells were subcultured
as required.

To evaluate formulations’ cytotoxicity, 15,000 cells were seeded in 100 pL per well of
96-well culture plates the day preceding the experiment. Immediately before the exper-
iment, the medium was replaced by 50 uL of complete fresh medium plus 50 puL of NE
preconcentrates diluted in fresh medium at twice the concentration selected for treating
the cells. Cells were then incubated for 30 min, after which the treatment medium was
replaced by 200 uL of 10% (w/v) solution of resazurin prepared in Krebs Ringer Buffer
(NaH2PO4.Hy0 1.5 mM; NayHPO4 0.83 mM, KCl1 4.86 mM; NaCl 119.78 mM; MgCl,.6H,O
1.67 mM; NaHCOs3 15 mM; anhydrous D-Glucose 10 mM; CaCl,.2H,0 1,2 mM) and plates
incubated at 37 °C for the required time (until negative control wells had approximately
a reference fluorescence level—10,000 RFU in our plate reader, as previously optimized).
The fluorescence intensity of plate wells was measured using an excitation wavelength of
570 nm and emission wavelength of 590 nm in a microplate fluorophotometer (Spectramax
GeminiTM EM, Molecular Devices, LLC, San Jose, CA, USA). After subtracting background
fluorescence (wells with blank resazurin solution), cell viability data were expressed as a
percentage of the negative control of non-treated cells. Each experiment was carried out in
quadruplicate wells.

2.8. In Vivo Pharmacokinetic Study of Model Drugs through Intranasal or Subcutaneous
Administration

Healthy adult CD-1 mice (8 to 11 weeks old, 39 to 42 g), originated from Faculty
of Health Sciences’ certified animal facility were housed with controlled environmental
conditions (12 h light/dark cycle, 20 £ 2 °C, 50 &£ 5% relative humidity). Mice had free
access to acidified tap water and standard rodent diet. All experimental procedures were
carried out in conformity with the regulations of the European Directive 2010/63/EU
and approved both by the Local Animal Ethics Committee and the competent national
authority [Portuguese National Authority for Animal Health, Phytosanitation and Food
Safety (Direcao Geral de Alimentagao e Veterinaria)].

Mice were randomly divided into 2 groups, receiving either intranasal or subcuta-
neous administration (12 animals, 3 time points, 2 mice per time point). All animals were
anesthetized with an intraperitoneal dose of pentobarbital (60 mg/kg) prior to formulation
administration. All administrations were carried out with the mouse’s body lying on top
of a heating pad (plus a DC Temperature Controller 40-90-8D, FHC, Bowdoin, ME, USA).
The established administration volume was of 5 uL and 50 puL per 30 g of body weight, for
intranasal and subcutaneous administrations, respectively. Afterwards the mice were left
to recover in a supine position, in a temperature-controlled environment.

Euthanasia was conducted at specific time points (30, 240 and 720 min), after which
mice blood and brain were collected. The blood was collected into K3 EDTA tubes (FL
Medical, Italy), after which 300 uL were mixed with orthophosphoric acid 85% (v/v) in
a 1:1 (v/v) blood/acid ratio. The brains were homogenized (Ika Ultra-Turrax® T25 Basic,
Staufen, Germany) in a water-orthophosphoric acid [1:1 (v/v)] mixture (1 g of tissue per
4 mL of mixture), centrifuged (14,000 rpm, 4 °C, for 10 min, MIKRO 200R microcentrifuge,
Hettich, Tuttlingen, Germany), and the supernatants were collected. Both acidified blood
and brain homogenates were kept on ice and then stored at —20 °C.

Sample processing consisted of the addition of 20 uL of ketoprofen spiking solution
(internal standard) to the sample (100 uL of acidified brain homogenate supernatant or
200 puL of acidified blood), followed by liquid-liquid extraction [addition of 1000 pL of
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diethyl ether, followed by vortexing for 30 s, and then by centrifugation for 5 min at
13,500 rpm at room temperature in a tabletop microcentrifuge (Gyrozen, Daejeon, Republic
of Korea)]. Next the organic phase was transferred to a glass tube, and the aqueous phase
was reextracted two more times, under the same conditions. The combined organic phases
were then evaporated to dryness (gas stream, 45 °C) and reconstituted with 100 pL of mobile
phase. The mobile phase was made of 36% (v/v) methanol and 64% (v/v) sodium acetate
buffer (10 mM, pH 5, with 0.25% triethylamine). In each sample, phenytoin quantification
was performed by HPLC, using a previously developed and validated method [15], and
aside from a change in mobile phase composition most chromatographic apparatus and
analyte separation conditions were the same as described in Section 2.6. for the drug release
study. The only other parameter that was modified was the analytes” detection wavelength,
which remained 215 nm for phenytoin and fosphenytoin, but was changed to 280 nm for
the internal standard.

2.9. Statistical Analysis

Data are represented by means of replicate measurements or of independent formula-
tions &+ standard deviation. Cell viability data were fitted by a nonlinear regression model
[log(inhibitor) vs. normalized response—Variable slope] using GraphPad Prism version
9.5.1 to determine half-inhibitory concentrations (ICsp).

3. Results
3.1. A Spontaneously Formed Nanometric Emulsion with Exceding Homogeneity

The purpose of this study was to develop NE with good solubilization capacity
for several drugs with low water solubility, such as simvastatin and phenytoin. For
that, we selected two relatively polar lipids (monoesters of propylene glycol or glycerol),
Kolliphor RH 40 as surfactant and Transcutol as co-surfactant, further testing several
compositions and proportions (Figure S1). NE were prepared by adding water in two steps
to the mixture of organic excipients followed by homogenization by premix membrane
emulsification. However, one of the tested formulas originated an emulsion already quite
homogenous, prior to any homogenization (PDI close to 0.2, Figure S1), with a mean size
lower than 200 nm, which was surprising given that it had a high lipid proportion and no
co-surfactant. Furthermore, after refrigeration, that formulation became noticeably less
opaque, suggesting a reduction in droplet size, a characteristic that reverted upon thawing
back to room temperature.

To further understand this phenomenon, the effect of temperature on droplet size
was thoroughly studied. It was found that upon 500-fold dilution for characterization by
DLS, the temperature of the water and the temperature used during measurements was
irrelevant (not shown). In fact, the factor with real impact on NE droplet size was the
temperature of the concentrated emulsion at the time of its dilution into room temperature
water, and whenever a temperature is mentioned (e.g., Figure 1A,B,E), it is the temperature
of the concentrated emulsion before dilution into water at room temperature. At room
temperature, membrane pre-emulsification had no relevant effect on the size of emulsions
with 50% water content, only promoting a slight reduction in PDI from over 0.2 to slightly
under 0.2 (Figure 1A). However, upon refrigeration, the exact same NE suffered a sig-
nificant reduction in droplet mean size to around 100 nm, and in PDI to under 0.1, with
homogenization being irrelevant (Figure 1A). This effect was not solely related to time since
emulsions left overnight at room temperature did not become more homogeneous and
thawing them back to room temperature after refrigeration reverted the droplet size (not
shown). The authors are not aware of a similar phenomenon being previously described in
the literature.
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Figure 1. Characterization of the emulsions prepared from the selected preconcentrate with different
aqueous phase proportions and composition. (A) Water proportion and temperature effect on the
mean droplet size and polydispersity index (PDI) of the emulsions; (B) Water proportion effect on
emulsion’s osmolality; (C) Dilution effect of refrigerated concentrated emulsions (50% water) at room
temperature (RT) water before measurement of the mean droplet size and PDI of the emulsions;
(D) Viscosity of the nanoemulsion prepared with 50% aqueous malate buffer pH 5, at different
temperatures; (E) Effect of the addition of different hydrophilic polymers and salt on the mean droplet
size and PDI of the emulsions. Data corresponds to mean of replicate measurements/cuvettes (A,C,E)
or mean =+ standard deviation of four independent dilutions (B) or three independent formulation
baches (D). Some of the data shown in (E) is mean + standard deviation of two independent
formulation baches.
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In refrigerated NE, an increase in water content from 40% to 70% seemed to reduce
droplet size. In NE containing between 50% and 60% water content, PDI was under
0.1 without membrane homogenization (Figure 1A). At least a 10-fold dilution appears to
be required for refrigerated emulsions to maintain their low size and PDI (Figure 1B).

Formulations were slightly hypertonic but within a safe osmolality interval in the
water range of 50-70% (Figure 1C), moderately viscous (up to around 100 mPa-s) at
room temperate, and significantly more viscous after refrigeration (up to about 400 mPa-s,
Figure 1D).

Next, we evaluated the effect of adding different hydrophilic polymers to the aqueous
phase and found that several of them induced NE to have a droplet size under 100 nm and
PDI under 0.1 without refrigeration (Figure 1E). This was the case with PVP, BSA (at pH 7
but less so at pH 5), HPMC at 0.5%, and PEG 4000.

3.2. The Very High Homogeneity in Nanoemulsion’s Is Easily Lost by Small Changes in
Preconcentrate Composition

To better understand which excipients of the present formula were related to the
favorable size characteristics of the NE, several other formulas were screened by replacing
each of the excipients with others of the same class. Concerning the minoritarian oil,
glycerol mono-oleate (Imwitor 948), it was found that it could be replaced by another brand
of glycerol mono-oleate (Peceol) or by glycerol monocaprylocaprate (Capmul MCM), but
not by the closely related monolinoleate (Maisene CC) or any of the other tested lipids
(Figure 2A).

It was found that Capryol, 90, the oil present in NE at higher proportion, could only
be replaced by another brand of the exact same variety of propylene glycol monocaprylate
type II—Capmul PG-8-70 NF—but not by other propylene glycol monocaprylates (type I or
a variety not following pharmacopeia’s specification), neither by glyceryl monocaprylates
(Figure 2B).

The relative cytotoxicity of NE with different compositions was screened by exposing
human fibroblasts (NHDF) cells to different preconcentrate concentrations (0.0016-0.16%
or 0.16—45 or 50%) for 30 min. The obtained ICs of the preconcentrate of the reference NE
(without any drug) was about 0.04%. In fact, both Capryol 90 and Imwitor 948 are approved
for cutaneous and oral administration, but not for parental use. Changing Imwitor 948 for
other lipids did not significantly reduce formulation’s cytotoxicity (all IC5y were <0.06%)
(Table 1).

Table 1. Composition and half-inhibitory concentration (ICsp) of different nanoemulsions obtained
by varying the secondary oil (16.7% w/w). All the NE also contained Carpyol 90 (25%) and Kolliphor
RH 40 (8.3%). ICs is expressed as % (w/v) of preconcentrate.

Secondary Oil Aqueous Phase

Compendial Name Brand Name BSA 4% * (%)  PEG 4% (%) 1C50 (%)
Glycerol mono-oleate Imwitor 948 50 0.037
Glycerol mono-oleate Peceol 50 - 0.027
Isopropyl myristate Kollicream IPM 50 - 0.051
Glycerol mono-oleate Imwitor 948 - 50 0.041
Glycerol monocaprilocaprate Capmul MCM - 50 0.021
Soybean oil - - 50 0.060
Glycerol monolinoleate Maisine CC - 50 0.026
Vitamin E acetate - - 50 0.037

* Malate buffer pH 5; BSA, bovine serum albumin; PEG, poly ethylene glycol 4000.
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Secondary oil

Main oil

Figure 2. Mean droplet size characterization of emulsions obtained by changing one of the hydropho-
bic excipients in the selected preconcentrate. (A) Secondary oil and temperature effect on the mean
droplet size and polydispersity index (PDI) of emulsions; (B) Main oil and temperature effect on the
mean droplet size and PDI of emulsions. Data correspond to the mean of at least two independent
dilutions of the same nanoemulsion.

To better rank the tested lipids according to their cytotoxicity, they were solubilized by
mixing with Kolliphor RH 40:Transcutol:water (1:4:4:1), forming a self-microemulsifying
preconcentrate, followed by cytotoxicity evaluation using the same method (Table 2). This
allowed to rank several lipids from the less toxic to the more toxic: Vitamin E Acetate;
Miglyol 812; Softisan 64S < Labrafac PG; Kollicream IPM; Maisine CC < Imwitor 948;
Peceol < Capmul MCM; Capryol 90. Based on this, Capryol 90, which is the most toxic
when compared to the other components, might account for the majority of the cytotoxicity
of the NE.
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Table 2. Lipidic composition and half-inhibitory concentration (ICs() of different microemulsions
prepared with different oils. Formulations are ranked from the least toxic to the most toxic. Other
excipient’s concentration (Kolliphor RH 40:Transcutol HP: and Water) was 40%:40%:10% (w/w). ICsq
is expressed as % (w/v) of the preconcentrate without accounting for water.

Lipid (10%)

Compendial Name Brand Name 1Cso

No lipid (extra 10% water) 32.6

Vitamin E acetate 12.0

Medium chain triglycerides Miglyol 812 10.6

Bis-diglyceryl polyacyladipate-2 Softisan 64S 10.5

Soybean oil 10.2

Propylene glycol dicaprylocaprate Labrafac PG 7.34

Isopropyl myristate Kollicream IPM 7.04

Glycerol monolinoleate Maisine CC 6.71

Glycerol mono-oleate Imwitor 948 1.67

Glycerol mono-oleate Peceol 0.52
Glycerol monocaprilocaprate Capmul MCM <0.16 (0.08)
Propylene glycol monocaprylate Type I Capryol 90 <0.16 (0.08)

Changing Capryol 90 for other propylene glycol monocaprylates or glycerol mono-
caprilocaprate did not change the outcome. However, the NE with glyceryl monocaprylate
Type Il was slightly less toxic (IC5y = 0.48%) (Table 3). Nonetheless, Figure 2 demonstrates
that this NE lost its small and homogenous droplet size when replacing Capryol 90 with
this lipid. Given that the most similar lipids could not replace Capryol 90, other lipids were
not tested.

Table 3. Composition and half-inhibitory concentration (ICs) of different NE obtained by varying the
main oil (25%). The rest of the composition was Imwitor 948 (16.7%), Kolliphor RH 40 (8.3%) and as
aqueous phase a solution of PEG 4000 at 4% (50%). ICs is expressed as % (w/v) of the preconcentrate
without accounting for the aqueous phase.

Main Oil

Compendial Name Brand Name 1C50 (%)
Propylene glycol monocaprylate NF (Type II) Capryol 90 0.041
Propylene glycol monocaprylate NF (Type II) Capmul PG-8-70 NF <0.16
Propylene glycol monocaprylate Capmul PG-8 <0.16
Propylene glycol monocaprylate Type I Capryol PGMC <0.16
Glyceryl monocaprylate Type I Capmul 808G EP/NF 0.48
Glycerol monocaprilocaprate Capmul MCM 0.08

We also tested many other hydrophilic surfactants for the replacement of Kolliphor
RH 40. Still, at least at the proportion being used, neither of them gave comparable results
(PDI were over 0.4 and sizes over 200 nm, Figure 3).
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Figure 3. Droplet size characterization of emulsions obtained by changing the hydrophilic surfactant
in the selected pre-concentrate. Mean droplet size and polydispersity index (PDI) were measured
upon dilution of the refrigerated (4 °C) emulsions. Data correspond to the mean of independent
dilutions of a same nanoemulsion.

The proportion of excipients in the formula was also varied. In these experiments,
PEG 4000 at 4% was used as the aqueous phase, since it gave the NE a small homogenous
droplet size already at room temperature. We started by changing the ratio between
Capryol 90:Imwitor 948, originally set at 1.5:1. By doing that, a very small reduction or
increase in Capryol 90 in the proportion of the two lipids produced a small but clear
increase in both size and PDI, (Figure 4A). However, using refrigeration, the emulsions
tolerated better the increase in Capryol 90 in the proportion of lipids, since PDI was still
<0.1 with a Capryol 90/Imwitor 948 ratio of 2.333.
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Figure 4. Droplet size characterization of emulsions after varying Capryol 90/Imwitor 948 (C90/1948)
ratio. (A) Mean droplet size and PDI of nanoemulsions with a fixed amount of Kolliphor RH 40;
(B) Mean droplet size and PDI of nanoemulsions with a fixed amount of Kolliphor EL. Measurements
were made after the emulsions were kept at room temperature (RT), under refrigeration (4 °C), or at
room temperature after being kept under refrigeration (4 °C — RT). PEG 4%, polyethylene glycol
4000 aqueous solution at 4% as external phase Data correspond to at least two independent dilutions
of the same nanoemulsion.
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Still insisting on the optimization of the compositions containing Kolliphor EL, the
variation of the lipids’ ratio was also tested. Slightly better results were obtained after a
small increase in Capryol 90 proportion. However, droplet sizes remained higher (about
200 nm), and the emulsion remained dependent on refrigeration to achieve PDI under 0.1
(Figure 4B), even in the presence of PEG in the aqueous phase (Figure 4B).

The effect of varying the proportion between the oils and the hydrophilic surfactant
(originally at a proportion of 5:1) was also tested. In formulations containing Kolliphor
RH 40, the increase in the ratio of oils/surfactant from five to seven or higher led to the
increase in droplets’ mean size. However, in the presence of PEG, PDI values remained low
until the ratio was 10 (Figure 5A). On the other sense, the ratio should not be less than four
for optimal PDI values.
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Figure 5. Mean droplet size characterization of emulsions having a varying oils/Kolliphor ratio.
(A) Data with Kolliphor RH 40; (B) Data with Kolliphor EL. Measurements were made after the emul-
sions were kept at room temperature (RT), under refrigeration (4 °C), or at 37 °C. Data correspond to
at least two independent dilutions of the same nanoemulsion.

When using Kolliphor EL as surfactant, the behavior was somewhat different. While
the optimum ratio range of oils/surfactant was similar (4.5 to ~7), and refrigeration and PEG
were both required, droplet sizes tended to decrease with the increase in o0ils” proportion
(Figure 5B). Also, the lower mean droplet size and PDI were obtained when preparing
the emulsion using a 4% PEG solution and then diluting it again two-fold with water
(Figure 5B).

3.3. The Nanoemulsion Allows the Incorporation of Both Hydrophilic and Lipophilic Molecules at
High Strength

It was possible to solubilize simvastatin, a lipophilic drug (XLogP3 of 4.7 according
to Pubchem), at about 5.2% (w/w) of the final NE (with 50% aqueous phase). An acidic
malate buffer (pH 5) in the aqueous phase was used to maximize the chemical stability of
simvastatin [16]. Despite refrigeration of the NE, simvastatin increased the mean droplet
size and PDI of the NE, which was significantly reduced back by addition of albumin to
the aqueous phase (Figure 6).
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Figure 6. Simvastatin (SIM) and bovine serum albumin (BSA) effect in nanoemulsions’ attributes.
Droplet’s mean size (A), polydispersity index (PDI, B), zeta potential (C), and preparation osmolality
(D) are shown. Measurements were made upon dilution of the refrigerated (4 °C) emulsions. Data
correspond to mean + standard deviation of three independent preparation baches, each measured
in two independent dilutions (A-C) or at least in three replicate measurements (D). Statistical
significance of differences was tested by two-way ANOVA with Tukey’s multiple comparisons test
and given by asterisks: * p < 0.05; ** p < 0.01; *** p < 0.0001.

Other substances were also solubilized in the NE vehicle at relatively high final
strengths (Table 4), mainly very lipophilic ones (cholesterol). Hydrophilic molecules like
the prodrug fosphenytoyin sodium can also be added to the aqueous phase at relatively
high drug strengths (here the intention was to keep the preparation in a safe osmolality
range, but a higher concentration would be possible to obtain).

Next, we also tested if it was possible to remove refrigeration or use other polymers
(PEG 4000 and PVP) in simvastatin nanoemulsions while also testing the presence of NaCl
in the aqueous phase. While at 4 °C, all tested compositions led to extremely low PDI
(<0.053), at room temperature size and PDI tended to increase and were lower when PEG
4000 was used in the aqueous phase (Table 5).

The effects of temperature, simvastatin concentration, and albumin concentration
were evaluated in more detail. We hypothesized that increasing BSA in the aqueous phase
would improve simvastatin solubilization. BSA is able to bind poorly soluble drugs, such
as simvastatin, and enhance their solubility. BSA seems to bind to simvastatin in a 1:1
mol ratio due to very strong hydrophobic and hydrogen bond interactions [17]. First, the
impact of different BSA concentrations (2-8%) in the water phase on the physical attributes
of NE was evaluated (Figure 7A). At room temperature, the NE mean droplet size was
very similar among all formulations. On the other hand, larger differences in the PDI
values were observed. BSA at 2% originated a lower PDI compared to the NE without BSA.
However, PDI remained over 0.1, likely because of pH 5, close to BSAs isoelectric point.
At higher BSA concentrations, PDI values increased but were still within the homogenous
range (PDI < 0.2). After refrigeration, mean droplet size and PDI decreased in all the
formulations, becoming extremely homogenous (PDI < 0.1). The effect of refrigeration
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on PDI was still visible even if the NE remained for 30 min at room temperature before
dilution, although it was sufficient to observe a slight increase in the mean droplet size.

Table 4. Composition and mean droplet size characterization of nanoemulsions solubilizing chemicals
with different lipophilia. Preconcentrate to external phase proportion of 1:1, with the preconcentrate
composition in excipients being Capryol 90: Imwitor 948: Kolliphor RH 40 in a 3:2:1 ratio (weight),
and the external phase a BSA aqueous dispersion (at 2 or 4% in 20 mM phosphate buffer, pH 7). In
the case of fosphenytoin sodium solubilization, it was dissolved in the aqueous phase and the pH
titrated to neutrality.

, RT 4°C
EXteCr::llc:rﬂ:z:iz: . Solubilized Molecule  XLogP3 * % Mean Size (nm) PDI Mean Size (nm) PDI
2% Cholesterol 8.7 5 110 0.064 n.d. n.d.
2% Cholesterol 8.7 7.5 138 0.097 111 0.075
4% Segesterone Acetate 29 1.12 100 0.074 80 0.092
2% Phenytoin 2.5 0.35 94 0.042 90 0.029
4% Phenytoin 2.5 0.35 124 0.144 89 0.021
4% Fosphenytoin sodium 0.6 ** 425 85 0.177 61 0.082

BSA—Dbovine serum albumin; CHOL—cholesterol; FOS—fosphenytoin; n.d.—not determined; PDI—polydispersity
index; PHT—phenytoin;, RT—room temperature; * LogP valued are according to Pubcehm; ** this is not the maximum
concentration, just the one required for an isotonic preparation.

Table 5. Composition and mean droplet size characterization of additional simvastatin emulsions
having a preconcentrate to external phase proportion of 1:1. The preconcentrate was made of Capryol
90: Imwitor 948: Kolliphor RH 40 in a 3:2:1 ratio (weight), and the external phase was made of saline
malate buffer (pH 5, containing 0.4% malic acid and 0.8% sodium chloride) with either bovine serum
albumin (BSA), poly ethylene glycol 4000 (PEG) or polyvinylpyrrolidone (PVP) at 4%.

. . Polymer in the RT 4°C
Simvastatin (%) - -
aq. Phase Mean Size (nm) PDI  Mean Size (nm) PDI
5.20 BSA 4% 160.4 0.104 102.8 0.041
4.56 PEG 4% 106.2 0.060 101.4 0.042
4.46 PVP 4% 110.1 0.192 101.8 0.053
5.66 PVP 4% - - 115.1 0.046

BSA—Dbovine serum albumin; PEG—poly ethylene glycol 4000; PDI—polydispersity index; PVP—polyvinylpyrrolidone;
RT—room temperature.

A series of simvastatin increments were then performed to determine the maximum
amount of simvastatin capable of being loaded without precipitation when using a BSA
6% solution as the aqueous phase (Figure 7B). Simvastatin increments produced an overall
increase in the mean droplet size. At room temperature, all the simvastatin concentrations
resulted in PDI values higher than 0.1 but can still be considered homogenous (PDI < 0.2).
Once again, refrigeration of the NE produced a decrease in both mean droplet size and
PDI, an effect extended for at least 30 min when NE were placed at room temperature
again regarding PDI. A final concentration of 9.09% of simvastatin was reached. At higher
concentrations of 9.50% simvastatin started to precipitate after the dilution needed for
mean droplet size and PDI measurements. Also, at 4 °C, formulations with concentrations
higher than 7.41% precipitated in 1-2 days.
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Figure 7. Influence of bovine serum albumin (BSA) and simvastatin (SIM) concentration on nanoemul-
sions’ mean droplet size. Mean diameter and polydispersity index (PDI) of formulations containing
simvastatin at 5.66% (A), albumin in the aqueous phase at 6% (B) or simvastatin at 7.41% (C). Mea-
surements were performed at room temperature (RT), after refrigeration (4 °C), and 30 min at RT
after being refrigerated. Data correspond to the mean =+ standard deviation of two independent
dilutions of one formulation.

In order to further improve the characteristics of NE, BSA was once again tested at
different concentrations but, this time, only with 7.41% of simvastatin (Figure 7C). This
time it was no longer possible to have a homogenous emulsion without using BSA, even
after refrigeration. Even at the lowest concentration (2%) of BSA in the aqueous phase,
PDI values decreased from 0.3 to under 0.1 at 4 °C, demonstrating the importance of
BSAs presence.

We further evaluated the role of BSA on the physical stability of the refrigerated
NE containing simvastatin at 5.66% or 7.41%. Formulations were observed daily until
precipitation occurred. To prove the role of temperature in the loss of physical stability,
this test was conducted at room temperature and 4 °C (Table 6). With 5.66% simvastatin
concentration, both formulations had physical stability (absence of drug precipitation)
for at least for 30 days at room temperature and 4 °C. It means that at lower simvastatin
concentrations, BSA does not play a major role in increasing physical stability. At 7.41%,
the role of temperature in speeding up simvastatin’s precipitation is visible because all
formulations achieved better stability at room temperature than at 4 °C. Using BSA at
a concentration of 2% did not seem to affect its physical stability because it had exactly
the same precipitation day as the NE without BSA (nine days at room temperature and
one day at 4 °C). However, with BSA concentrations of 4% and 7.5%, physical stability at
room temperature increased to 24 days and over 30 days when at room temperature and
2 days and 6 days at 4 °C, respectively. Despite six days being a short amount of time, the
experiment was carried out in microtubes where some solvent evaporation is possible, and
the use of BSA at 7.5% could delay precipitation for five more days than when no BSA was
used, proving the role of BSA in simvastatin solubilization/stabilization.
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Table 6. Time at which precipitation was observed at room temperature and 4 °C in different
nanoemulsions containing albumin (BSA) at different concentrations (0%, 2%, 4%, and 7.5%) and
simvastatin at 5.66% or 7.41%. Preconcentrate to external phase proportion of 1:1. The preconcentrate
was made of Capryol 90: Imwitor 948: Kolliphor RH 40 in a 3:2:1 ratio (weight), and the external
phase was made of malate buffer (pH 5) with BSA.

Nanoemulsions Time for Precipitation (Days)
Simvastatin BSA Room Temperature 4°C
0% >30 >30
2% - >30
5.66% 4% ) 30
7.5% >30 >30
0% 9 1
2% 9 1
7.41% 4% 24 2
6% - 3
7.5% >30 6

3.4. Sustained In Vitro Drug Release and In Vivo Performance after Intranasal or
Subcutaneous Administration

In vitro drug release from the selected nanoemulsion containing phenytoin as a model
drug and albumin at 2% in the aqueous phase was studied (NEHT +BSA2% Fioyre 8).
The formulation showed sustained phenytoin release, when compared to a drug solution
(0.2 mg/g, in 30% Transcutol), releasing only 30% of phenytoin after 4 h (as opposed to
the drug solution, which released over 80%). A sustained drug release capacity could be a
means to provide a prolonged therapeutic effect.

100+
S 807 - PHT solution
&
PHT + BSA 2%
% 60 © NE
©
@
2 40+
=
o 20- & 0
o——=0
o0—© 2
0 1 I I I I I I 1
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Time (hours)

Figure 8. In vitro drug release profile of the developed optimized nanoemulsion, containing bovine
serum albumin (BSA) at 2% in the aqueous phase, and phenytoin (PHT) at 3.5 mg/g (NEPHT + BSA 2%
in comparison to a solution (in water with 30% Transcutol). Preconcentrate to external phase
proportion of 1:1. The preconcentrate was made of Capryol 90: Imwitor 948: Kolliphor RH 40 in a

3:2:1 ratio (weight), and the external phase was 20 mM pH 7 phosphate buffer with BSA.

Additionally, in order to demonstrate the relevance of using the NE for hydrophilic
drugs and not only lipophilic ones, the fosfenytoin NE was administered intranasally
to a small number of mice at comparable conditions to previously published work [15].
The brains and plasma were collected at three time points, and phenytoin (the active
form) was quantified and plotted together with previously obtained data for comparison
purposes. As demonstrated in Figure 9, phenytoin attained a higher concentration at 30 min
after the intranasal administration of the NE than after the intranasal administration of
a solution of the same drug. Since the drug strength was not high enough for intranasal
administration, a NE containing phenytoin was also subcutaneously administered at a
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similar dose, demonstrating, however, that subcutaneous administration is less favorable
(lower concentrations were achieved at 30 min and 4 h) than intranasal administration.
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Figure 9. Comparison of phenytoin concentrations in blood and brain after administration of na-
noemulsions and solutions of phenytoin and fosphenytoin to mice through different routes. (A) Blood
phenytoin concentration. (B) Brain phenytoin concentration. Administered formulations were either
nanoemulsion with bovine serum albumin (BSA) at 2% and phenytoin (PHT) (NEPHT+BSA2%) -
cutaneously (s.c.) or a nanoemulsion with BSA at 2% and fosphenytoin (NEFOS+BSAZ%) intranasally
(in.). Data with a fosphenytoin (FOS) solution [intranasally and intravenously (i.v.)] from previously
published results is shown for comparison purposes [15]. The data correspond to mean =+ standard
deviation. The statistical significance of differences between means was tested by two-way ANOVA
with Tukey’s multiple comparisons test and indicated by asterisks only in the comparison of the
2 novel experimental groups: * p < 0.05; *** p < 0.001; **** p < 0.0001. The dashed line represents the
limit of quantification (LOQ). # In all samples, phenytoin was detected, but below the LOQ it was
considered as equal to zero.

4. Discussion

Several related low energy methods of NE production have been described [18]. The
most closely related to the process we used here with this novel NE is the reverse phase
emulsification method, also named phase inversion emulsification [19]. We claim this
because we observed smaller and more homogenous droplet size by adding the aqueous
phase in two steps (a very low amount first to force the formation of a water-in-oil emulsion,
and then the rest to inverted it to oil-in-water) than in a single step. Since long ago, this
strategy has been used in the traditional continental method of oral emulsion preparation
to obtain finer droplet dispersions [20]. This is also one of the reasons why we describe our
system as a NE and not a microemulsion, since for microemulsions formation the order of
excipients addition is not supposed have an effect.

Temperature is known to induce phase inversion of some emulsions with neutral
surfactants (phase inversion temperature or PIT method [21]), and refrigeration is known
to increase emulsions’ physical stability. However, a particular composition that sponta-
neously forms smaller and more homogeneous droplets upon refrigeration without phase
inversion has, as far as we know, not been previously described. The fact that after dilution
(at least 10-fold) the small and homogeneous size is maintained at room temperature is
likely due to the slower rearrangement of droplets at a greater distance.

It was also very surprising that the optimum mass proportion of oils to hydrophilic
surfactant was between four and six to one. In fact, it is important to emphasize that the opti-
mized preconcentrate has a composition of 83% of lipids or, more precisely, water-insoluble
surfactants, and only 17% of a hydrophilic surfactant, which has no correspondence in the
classification of lipid based formulations by Colin Pouton [22]. The explanation of why the
aqueous dispersion of this particular composition has this behavior and how refrigeration
or the composition of the aqueous phase can modulate a droplet’s size and PDI is beyond
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the scope of our work. What has been shown, however, is how narrow the optimum design
space seems to be.

Regarding the potential utility of the NE or of its preconcentrate, much remains to
be explored in future works. One of the drugs that was demonstrated to solubilize at
high strength in this vehicle was simvastatin, a lipophilic statin with low oral availability.
This is a drug with pleiotropic effects and many potential applications beyond the control
of dyslipidemia, like anti-cancer [23], anti-fibrotic [24], neuroprotective [25,26], and bone
regeneration [27] applications, among others. Some of these applications could benefit
from an alternative liquid formulation for, for example, intranasal administration, which
has the potential to enhance brain delivery [28]. However, a limiting factor should be the
relative cytotoxicity of the NE lipids Capryol 90 and Imwitor 948 compared to other lipids,
as shown here. In fact, both Capryol 90 and Imwitor 948 are approved for cutaneous and
oral administration and not for parental use. Therefore, the cutaneous and oral use of
this NE, or of the preconcentrate as a self-nanoemulsifying drug delivery system, should
not pose safety concerns since all excipients are well established and approved for these
routes. Therefore, many possible applications could be envisioned in cosmetic or oral
medicinal products. However, their safety for intranasal, ophthalmic, vaginal or parenteral
delivery must still be established. For these routes, it is likely that there are limitations to
the concentration/dose of the vehicle itself that can be safely used. Nevertheless, given the
high content in Capryol 90:Imwitor 948, the studied NE might have the potential to provide
a means to obtain a high concentration of lipophilic substances with a good solubility
profile in this oil mixture. When compared to other oils, Capryol 90, in higher proportion in
our formula, has shown to be the better solubilizer (among those tested) for very lipophilic
drugs such as simvastatin (105 mg/mL [29]), clofazimine (18 mg/mL, [30]), luliconazole
[~75 mg/mL [31]), terconazole (116 mg/mL [32]), tolvaptan (11 mg/g [33]), and even novel
drug candidates such as JIN-001 (41 mg/mL [34]) and AC1497 (45 to 50 mg/mL [35]), to
mention just a few examples. Precipitation upon dilution is not expected to occur since
no water-miscible co-solvents account for the initial drug solubilization, and droplet size
does not reduce upon dilution and is shown to provide a slow release of phenytoin used
as the model drug. Furthermore, the small size and optimal homogeneity are in favor of
long-term physical stability for these compositions. As we have demonstrated, it can also
promote the mucosal absorption of hydrophilic substances. This effect was similar to what
was previously observed by us with a microemulsion of fosphenytoin [36].

5. Conclusions

A novel composition with a high lipid/surfactant ratio was described for the first
time, comprising Capryol 90 and preferentially Imwitor 948 and Kolliphor RH 40 in the
optimum proportion of 3:2:1. This composition (preconcentrate) surprisingly formed an
extremely homogeneous NE (PDI < 0.1) upon addition of the aqueous phase at about 50%
using only mild manual agitation, not allowing much variation of excipients and their
proportions for optimal physical attributes. This novel NE could be most suitable for
the dissolution of lipophilic drugs such as simvastatin or for increasing the absorption of
hydrophilic ones like fosphenytoin. Its low PDI, along with small droplet size, is expected
to contribute favorably to the formulation’s physical stability during storage. Using plain
water, refrigeration was necessary to obtain the lowest PDI values, but several hydrophilic
polymers could be used in the aqueous phase to promote the greatest homogeneity at room
temperature or even higher temperatures. Future work will explore the usefulness of this
novel formulation in the delivery of simvastatin and other drugs.

6. Patents

W02022259205A1—WIPO (PCT). Self-emulsifying composition, production methods
and uses thereof. Inventors: Adriana Oliveira dos Santos, Mariana Carvalho Fernandes,
Patricia Sofia Cabral Pires, Gilberto Lourenco Alves, Ana Carolina Maricoto Fazendeiro,
Francisca Matos Silva Pereira Nina, Maria De Fatima Da Silva Ferreira Gomes, Lina Isabel
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Esteves Rodrigues. Publication date: 15 December 2022. International Application Number:
PCT/1B2022/055385. International filling date 9 June 2022; Applicant: University of Beira
Interior. Status: pending.
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www.mdpi.com/article/10.3390/ pharmaceutics15071878 /s1, Figure S1: Droplet size characterization
of the initial screen emulsion formulas before and after extrusion.
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Abstract: Intranasal delivery of drugs offers several potential benefits related to ease of delivery, rapid
onset, and patient experience, which may be of particular relevance to patients with central nervous
system (CNS) conditions who experience acute events. Intranasal formulations must be adapted to
address anatomical and physiological characteristics of the nasal cavity, including restricted dose
volume, limited surface area, and barriers to mucosal absorption, in addition to constraints on the
absorption window due to mucociliary clearance. Development of an effective formulation may
utilize strategies including the addition of excipients to address the physicochemical properties of
the drug within the constraints of nasal delivery. Dodecyl maltoside (DDM) and tetradecyl maltoside
are alkylsaccharide permeation enhancers with well-established safety profiles, and studies have
demonstrated transiently improved absorption and favorable bioavailability of several compounds
in preclinical and clinical trials. Dodecyl maltoside is a component of three US Food and Drug
Administration (FDA)—-approved intranasal medications: diazepam for the treatment of seizure
cluster in epilepsy, nalmefene for the treatment of acute opioid overdose, and sumatriptan for the
treatment of migraine. Another drug product with DDM as an excipient is currently under FDA
review, and numerous investigational drugs are in early-stage development. Here, we review factors
related to the delivery of intranasal drugs and the role of alkylsaccharide permeation enhancers in
the context of approved and future intranasal formulations of drugs for CNS conditions.
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rescue therapy; route of administration; solubility; tetradecyl maltoside

1. Introduction

Intranasal drug delivery is a promising option for an increasing number of drugs
for systemic absorption and, importantly, for targeting the central nervous system (CNS).
Formulating treatments for intranasal delivery must take into account the unique features
of nasal anatomy and physiology, which offer potential benefits and present specific
challenges to be addressed by a successful formulation. The intranasal route is noninvasive,
and prefilled devices can offer the benefits of quick administration for acute events and
ease of use by nonmedical caregivers in the community, including the potential for self-
administration [1]. Surveys report positive impressions and satisfaction with existing
intranasal formulations among patients and caregivers and preference over other routes
of delivery, such as rectal administration [2]. Intranasal formulations also offer potential
benefits in terms of favorable pharmacokinetics, including potentially high bioavailability
while bypassing variable gastrointestinal absorption and first-pass metabolism [3]. At the
same time, intranasal delivery necessitates a specific formulation that is adapted to the
unique characteristics of the nasal anatomy and physiology, including a surface area that
limits dosing volume, permeability of nasal mucosa, mucociliary clearance, and issues of
tolerability from either the drug substance or the formulation itself [3].
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A growing number of intranasal drug formulations for the treatment of neurologic
conditions have been developed in recent years. One treatment, esketamine nasal spray,
is administered regularly under the supervision of a healthcare provider as an ongoing
adjunct treatment for depression [4]. However, many are treatments for acute conditions,
such as triptans dihydroergotamine and zavegepant for migraine, naloxone and nalmefene
for opioid overdose, and diazepam and midazolam for seizure cluster in epilepsy [5-13].
In the first half of 2023 alone, the intranasal formulations of zavegepant (for migraine) and
nalmefene (for opioid overdose) were approved by the US Food and Drug Administration
(FDA), and naloxone nasal spray has been approved for nonprescription use in the US
and is being made available directly to the public [10,13,14]. While intranasal formulations
are becoming increasingly available, there remains a lack of awareness among researchers,
clinicians, and patients of their unique characteristics for intranasal administration and
drug delivery. Understanding intranasal delivery and strategies for the development of
intranasal drug formulations will help clinicians assess and differentiate intranasal formu-
lations and ultimately facilitate working with their patients to choose the most appropriate
treatment option. In this review, we address aspects of nasal anatomy and physiology
that are particularly relevant to intranasal delivery of CNS drugs. Within the broad con-
text of strategies to facilitate intranasal absorption, which also include nanocarriers [15],
gels [16], and devices [17], we focus on the development of alkylsaccharides as permeation-
enhancing excipients and the data supporting their clinical use in a growing number of
intranasal formulations that are increasingly available in different regions.

2. Challenges of Nasal Drug Delivery
2.1. Nasal Anatomy and Physiology

Structures of the nose heat and humidify air for respiration; clear foreign particles,
including pathogens; and facilitate olfaction [3]. The two nasal cavities are irregularly
shaped internal structures lying between the roof of the mouth and the skull bones encasing
the bottom of the brain (Figure 1) [18]. They are separated by the septum, while the outer
cavity walls are folded to form three turbinates on each side [18]. The nasal cavity contains
four general areas: the vestibule, the respiratory mucosa, the olfactory mucosa, and the
nasopharynx-associated lymphatic tissue [3].
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Figure 1. (A) The nasal cavity is partitioned into four areas: the vestibule is the area inside the nostrils;
the respiratory mucosa and the olfactory mucosa cover the central portion, including the turbinates;
and the nasopharynx-associated lymphatic tissue (NALT). (B) The respiratory mucosa is the most
vascularized part of the nasal cavity, and it is innervated by the trigeminal, palantine, and maxillary
nerves. The olfactory mucosa additionally contains olfactory sensory neurons [3]. © Neurelis, Inc.
2023. All rights reserved.

The central portion of the nasal cavity is covered by the respiratory and olfactory
mucosa and represents the area most relevant for drug absorption after intranasal admin-
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istration. The respiratory mucosa overlays the inferior and middle turbinates, as well as
the lower part of the septum [3]. It is the largest portion of the nasal cavity and is highly
vascularized by a rich bed of blood vessels containing pores (fenestrations) in the vessel
walls [3,18]. The characteristics of these vessels make them a prime potential site for drug
absorption into general circulation. In addition, the presence of the turbinates increases the
overall surface area of the nasal cavity to approximately 160 cm?, which is available for
drug absorption.

The olfactory mucosa constitutes <10% of the nasal cavity surface area and covers
the upper portion of the cavity [3,18]. This region contains olfactory sensory neurons,
which are the only neurons of the CNS on the surface of the body exposed to the external
environment [18]. This exposure offers the potential for direct delivery of CNS drugs to the
brain, although the location may present an obstacle to the efficient deposition of intranasal
drugs. The trigeminal nerve, lying beneath the nasal mucosa, also innervates the nasal
cavity and offers the potential for direct-to-brain delivery of drugs [3,18]. In this context,
it is important to note the differences in nasal anatomy and physiology between humans
and animal (e.g., rat) models used to study nasal delivery systems [19]. These differences,
such as a proportionally larger olfactory region in rats, may limit the direct applicability
of findings from animal models to humans but can be used to assess the rank order of
nose-to-brain delivery of analogs, for example [20].

2.2. Considerations for Nasal Drug Formulations
2.2.1. Anatomic and Physiologic Constraints

Although the nasal cavity may effectively capture intranasally delivered medications,
it also creates a finite volume for dose delivery. The optimal volume for a dose of intranasal
drug is no more than 100 to 150 pL per nostril [1,18]. Larger volumes risk the partial loss of
drug dose either anteriorly through the nostrils or posteriorly into the nasopharynx, which
is then swallowed and absorbed as an oral drug, subject to variability in bioavailability
based on fed state and first-pass metabolism [3]

Second, mucus coating the epithelium of the nasal cavity acts as a defense against
pathogens and particulates. Beating cilia continuously move mucus into the nasopharynx,
and it is estimated that the mucus layer in the nasal cavity renews every 10 to 20 min [21].
This may reduce residence time in the nasal cavity and affect drug absorption.

Third, the mucosal lining of the nose is sensitive to irritation by drugs or other
compounds, which can lead to inflammation, secretions, itching, sneezing, and pain [17].
This may constrain the choice of drug for intranasal delivery or the addition of certain
excipients [22]. Although there is concern that seasonal allergies or rhinitis may negatively
affect intranasal drug delivery and absorption, several studies of different intranasal
formulations have demonstrated a similar extent of absorption or bioavailability between
patients with and without allergic rhinitis [23-25]. No clinical impact of rhinitis or seasonal
allergies was observed in separate safety studies of zolmitriptan and diazepam nasal
sprays [26,27]. Finally, for intranasal deposition, droplets of 10 to 120 um in diameter may
be ideal because smaller droplets may be inhaled and deposited in pulmonary tissue, while
larger droplets may deposit predominantly in the anterior nasal cavity [28,29].

2.2.2. Formulation and Physiochemical Constraints

An optimal intranasal dose of no more than 100 to 150 uL translates into a requirement
for adequate drug solubility in a fixed and relatively small dose volume. Physiochemical
properties of a drug, such as its lipophilic-hydrophilic properties, and its molecular weight
and size affect how it can be formulated for intranasal delivery and its absorption across
nasal mucosa to ensure adequate and consistent bioavailability [30]. In general, small,
lipophilic drugs are more easily absorbed across the nasal mucosa; however, they are less
soluble in the aqueous delivery systems commonly used in nasal formulations [1,29,31].

Excipients may be used to modify drug solubility, membrane permeation capacity,
mucosal tolerability, mucosal adhesion, or formulation stability [30]. These agents include
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buffers, cosolvents, absorption enhancers, mucoadhesives, and viscosity enhancers, which
must balance the desired effect with the potential for toxicity and/or irritation in the
formulation. For example, decreasing pH may increase the intranasal absorption of some
drugs and decrease it for others, while sensitizing the nasal cavity as the formulation
deviates from the natural pH of the nasal cavity (pH 5.5-6.5) [30,32,33], which carries a risk
of local irritation [1].

2.2.3. Delivery Device Constraints

The intranasal delivery system must create reproducible parameters of dose delivered,
droplet size distribution, and spray pattern and plume geometry to ensure consistent dosing
to the intended target tissue [34]. Several delivery systems are available, from droppers
and mucosal atomization devices (MADs) attached to syringes to prefilled unit-dose or
unidose pumps, multidose pumps, and propellent-activated devices. With droppers and
MADs, administration may be inconvenient, requiring awkward positioning of the patient,
and precise dosing may be difficult [31]. Unidose pumps are single-use devices delivering
a precise dose of the drug with simple actuation, whereas multidose pumps have the
capability for repeat use during the course of treatment. A propellent-powered device is
also being studied with a limited number of CNS drugs [35,36].

The delivery system must provide ease of use for patients who self-administer treat-
ment or for care partners responsible for administration. The device should function
reliably in any orientation; have proven biocompatibility so as not to cause irritation to
the lining of the nostrils; and, for delivery to incapacitated patients, be able to be used
without their active participation [1,31]. Unidose delivery systems are optimized for easy
handling and intuitive use. Finally, the drug-device combination product should have
an acceptable drug shelf life at controlled room temperature and be sufficiently robust to
withstand shipping.

3. Focus on Absorption Optimization

To overcome the constraints imposed by nasal anatomy and physiology, includ-
ing small volume, continual mucociliary clearance, and potential low drug permeabil-
ity through the nasal mucosal membranes, intranasal formulations may use two broad
strategies to optimize drug absorption and bioavailability: increase residence time in the
nasal cavity or increase the rate of absorption across the mucosal membrane [30]. Both
strategies employ specialized excipients and may be used together in a single formulation.
Increasing drug permeation carries the advantages of increased bioavailability with lower
drug load within the dose volume, which in turn may reduce the solubility burden on the
formulation. Increased permeation may also be associated with less variability in the total
dose delivered and has the potential to deliver higher-molecular-weight molecules that are
typically poorly absorbed intranasally. An ideal permeation enhancer is compatible with
the drug, soluble and stable in a range of solvent systems, and commercially available with
appropriate labeling by a regulatory body (Figure 2).
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Nontoxic, nonirritating, and recognized by the US Food and Drug Administration
(eg, designation as Generally Recognized as Safe, an inactive ingredient for
approved drug products, or a food additive)

(eg, room temperature stability, solubility), ease of handling, assay,
impurities, etc

@ Tasteless and odorless
Compatible with the target drug and a range of excipients

@ Soluble and stable in a range of solvent systems

@ Commercially available, Good Manufacturing Practices Grade

% Appropriate quality attributes and physiochemical properties

Figure 2. Ideal characteristics of a permeation enhancer for intranasal drug formulations.

3.1. Biochemistry of the Alkylsaccharides Dodecyl Maltoside and Tetradecyl Maltoside

Alkylsaccharides are a family of sugars characterized by covalent linkages to >1 alkyl
chain (Figure 3) [37], several of which have been developed as transmucosal delivery en-
hancement agents. They are classed as nonionic surfactants and used in food and personal
care products. In particular, dodecyl maltoside (DDM; 511 Da) and tetradecyl maltoside
(TDM,; 539 Da) are examples of Intravail® (Neurelis, Inc., San Diego, CA, USA) alkylsaccha-
ride absorption enhancers [38]. These excipients are considered safe, nontoxic, nonmuta-
genic, tasteless, odorless, and nonsensitizing (up to 25% concentration in the Draize test);
they are designated as Generally Recognized as Safe (GRAS) for oral consumption and
meet all the requirements listed in Figure 2 [37]. Sucrose esters have a no-observed-effect
level (NOEL) of 2000 mg/kg body weight and a World Health Organization oral allowable
daily intake (ADI) of <40 mg/kg body weight, supporting their use as an excipient [39]. In
the body, alkylsaccharides are metabolized to their constituent sugars and fatty acids, and
ultimately to carbon dioxide and water [40]. DDM is soluble in oils and water, making it
appropriate for formulations of hydrophilic and hydrophobic compounds [40]. DDM is
compatible with routine liquid formulation and dispensing processes for ease of scale-up
and production. Intravail is composed of synthetic pure chemical entities prepared under
good manufacturing practices (GMP) in Europe and Asia to ensure uniform composition
between lots and below-threshold levels of residual reactants or solvents [37].
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Figure 3. Examples of typical alkylsaccharide structures comprising Intravail® excipients. Used with
permission from Maggio & Pillion, 2013 [37].

3.2. DDM and TDM Mechanism of Action

Two possible mechanisms of action have been proposed for Intravail excipients” effect
of increased transmucosal transport. The first involves paracellular transport via transient
loosening of tight junctions between epithelial cells by DDM to permit mucosal barrier
permeation, which has been demonstrated in several human cell lines and epithelial
tissue [38]. A study in the rat demonstrated a transient permeation effect on nasal epithelia
after the application of TDM with successful transport of molecules up to 22 kDa (human
growth hormone analog somatropin) [41]. The temporary opening and then closing of
tight junctions was observed through the time-dependent exclusion of successively smaller
molecules after treatment (Figure 4). When calcitonin (4 kDa) was administered 60 and
120 min after TDM, absorption was reduced but not halted, indicating that the tight
junctions remained sufficiently open to allow passage of the small molecule. However,
when somatropin (22 kDa) was administered 60 and 120 min after TDM, absorption was
prevented, suggesting that the tight junctions had closed sufficiently to exclude the larger
compound. The second mechanism of action involves transcellular transport across the
mucosa via vesicle-mediated mechanisms, as observed in electron micrographs of the
rat nasal septum tissue treated with TDM (Figure 5) [42]. DDM has also demonstrated
vesicular transport effects in a tissue explant system [38].
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Figure 4. Serum concentration over time after administration of 0.125% tetradecyl maltoside (TDM)
with (A) calcitonin (2.2 U) and (B) somatropin (100 ug) in rats. The uppermost line shows the
simultaneous administration of TDM and drug, while the lower lines show administration of TDM
alone followed by drug administration after 60 or 120 min. The permeation-enhancing effect of TDM
is reversed within 2 h after nasal administration as evidenced by lower serum drug concentration
with a longer delay after TDM administration. Used with permission from Arnold et al., 2010 [41].
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Figure 5. Electron microscopy (original magnification 3500x) of rat nasal mucosa without ad-
ministration of the alkylsaccharide tetradecyl maltoside (0.125%) and 10 min after alkylsaccharide
administration, showing vesicle formation. Note vesicular formation (circled) in right image and cilia
at the top of both images. cc, ciliated cell; gc, goblet cell; n, nucleus, v, vesicle. Used with permission
from Arnold et al., 2004 [42].

3.3. Preclinical Studies of DDM and TDM

In animal studies of intranasal absorption, the use of TDM was associated with increased
absorption of calcitonin (3.5 kDa), enoxaparin (4.5 kDa), and dalteparin (5 kDa) [41,43,44].
The calcitonin study measured plasma levels in rats over time after nasal administration of
formulations containing saline, a medium-chain-length alkylsaccharide, octylmaltoside,
or TDM [43]. The lipophilic characteristics of an alkylsaccharide are related to alkyl chain
length, and lipophilicity increased with increasing chain length. Saline and octylmaltoside
(Cg chain length) formulations resulted in little to no absorption of calcitonin, whereas
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TDM (Cy4 chain length) formulations (0.125-0.25%) resulted in increased calcitonin plasma
levels, peaking 7.5 to 10 min after administration [43]. Using low-molecular-weight heparin
composed of enoxaparin and dalteparin, researchers tested the absorption-enhancing effect
of TDM (0.25%) in rats. Intranasal administration of a formulation containing TDM resulted
in a significant increase in peak plasma concentration and area under the curve for anti-
factor Xa activity (a surrogate for heparin absorption) and higher bioavailability compared
with saline alone, as well as reversibility [44]. Building on those findings, researchers then
tested formulations of enoxaparin and four different alkylsaccharides, including DDM
and TDM [45]. Intranasal administration with these alkylsaccharides resulted in dose-
dependent and chain length—dependent increases in the absorption of enoxaparin, while
all had a reversible effect [45]. Subsequent animal studies have assessed the bioavailability
of several molecules (<30 kDa) delivered intranasally with different concentrations of
TDM [37]. The studies demonstrated two notable qualities: (1) a dose-dependent rela-
tionship between TDM concentration and bioavailability of the drug and (2) an inverse
relationship between molecular weight and drug bioavailability (Figure 6) [37]. For some
molecules, bioavailability after intranasal delivery with DDM or TDM is comparable to
intravenous delivery [37,46].
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Figure 6. Bioavailability (compared with intravenous delivery) of various intranasally administered
proteins ranging from 4 kDa to 30 kDa based on Intravail concentration. HGH, human growth
hormone; IV, intravenous; SC, subcutaneous; TDM, tetradecyl maltoside. Adapted with permission
from Maggio & Pillion, 2013 [37].

3.4. DDM: Currently Approved Treatments

To date, three intranasal medications containing DDM have been approved by the US
Food and Drug Administration (FDA). They are treatments for migraine, seizure cluster
in epilepsy, and opioid overdose. Clinical trials of these treatments support the favorable
safety profile of DDM as an excipient. Currently, no intranasal treatments containing DDM
are approved by the European Medicines Agency for use in Europe.
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3.4.1. Sumatriptan Nasal Spray with Intravail (Tosymra®)

Sumatriptan nasal spray with DDM (Tosymra®, Upsher-Smith Laboratories, Maple
Grove, MN, USA) is indicated for the treatment of acute migraine headaches with or with-
out aura in adults [9]. A randomized crossover study compared intranasal sumatriptan
10 mg containing 0.20% DDM with the earlier commercially available intranasal suma-
triptan 20 mg without DDM (n = 18 healthy volunteers) [47]. The earlier formulation is
characterized by low bioavailability (17%) [8] and slow absorption, whereas the newer
formulation with DDM has a bioavailability of 58% to 87% [9]. In the crossover study,
the median time to maximum plasma concentration (Cpax) for the DDM formulation was
10.2 min, while for sumatriptan 20 mg without DDM, the median time was 2 h. The
concentration-time profile of the formulation without DDM registered two peaks. The
researchers interpreted the early peak in plasma levels as an indication of nasally absorbed
drug, while the second later peak was likely due to most of the dose being swallowed and
absorbed through the gastrointestinal tract (Figure 7). In contrast, the DDM formulations
demonstrated a single early peak of absorption, suggesting nasal absorption [47].
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Figure 7. Intranasal sumatriptan 10 mg plus 0.2% dodecyl maltoside (DDM) vs. intranasal suma-
triptan 20 mg: mean plasma sumatriptan concentration-time profiles. Panels differ by the span of
the x-axis; in addition, the y-axis of the right panel is on a log scale. Adapted with permission from
Munjal et al., 2016 [47].

The efficacy, safety, and tolerability of sumatriptan plus DDM were assessed in phase 2,
a double-blind, 2-period, placebo-controlled study of sumatriptan 10 mg with 0.20%
DDM [48]. The study, which enrolled 107 patients with migraine, met its primary end-
point: the proportion of patients free from headache pain at 2 h postdose was statistically
significantly higher in the sumatriptan with DDM group than in the placebo group (last
observation carried forward: 43.8% vs. 22.5%, p = 0.044; observed cases: 43.8% vs. 20.5%,
p = 0.025). Treatment-emergent adverse events (TEAEs) were reported in 9/93 (9.7%)
patients, and 7/93 (7.5%) reported a TEAE that was considered to be treatment-related.
The most commonly reported TEAEs were dysgeusia (3 patients) and application site pain
(2 patients) [48].

In the same report, researchers described a 3-way crossover study comparing phar-
macokinetic parameters of intranasal sumatriptan plus DDM and 4 or 6 mg sumatrip-
tan administered subcutaneously in 78 healthy volunteers. Intranasal sumatriptan with
DDM provided significantly faster time to maximum concentration (tmax) than subcuta-
neous dosing (10 vs. 15 min; p < 0.0001), with similar overall exposure, measured as the
mean area under the curve (AUC), between intranasal sumatriptan 10 mg with DDM
and the 4- mg subcutaneous dose. TEAEs occurring in >10% of patients in the trial over-
all study were dysgeusia (19%, n = 15 [13 occurred with the intranasal formulation]),
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headache (18%, n = 14 [5 intranasal]), nausea (15%, n = 12 [2 intranasal]), paresthesia (15%,
n =12 [0 intranasal]), and dizziness (12%, n = 9 [2 intranasal]). In an open-label, long-term,
repeat-dose safety study of the intranasal formulation of sumatriptan 10 mg with DDM,
51 of 167 (30.5%) patients reported application site pain (including nasal burning or sting-
ing), usually of mild severity [49]. Incidences of application site reaction and irritation were
5.4% and 4.2%, respectively. It is important to note that these studies did not assess the
safety of DDM alone compared with sumatriptan plus DDM, so the contribution of active
drug vs. excipient to treatment safety and tolerability cannot be determined.

3.4.2. Diazepam Nasal Spray (Valtoco®)

Dodecyl maltoside is also a component of diazepam nasal spray (Valtoco®, Neurelis,
Inc., San Diego, CA, USA), which is indicated for the acute treatment of intermittent, stereo-
typic episodes of frequent seizure activity (i.e., seizure clusters, acute repetitive seizures)
that are distinct from a patient’s usual seizure pattern in patients with epilepsy 6 years of
age and older [5]. It includes vitamin E to increase diazepam solubility without the use
of potentially irritating organic cosolvents that would be used in conventional aqueous
systems [50]. An early crossover pharmacokinetic study compared two intranasal di-
azepam 10-mg formulations that contained DDM with commercially available intravenous
diazepam in healthy volunteers (n = 24). Diazepam nasal spray solution had an absolute
bioavailability of 97% relative to the intravenous formulation with similar variability in
exposure, as measured by AUC [46].

A phase 1 open-label crossover study in healthy volunteers (n = 48) assessed the
bioavailability of diazepam nasal spray compared with oral and rectal diazepam [51].
Intranasal delivery was associated with less interpatient variability in bioavailability (as
measured by AUC) than rectal delivery, while overall bioavailability was slightly less. The
pharmacokinetics of diazepam nasal spray was also studied in patients with epilepsy with
seizure clusters [52]. There was little impact of the epileptic state (ictal/peri-ictal vs. interictal)
on pharmacokinetics or safety [52]. The study also assessed levels of DDM in a subset
of patients (n = 25) with epilepsy after treatment with diazepam nasal spray [53]. At
any time point, <5 patients had detectable DDM plasma concentrations (>500 pg/mL;
maximum concentration 741 pg/mL), with levels returning to undetectable by 1.75 h
postdose, confirming that residual plasma concentrations of DDM are low and transient
following use of diazepam nasal spray [53].

The safety of diazepam nasal spray was assessed in a long-term, open-label, repeat-
dose phase 3 study of patients aged 6 to 65 years with epilepsy and seizure clusters
(n = 163 safety population) [50]. Overall, the safety profile of diazepam nasal spray
was comparable to that of rectal diazepam. Over the course of the 12-month study, 134
(82.2%) patients reported any TEAE. Treatment-related TEAEs were reported by 30 (18.4%)
patients: events reported by >3 patients were nasal discomfort (n = 10 patients [6.1%]);
headache (n = 4 [2.5%]); and dysgeusia, epistaxis, and somnolence (n = 3 each [1.8%]).
There were no clinically significant toxicities of the nasal cavity. Nasal irritation was
assessed by a trained observer. Most patients experienced no sign of irritation (764 of
781 tests), with the remaining cases of irritation being transient. No significant olfactory
changes were observed by the NIH Toolbox Odor Identification Test. Finally, rates of
TEAESs, serious TEAEs, and treatment-related TEAEs were similar between patients with
and without seasonal allergies/rhinitis [50]. As with the studies of sumatriptan with DDM,
this study did not assess the safety of DDM alone; thus, the relationship to DDM cannot be
determined.

Finally, surveys of patients with seizure clusters and their caregivers who used in-
tranasal diazepam rescue therapy delivered in unidose pumps reported favorable impres-
sions of the treatment. Patients and caregivers found it comfortable to carry and use outside
the home, and they preferred the convenience of the nasal spray over rectal diazepam [2].
Of note, a study of a prefilled intranasal spray pump (naloxone) found it to be easier to use
than an assembled MAD or an intramuscular autoinjector [54]. The intranasal device was
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also associated with a shorter time to successful delivery (16 s) than either the MAD (113 s;
p = 0.012) or the autoinjector (58 s; p < 0.001) [54].

3.4.3. Nalmefene Nasal Spray (Opvee®)

In May 2023, nalmefene nasal spray with DDM (Opvee®, Indivior Inc., Chesterfield,
VA, USA) received FDA approval for healthcare and community use as an emergency
treatment for known or suspected opioid overdose in adults and pediatric patients 12 years
of age and older. In a preclinical study assessing three absorption enhancers including
DDM in an animal model, absolute nalmefene bioavailability with 0.5% and 0.25% DDM
was 76.5% and 71.0%, respectively, a significant increase (p < 0.05) over the bioavailability
of nalmefene administered alone (47.7%) [55]. Nalmefene plus DDM reported good safety
in nasal ciliotoxicity models [55]. A phase 1 pharmacokinetic study of nalmefene in healthy
volunteers (n = 14) compared four formulations: intranasal nalmefene 1.5 mg, intranasal
nalmefene 3 mg, intranasal nalmefene 3 mg plus 0.25% DDM, and intramuscular nalmefene
1.5 mg [56]. Median tmax of intranasal nalmefene 3 mg was 2 h. The addition of DDM
reduced tmax to 15 min and more than doubled Cpax (4.45 vs. 1.99 ng/mL for nalmefene
3 mg). DDM had no apparent effect on nalmefene half-life. The onset of action with
nalmefene with DDM was comparable to the intramuscular injection, with a higher Cpax.
TEAEs were mild, with no apparent changes in olfaction [56].

Three clinical trials (2 pharmacokinetic trials and 1 pharmacodynamic study) support
the safety of nalmefene nasal spray. The most common treatment-related TEAEs (>5%)
associated with nalmefene 2.7 mg nasal spray in healthy volunteers (n = 150) were nasal
discomfort (28.7%), headache (26.7%), nausea (16.7%), dizziness (9.3%), hot flush (8.0%),
and vomiting (6.0%) [13]. These studies did not assess the safety of DDM alone; thus, the
relationship to DDM cannot be determined.

3.5. DDM: Future Directions
3.5.1. Epinephrine Nasal Spray (Neffy™)

Intramuscular injection of epinephrine is the standard of care for the treatment of
severe allergic reactions, including anaphylaxis. Epinephrine nasal spray (neffy™, ARS
Pharmaceuticals, Inc., San Diego, CA, USA) is under development as a noninvasive alter-
native to injection for use in community settings [57]. Epinephrine nasal spray contains
0.275% DDM, which was chosen based on optimal epinephrine bioavailability in phase
1 studies [58]. A recent publication presented an integrated analysis of data from four phase
1 studies comparing the pharmacodynamic and pharmacokinetic properties of intramus-
cular epinephrine 0.3 mg injection either manually or with autoinjectors and epinephrine
1 mg nasal spray. Within the context of the emerging understanding that epinephrine
pharmacokinetics can vary among different injection devices, epinephrine nasal spray with
DDM demonstrated a mean Cpyax that was similar to manually injected epinephrine, with
a shorter median tmax. Overall, the nasal spray produced similar or more pronounced
pharmacodynamic changes compared with the injected formulations [57]. Epinephrine
nasal spray is currently under review with the FDA.

3.5.2. Other Treatments

Naltrexone with DDM (Indivior, Chesterfield, VA, USA) is in development as a nasal
spray for the treatment of patients with alcohol use disorder. Based on a pharmacokinetic
study in healthy volunteers that showed a decrease in tmax from 30 to 10 min and a ~3-fold
increase in Cmax with the addition of DDM to intranasal naltrexone [59], a phase 2 study is
underway. The randomized, double-blind, placebo-controlled trial will evaluate the effects
of naltrexone nasal spray on alcohol use disorder, with preliminary results expected in
2023 [60,61]. Finally, other intranasal formulations containing DDM in the early stages of
development include intranasal olanzapine plus DDM for the treatment of acute agitation
in patients with schizophrenia or bipolar disorder [62].
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4. Future Perspectives and Conclusions

Intranasal delivery is becoming an increasingly common route of administration for
drugs that treat CNS conditions. As of mid-2023, the FDA has approved ten intranasal
formulations of CNS drugs as treatments [4-7,9-13,63], with the three discussed above
containing DDM as a permeation enhancer (Figure 8). Intranasal delivery offers several
benefits related to ease of delivery, favorable pharmacokinetics, and patient experience. To
optimize these benefits, intranasal formulations must address the specific anatomic and
physiologic constraints of the nasal cavity, as well as the physicochemical constraints of the
drug formulation.

5 o=
Sumatriptan
(with DDM)
4 -
Dihydro-
ergotamine
3 -
Sumatriptan
2 -
Nalmefene Diazepam
(with DDM) LG (with DDM)
1
Esketamine Naloxone Zolmitriptan Midazolam
0 -

Depression Opioid Overdose Migraine Seizure Clusters

Figure 8. Central nervous system drugs approved by the US FDA as intranasal formulations by
mid-2023. CNS, central nervous system; DDM, dodecyl maltoside [4-7,9-13,63].

Permeation enhancers such as DDM and TDM are valuable excipients in a growing
number of FDA-approved intranasal treatments. They have been shown to enhance drug
absorption and bioavailability. DDM has a proven record of preclinical and clinical safety
as an excipient in intranasal formulations. Moreover, the physicochemical characteristics of
alkylsaccharides offer the potential for the development of other intranasal drug therapies
for non-CNS and nonemergency conditions, incorporating hydrophilic and hydrophobic
formulations of small molecules, peptides, and proteins. In the CNS, in particular, direct
nose-to-brain delivery of drugs with intranasal delivery is an important potential benefit
for certain molecules. As real-world experience with these newer intranasal formulations
grows, additional potential benefits to patients and healthcare utilization may become
apparent. Finally, DDM may also have potential applications in buccal, dermal, oral,
and other pharmaceutical agents. While approved intranasal formulations have made
progress in providing effective and acceptable treatment for patients with some conditions,
significant unmet needs remain for many other conditions that range from allergy to
psychiatry. Ongoing research and development of intranasal formulations offers future
novel and alternative therapies, thereby broadening the choice of treatment options and
improving the experience and outcomes for patients living with a number of acute CNS
conditions.
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AUC Area under the curve

Cmax Maximum plasma concentration
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Abstract: Intranasal administration has attracted attention as a means of delivering drugs because it
bypasses the blood-brain barrier. However, conventional intranasal administration of drug solutions
to mice using the micropipette method (MP method) is complicated and time-consuming because
it requires small doses to be administered under inhalation anesthesia. This study evaluated the
effectiveness of a novel intranasal administration method using Micro FPS™, a novel micro-spraying
device (the MSD method). The MSD method allowed more reliable administration of the solution
to the nasal mucosa than the MP method did. The transfer of inulin, a model water-soluble macro-
molecule compound, to the olfactory bulb and brain (cerebrum, cerebellum, brainstem, and striatum)
was similar with the two methods. It also allowed the drug to be administered in a shorter time. These
results suggest that the MSD method is simpler and more rapid than the MP method for intranasal
administration of drugs to mice and achieves comparable delivery of inulin to the olfactory bulb and
brain. Therefore, the Micro FPS™ device is a potentially useful tool for intranasal drug administration
to rodents and could facilitate the development of intranasal formulations, contributing to drug
development for central nervous system diseases.

Keywords: intranasal administration; micro-spraying device; nose-to-brain; mice; inulin

1. Introduction
1.1. Background

Intranasal administration of drugs through the nostrils to the nasal mucosa enables
drug delivery to the systemic circulation via capillaries distributed locally in the nasal
cavity and mucosa [1]. The nasal surface to which the drug adheres is covered with a thin
mucosal layer with fewer proteolytic enzymes than the oral mucosa [2]. In addition, in-
tranasal administration avoids hepatic first-pass effects. One of the most notable features of
intranasal administration is the direct nose-to-brain (N2B) pathway, which enables efficient
brain delivery of drugs with a significantly limited blood-to-brain transfer, bypassing the
blood-brain barrier [3-6]. These features enable the delivery of novel modalities, such
as peptides and nucleic acid drugs, to the central nervous system [7,8] and suppress sys-
temic side effects of drugs that occur when administered via conventional administration
methods [6,9]. Therefore, intranasal administration presents the potential for further de-
velopment of formulations targeting the central nervous system, local nasal cavity, and
systemic circulation.
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In drug development, pharmacological evaluation of new drugs is generally conducted
in rodent species such as mice and rats. However, standardized administration conditions
(e.g., volume, time, and administration rate) for intranasal administration to rodents have
not yet been established, and administration methods differ among researchers [10]. The
lack of standardized administration methods is a cause for concern because differences
in administration methods among researchers may have a considerable effect on drug
retention in the nasal mucosa and drug delivery to the brain due to the complexity of the
nasal cavity [11]. The most common method of intranasal administration to rodents is the
micropipette (MP) method. In this method, 1020 pL of drug solution is administered into
the nasal cavity of mice, which has a volume of approximately 30 puL, under inhalation
anesthesia with isoflurane [12] using a micropipette 10-20 times into alternating nostrils,
and the drug is absorbed into the nasal mucosa without an excess amount of solution being
excreted into the pharynx.

1.2. Rationale

Previously, we developed an openable inhalation mask that allows intranasal admin-
istration even under inhalation anesthesia. This method enabled the administration of
drug solutions in the same position to rodents under inhalation anesthesia. Moreover,
this minimized the leakage of drug solutions from the nasal cavity to the pharynx and
variability due to the technique [10,13]. Fukuda et al. [14] evaluated the brain translocation
of inulin, which is a model water-soluble macromolecule, using these MP-technology-
based dosing methods. Kurano et al. [15,16] demonstrated the migration of liposomes with
different surface charges intranasally administered via the MP method to the brain and
spinal cord and the therapeutic effect of intranasal administration of N-acetyl-L-cysteine, an
antioxidant loaded on a polymeric nanocarrier, in a mouse model of amyotrophic sclerosis.
The MP method is widely used to evaluate the kinetics or therapeutic effects of intranasally
administered formulations based on their physical properties. However, these MP methods
are complicated because the maximum volume that can be administered per dose is mini-
mal (1-2 pL) and is administered into the right and left nostrils at 1 min intervals, implying
that 10-20 min are required to administer the entire solution. Moreover, as there is always
a time lag between the start and end of administration, the amount of drug distributed
on the nasal surface and its residence time may differ from those of actual intranasal ad-
ministration, which may affect pharmacokinetics and drug effects. To resolve these issues,
Ullah et al. [17] investigated intranasal administration under awake conditions. Intranasal
administration under awake conditions can be performed in a shorter time because it
eliminates the need for anesthesia and other time-consuming procedures [17,18]. However,
the results depend on the specific equipment used and the technical proficiency of the
operator. Therefore, this method cannot be universally applied. Additionally, mice require
time to acclimatize before intranasal administration under awake conditions. Notably, the
distribution of the administered drug is highly variable; therefore, awake administration is
not a satisfactory method.

1.3. Objectives

Micro FPS™, a new micro-spraying device (MSD; Figure 1) for intranasal administra-
tion of drugs to mice [19], is capable of spraying drug solutions in the range of 1-5 uL in
1 puL increments. This is otherwise difficult to achieve with the fine particle sprayers used
for transpulmonary administration to rodents. This new MSD is expected to reduce differ-
ences in intranasal administration techniques among experimenters and simplify intranasal
administration. Therefore, to clarify the usefulness of Micro FPS™ as a new intranasal
administration device, we compared the time required for intranasal administration, nature
of the distribution of the drug solution in the nasal cavity of mice, and transfer of inulin, a
model water-soluble macromolecule compound, into the olfactory bulb or brain (cerebrum,
cerebellum, brainstem, and striatum) to those of the MP method.
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(c) Plunger guide Syringe Plunger

o

Needle

Figure 1. Spraying demonstration of (a) fine particle sprayer and (b) Micro FPS™. (c) Structure of
Micro FPS™.

In this study, we investigated the intranasal distribution of drug solution in the nasal
cavity of mice and brain migration of inulin, a model water-soluble middle molecule,
administered intranasally using Micro FPS™ MSD to evaluate the usefulness of this MSD
for intranasal delivery of drug solutions to mice.

2. Materials and Methods
2.1. Reagents and Materials

A solution of 0.4% trypan blue and radiolabeled inulin ([Carboxyl-14C]-inulin, molec-
ular weight approximately 5000, 2 mCi/g; purity > 99%, Muromachi Kikai Co. Ltd.,
Tokyo, Japan) added to the drug solution was purchased from Thermo Fisher Scientific
Corporation (Tokyo, Japan) and American Radiolabeled Chemicals (St Louis, MO, USA),
respectively. The Micro FPS™ (MFPS-01-A1, MSD) microdose atomizer (Toray Precision,
Inc., Shiga, Japan) was used for intranasal administration of the solution to mice. Table 1
lists the spray characteristics of Micro FPS™.

Table 1. Specifications (spray characteristics, needle size, and device weight) of the novel micro-
spraying device Micro FPS™ [19].

Spray Characteristics

Minimum spray volume 1uL

Maximum spray volume 5uL

Average spray angle 43.8°
Average atomizing particle size 12.97 pm

Needle size and device weight

Sprayable viscosity at 20 °C 1.000 mPa-s
Needle outer diameter 0.52 mm
Needle length 7.0 mm
Device weight 455¢g
2.2. Animals

All animal experiments were conducted under the guidelines approved by the Ni-
hon University Animal Care and Use Committee (Tokyo, Japan, experiment number
#AP22PHAO013-1). Seven-week-old male mice (Deutschland, Denken, and Yoken strains)
were obtained from Japan SLC, Inc. (Shizuoka, Japan). Mice were housed under a
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light-dark cycle of 25 £ 1 °C, 55 £ 10% humidity, and 12 h of illumination (8:00-20:00),
with ad libitum access to feed and water. Male mice weighing 35-45 g were used in the
subsequent studies.

2.3. Intranasal Distribution of Trypan Blue Solution

In the MSD method, the needle of the MSD was inserted into the right nostril of a
mouse immobilized in the supine position under inhalation anesthesia with isoflurane
using an openable inhalation mask (SN-487-70-09, Shinano Seisakusyo, Tokyo, Japan) [10]
and 4 pL of 0.4% trypan blue, an azo dye similar to that used for nasal staining in the
previous report [20], and the solution was sprayed into the nasal cavity of the mouse
(Figure 2a). Mice were removed from the anesthesia mask during administration. In the
MP method as a reference method, droplets of 0.4% trypan blue solution were formed at the
tip of a micropipette and aspirated by spontaneous breathing of the anesthetized mice [10]
(Figure 2b). After opening the silicon cap of the mask, 1 pL of 0.4% trypan blue solution
was administered into the right nostril of the mouse at 1-min intervals from the opening
of the inhalation mask to make a total volume of 4 pL. After the administration of each
method, the head was cut in a sagittal plane, and the distribution of trypan blue adhering
to the inside of the nasal cavity was captured. This image was analyzed using Image]
software downloaded from the NIH website [21], and the adhesion rate of the trypan blue
solution to the entire nasal cavity was calculated using Equation (1):

Trypan blue adhered area
Nasal cavity area

Adhesion ratio of trypan blue solution in the mice nasal cavity (%)=

Micro Spraying ( b)
Device (Micro FPS™)

Insertion of Micro FPS™
into mouse nostril

N

Inhalation-anesthetized -

1

Inhalaton
anesthesia mask |

Mouse

i
Experiment animals
(Mice)

Figure 2. Comparison of intranasal administration methodologies and dosing schedule of each
method. (a) Micro-spraying device (MSD) method: 1-5 puL administered into each nostril at a time
using Micro FPS™. (b) Micropipette (MP) method: 1-2 pL. administered into each nostril at 1-min

intervals via micropipette.

2.4. Measurement of the Amount of [14C]-Inulin to the Brain and Olfactory Bulb after
Intranasal Administration

A total of 10 pL of phosphate-buffered saline solution containing 5 uCi/mL (400 uM)
of [14CJ-inulin was administered intranasally to the mice using the MP or MSD method. In
the MSD method, Micro FPS™ was filled with 5 uL of the drug solution and administered
intranasally into the right and left nasal cavities once each. In the MP method, 1.25 uL of
drug solution was administered eight times into the right and left nasal cavities at 1-min
intervals, based on the methods used in previous studies [10,14]. Thirty minutes after each
administration, isolated brain tissue was divided into two parts: the olfactory bulb and
the rest of the brain, including the cerebrum, cerebellum, brainstem, and striatum. Each
sample was dissolved in Solusol™ (National Diagnostics, GA, USA), a tissue solubilizer,
at 55 °C for 2 h. Then, 10 mL of Hionic-flour™ (Waltham, MA, USA) known as the
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liquid scintillation cocktail was added to the samples. The drug solution equivalent to the
dosage was dissolved in 3 mL of Pico-flour™ 40 (Waltham, MA, USA). To determine the
[14CJ-inulin radioactivity in the olfactory bulb and brain, a liquid scintillation counter was
used (Tri-Carb 4810TR, PerkinElmer, Shelton, CT, USA). All experiments using isotopes
were conducted in accordance with the Isotope Center Use Plan, which was reviewed and
approved by the Isotope Center of Nihon University, School of Pharmacy (experiment
#23-01, 02).

2.5. Statistical Analysis

JMP Version 14 (SAS Institute Inc., Cary, NC, USA) was used for statistical analysis.
The significance of the difference among three groups (untreated or treated using the
MP or MSD method) in the adhesion ratio of trypan blue solution in the nasal cavity
of the mice was determined using analysis of variance with Tukey’s test for multiple
comparisons. p values < 0.05 were considered statistically significant. Additionally, the
t-test for independent samples was used to evaluate the significance of the difference
between the MP and MSD methods in the transfer of [14C]-inulin to the olfactory bulb
and brain.

3. Results
3.1. Adhesion of 0.4% Trypan Blue Solution to the Nasal Cavity of Mice

In this experiment, the 0.4% trypan blue solution was administered intranasally to
stain the nasal cavity, as reported by Kumar et al. [20], and the adhesion of the trypan blue
solution to the nasal cavity was calculated. We confirmed that 0.4% trypan blue solution can
be sprayed using Micro FPS™. Unlike that in the mice with no administered trypan blue
solution (Figure 3a), the administered trypan blue was distributed between the nostrils and
nasal cavity and in the anterior part of the nasal cavity using the MP method (Figure 3b).
In contrast, the MSD method showed no distribution of trypan blue between the nostrils
and nasal cavity, and most of the sprayed trypan blue solution reached deep within the
nasal cavity, physically close to the brain tissue (Figure 3c). Compared with that using the
MP method, the adhesion rate of trypan blue in the nasal cavity using the MSD method
increased significantly by approximately 1.5 times (Figure 3d).

3.2. Transfer of Inulin from the Nasal Cavity to the Brain of Mice

Subsequently, we compared the brain transfer of inulin. This water-soluble macro-
molecule model compound has previously been shown to be transferred to the brain via
the N2B route using the MP method of intranasal administration [14]. Micro FPS™ is also
capable of spraying an inulin-containing drug solution. The results showed no significant
difference between the MP and MSD methods in the amount of inulin transferred to the
olfactory bulb and brain 30 min after intranasal administration, indicating that the method
of administration did not affect the transfer of inulin to the brain (Figure 4).

Figure 3. Cont.
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Figure 3. Distribution of the dosing solution in the nasal cavity of mice according to the intranasal
administration methods. (a) Untreated; (b) MP method; (¢) MSD method. (d) Adhesion ratio
according to the intranasal administration methods. The distribution of trypan blue in the nasal
cavity was confirmed from a sagittal section of the head of mice administered 0.4% trypan blue
intranasally. In (a—c), the yellow dotted line indicates the nasal cavity of mice. The significance of
the differences in the mean values of the three groups was estimated using analysis of variance with
Tukey’s test. * p < 0.05, ** p < 0.01, *** p < 0.001. Each bar represents mean =+ standard error of three
treated mice. MP, micropipette; MSD, micro-spraying device.

Compared with that of the MP method, the MSD method significantly reduced the time
required for administration (Table 2). In this experiment, the time required for intranasal
administration of 10 uL of drug solution was approximately 60 s for the MSD method and
approximately 190 s for the MP method.

Table 2. Time for intranasal administration of drug solution by each method. S.E.M., standard error
of the mean.

Time for n
Administration (s) 1 2 3 4 5 I 7 8 Mean S.EM.
MSD method 57 55 51 57 63 57 ... ... 56.67 3.54
MP method 197 191 194 191 190 192 193 194 192.75 2.11
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Figure 4. Comparison of the transfer of inulin to the olfactory bulb and brain of mice using the MP
and MSD methods of intranasal administration. (a) The olfactory bulb; (b) the brain. The ratio of
[14CJ-inulin distributed to the olfactory bulb and brain relative to the total amount of [14C]-inulin
administered by each method was divided by the tissue weight and expressed as %ID/g. Each bar
represents the mean =+ standard error of four mice treated using the micropipette (MP) method or
five mice treated using the micro-spraying device (MSD) method. ns; not significant (p > 0.05).

4. Discussion

Recently, intranasal administration has been attracting attention as an administra-
tion method that can deliver drugs directly to the central nervous system [22]. Notably,
the blood-brain barrier, comprising brain capillary endothelial cells, pericytes, and as-
trocytes [23-25], restricts the delivery of drugs to the brain using conventional meth-
ods. The therapeutic effects of these drugs administered intranasally to rodents using
the micropipette (MP) method and their translocation into the brain and blood have
been reported [11,14,26-28]. The MP method is more widely used than other intranasal
administration methods because it is simple and relatively easy. However, the time re-
quired for administration through the MP method and differences in the proficiency of
the administration technique among the experimenters are barriers to research. Our re-
search group has reported the development of masks for inhalation anesthesia and a
reverse canulation method to shorten the administration time and minimize the influence
of inter-experimenter skills [10]. However, these investigations only solve some of the
problems associated with intranasal administration. In this study, we focused on Micro
FPS™, a new micro-atomizer developed by Toray Precision Inc. We examined its ap-
plicability for intranasal administration of drugs to mice, which are commonly used as
experimental animals.

First, we observed the intranasal distribution of the drug solution administered using
each intranasal administration method. Similar to Evans blue, trypan blue, which is also an
azo dye, could clearly stain the nasal cavity. The MSD method showed no distribution of
trypan blue between the nostrils and nasal cavity, and most of the drug solution reached
deep within the nasal cavity adjacent to the brain tissue. This is because the length of the
Micro FPS™ needle is approximately 7 mm, which corresponds to the length between the
nostrils and nasal cavity of a mouse, allowing the needle tip to be inserted into the nasal
cavity and spray the drug solution. In contrast, with the MP method, the trypan blue was
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administered intranasally as the mice spontaneously breathed, and trypan blue remained
in the nostril and the anterior part of the nasal cavity. Therefore, the adhesion rate of trypan
blue solution in the nasal cavity of mice was significantly higher using the MSD method
than using the MP method. The MSD method was able to administer drugs intensively
deep into the nasal cavity, to the area where the olfactory nerve endings are distributed.
The olfactory nerve pathway via the olfactory nerve from the olfactory region located in
the deepest part of the nasal cavity and the trigeminal pathway via the trigeminal nerve
distributed in the submucosa of the nasal cavity are important pathways in N2B drug
transfer [11,29,30]. Additionally, differences in the volume of the rodent’s nasal cavity may
affect drug delivery to the olfactory bulb [31]. The MSD method using Micro FPS™, which
allows intensive spray of drug solution into the olfactory region, facilitates N2B transfer,
without the distribution of drug solution between the nostril and nasal cavity, suggesting
that drug solution can be efficiently administered to the olfactory area regardless of the nasal
cavity volume. Flamm et al. [32] developed a catheter-based application that can deliver
drugs precisely to the olfactory region. This device is beneficial from a pharmacokinetic
or formulation perspective because it allows direct administration of drug solutions with
various physical properties. However, drugs are administered to the nasal cavity as droplets
using atomizers in most practical applications. It has been reported that the size of the
sprayed droplet affects drug deposition in the nasal cavity [33,34]. Therefore, intranasal
administration using Micro FPS™, which can atomize the drug solution as fine droplets, is
a beneficial method for designing intranasal formulations. Additionally, when the drug is
sprayed as droplets using Micro FPS™, fine particles may reach respiratory organs such
as the airways, lungs and gastrointestinal tract when the mice inhale. Since A sprays
droplets measuring several tens of micrometers, the risk of reaching the pharyngeal side or
respiratory tract is considered low. However, along with the nasal cavity, the respiratory
and gastrointestinal tracts also need to be evaluated in further studies for the possibility of
secondary side effects owing to inhalation or swallowing of the drug.

The brain transfer of inulin to the olfactory bulb and brain after intranasal admin-
istration was compared between the two methods. Our group has previously reported
that intranasal administration of 25 pL of inulin solution using the MP or reverse canu-
lation method resulted in the transfer of 1.5-3.5% ID/g tissue to the olfactory bulb and
0.1-2.7% ID/ g tissue to the brain and that the rate of inulin transfer to each tissue increased
with decreasing volume of administration using the reverse canulation method [14]. In
the current study, the degree of inulin brain transfer using the MP method was similar to
that reported previously. The level of inulin transfer to the olfactory bulb and brain was
similar using the MP and MSD methods. These results indicate that the MSD method is as
effective as the MP method for the delivery of drug solution into the nasal cavity of mice.
Despite differences in the nasal distribution of the drug solution due to the administration
method, the brain transfer of inulin did not differ regardless of the method used. Intranasal
administration is a useful method of administration to improve brain delivery of water-
soluble low-molecular-weight drugs with low mucosal permeability [35]. However, the
nasal mucosal permeability of drugs generally tends to decrease with increasing molecular
weight [36-38]. In addition, we confirmed that the amount of intranasally administered
inulin transferred to the olfactory bulb and brain was constant regardless of the dose of
inulin. The inulin used in this study as a model drug is water-soluble and has a molecular
weight of 5000 Da, because of which the efficiency of intranasal delivery to the brain was
limited, and the difference in the distribution of the administered solution in the nasal
cavity due to the intranasal administration method did not affect the transfer of inulin to
the olfactory bulb or brain. Therefore, despite the differences in the distribution of the drug
in the nasal cavity, no difference in the amount of inulin transferred from the nose to the
olfactory bulb or brain was observed. Further research is required to examine the effects
of the method of intranasal administration and nasal distribution of the drug solution on
the transfer of low-molecular-weight or lipophilic compounds with a high contribution to
brain delivery via the N2B route to the blood and various tissues, especially into various
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regions of the central brain [39,40]. Micro FPS™ has not yet been evaluated in rats. Rats
have a larger nasal cavity volume than that of mice. Micro FPS™ can also be used in rats
for intranasal administration of candidate compounds for new drugs. However, the needle
length of Micro FPS™ may need to be changed because the length from the nostrils to the
nasal cavity is longer in rats than in mice.

In addition, we compared the time required for intranasal administration of 10 uL
of drug solution to mice. The MSD method reduced the time required for intranasal
administration by 2 min, from 3 min to 1 min, compared with that of the MP method, in
which 1.25 pL of the drug was administered into the right and left nasal cavities alternately,
followed by a 1-min interval between administrations. This is because the maximum
volume of Micro FPS™ is 5 uL per spray and only one spray in each nostril was needed to
administer the total drug dose. Therefore, intranasal administration to rats, which have a
larger nasal cavity volume than that of mice, using the MSD method is likely to shorten
the administration time further. Micro FPS™ also allowed for one-handed syringe filling
and spraying from the device. Ullah et al. [17] reported a novel method in which mice
are immobilized in a particular device that maintains them in a condition suitable for
brain delivery [41] of siRNA by intranasal administration. This administration method is
efficient, allowing the substance to be administered intranasally to 4-8 mice at the same
time. However, it requires a special device to immobilize the mice and a micropipette for
intranasal administration; therefore, it requires approximately the same amount of time
as the MP method. In contrast, Micro FPS™ allows 1-5 pL of drug solution to be sprayed
intranasally at a time, thus reducing the administration time (Table 2). These advantages of
increased speed and reduced costs are extremely important in terms of practical application.
While the nasal retention property is essential for brain-targeted formulations by adding
high-molecular-weight thickener or gelling agents, spraying viscous solutions with MSD
has been difficult, so further improvement of the device is expected in the future. The
development of an MSD that can spray a viscous solution is expected to accelerate the
design of intranasal formulations for N2B administration. This could contribute to the
development of drugs to treat central nervous system diseases in humans.

5. Conclusions

In this study, we investigated the usefulness of an intranasal administration method
using Micro FPS™, a novel micro-atomizer, as an alternative to the MP method for in-
tranasal administration of drug solutions to rodents, in this case using mice. Intranasal
administration of drug solutions was more rapid and simpler using the MSD method than
that using the MP method. Using the MSD method, all of the administered drug solution
could be sprayed into the nasal cavity, and most of it was deposited in the olfactory area,
which is involved in N2B transfer. Furthermore, there was no difference in the amount of
inulin transferred to the brain after intranasal administration by each method, suggesting
that Micro FPS™ can be used for intranasal administration of drug solutions to rodents in
the same way as the conventional MP method. In conclusion, intranasal administration
of drugs to mice using Micro FPS™ is a useful method to investigate drug delivery to
the central nervous system via the N2B pathway. Further studies using water-soluble
middle-molecule model compounds and drugs with various characteristics are expected to
provide a useful tool for developing nasal formulations based on tests using rodents.
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Abstract: Currently, nasal administration of active pharmaceutical ingredients is most commonly
performed using swirl-nozzle-based pump devices or pressurized syringes. However, they lead
to limited deposition in the more active regions of the nasal cavity, especially the olfactory region,
which is crucial for nose-to-brain drug delivery. This research proposes to improve deposition in
the olfactory region by replacing the swirl nozzle with a nanoengineered nozzle chip containing
micrometer-sized holes, which generates smaller droplets of 10-50 um travelling at a lower plume
velocity. Two nanotech nozzle chips with different hole sizes were tested at different inhalation flow
rates to examine the deposition patterns of theophylline, a hyposmia treatment formulation, using
a nasal cavity model. A user study was also conducted and showed that the patient instructions
influenced the inhalation flow rate characteristics. Targeted flow rates of between 0 and 25 L/min
were used for the in vitro deposition study, yielding 21.5-31.5% olfactory coverage. In contrast, the
traditional swirl nozzle provided only 10.8% coverage at a similar flow rate. This work highlights the
potential of the nanotech soft mist nozzle for improved intranasal drug delivery, particularly to the
olfactory region.

Keywords: aerosol; nebulizer; olfactory region; intranasal delivery; soft mist; nanotechnology

1. Introduction

The nasal tract is considered an efficient pathway for the uptake of biopharmaceuticals
and small molecules, as the nasal cavity is highly vascularized and has a large surface area.
In the nasal mucosae, a variety of antigen-presenting cells are present, such as macrophages
and dendritic cells, which continuously scan their environment for uninvited antigens [1,2].
Over the years, various nasal drug delivery devices, such as vibrating mesh nebulizers [3],
propellant pressurized sprays, aqueous spray pumps, and dry powders have been used.
However, aqueous spray pumps are now dominant [4,5]. This is surprising as experimental
studies have shown that many spray pump devices deposit a significant amount of the
drug in the nasal valve and vestibule, which are considered less active regions of the
nasal cavity [6-8]. This deposition in the nasal valve and vestibule is likely due to inertial
impaction since most spray pumps are designed to release a large proportion of aerosol
particles substantially larger than 50 pm, which exit the devices at a high speed [9]. Several
studies have suggested that nasal nebulization with much smaller droplets (<50 pm) is
a more effective method of delivering topical medication beyond the nasal valve region
than aqueous spray pumps [4,5,7,10]. This enhanced penetration is attributed to the fact
that nebulizers are designed to generate small, slow-moving particles that traverse the
nasal cavity at a resting breathing rate, thereby minimizing the inertial impact on the nasal
valve and vestibule [5,7]. In addition to the delivery device, a combination of other factors
can also contribute to the efficacy of the intranasal formulations. These include the drug
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formulation characteristics, the site of deposition, and the patient instructions for using the
delivery device [11].

The olfactory region, located in the upper part of the nasal cavity, is responsible for the
sense of smell, which became especially clear to patients with infection-related hyposmia
during the SARS-CoV-2 pandemic. Theophylline, a natural alkaloid derivative of xanthine
isolated from Camellia sinensis and Coffee arabica plants, has been shown to improve
lost taste and smell when administered intranasally [12]. Theophylline appears to inhibit
phosphodiesterase (PDE) and prostaglandin production, regulate calcium flux and intra-
cellular calcium distribution, and antagonize adenosine. By inhibiting PDE, theophylline
may inhibit the conversion of cAMP to AMP, increasing its concentration in the mucosal
microenvironment, and thereby augmenting olfactory transduction stimulation [13]. Over
time, the receptor/sensory neurons may repopulate and become stimulated, allowing the
brain to process odorants. Furthermore, the olfactory region is also known to provide a
pathway to deliver formulations directly to the brain through the blood-brain barrier [14],
making it a unique and important region for intranasal delivery. However, normally, with
current atomization techniques, only <5-10% of the formulation that is administered in-
tranasally deposits on the olfactory mucosa [15], posing a significant challenge in achieving
sufficient drug efficacy.

In this research, we performed an in vitro deposition study to investigate the extent
of theophylline deposition in the olfactory region using a novel nanotech nozzle chip in
combination with a simple spray pump. The nanotech nozzle chip consists of a silicon
chip with micrometer-sized pores, which emits a slow-moving spray cloud upon spraying
with smaller droplets and a narrower droplet size distribution than the conventional
swirl nozzle [9]. It is made with semi-conductor technology, which provides several
advantages for production in addition to the potential improvements in the nasal deposition
investigated in this work. First, well-defined pore sizes can be maintained during the
manufacturing of the nozzle chip. Compared to the effect of user instruction and user nasal
dimensional variations on the deposition and efficacy, the small difference in pore size
due to potential production inaccuracies is expected to have a negligible effect. Moreover,
the production of the nanotech nozzle chip is scalable, as semi-conductor technology
enables lower costs at larger production volumes, making the technology affordable for
both pharmaceutical and OTC applications.

In addition to the deposition study, a user study was performed to measure the
effect of user instructions by examining the inhalation pattern of volunteers when given
different inhalation instructions. These inhalation patterns were used as inputs for the
deposition study.

2. Materials and Methods
2.1. User Study

Inhalation pattern measurements were performed to identify the flow rate and the
duration of inhalation. The volunteers were instructed to inhale from a nasal inhalation
device consisting of a disposable nasal adaptor and a flowmeter (Sensirion SFM3019, Stifa,
Switzerland) under several different inhalation instructions. The small opening of the
device was placed inside one nostril to simulate inhalation from a nasal spray pump, while
the second nostril was blocked.

A total of 32 volunteers were sampled, mainly staff and students from the University
of Amsterdam. The volunteers were between 21 and 67 years old, with a mean age of
35 years, and 37.5% were female (12 out of the 32). Five versions of user instructions
were defined and are listed in Table 1. The instructions were given in the order described,
and inhalation measurements were taken after reading each instruction to the volunteer.
Volunteers were not specifically instructed to exhale before inhalation. The flow rate time
series were recorded at a sampling rate of 100 Hz.
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Table 1. The instructions used in the user study.

Instruction

“Inhale gently through the nose, do not sniff.”
“Inhale normally through the nose.”
“Inhale slowly through the nose.”
“Inhale with the idea that you would like to smell something
that is difficult to smell.”
“Inhale firmly through the nose.”

g = W N 3

2.2. In Vitro Deposition Study

Deposition experiments were performed to determine the deposition characteristics of
the nanotech nebulization chip under different conditions. The experimental procedures
of the deposition study were adapted from D’Angelo et al. [9]. A transparent silicone
nasal cavity model (Model LM-005 Koken Ltd., Tokyo, Japan) was used to simulate the
nasal cavity. Figure 1 shows the nasal cast and corresponding intranasal regions used for
analysis. During spraying, only half of the model, containing one nostril /nasal cavity with
the septum attached, was used.

Figure 1. The image analysis mask with the intranasal regions of interest projected onto the nasal
cast, showing (1) the olfactory region; (2) the middle turbinate; (3) the inferior turbinate; (4) the
nasopharynx; (5) the vestibule. The mask was used for the photo analysis to determine the coverage

in each region.

A 45 pL nasal spray pump in combination with two nanotech nozzle chips from
Medspray (Enschede, The Netherlands) with different hole sizes, as shown in Figure 2,
was used in the deposition experiments. Each nanotech nozzle had a silicon chip contain-
ing either 48 pores of 4 um in diameter or 48 pores of 5 um in diameter, both of which
generated a slow-moving soft mist with a fixed spray plume angle of 20°. The nozzle
chips with the 4 um and the 5 um pores created droplets with a mean diameter (Dv50)
of 23.6 um and 29.5 um and delivered the full dose of the aerosol in approximately 2.7 s
and 1.7 s, respectively. The results of the droplet size measurements and the full-dose
delivery times are shown in Figure 3. The spray pump was actuated inside the nostril
at an angle of 45-60°, with respect to the palate, and at an insertion depth of 10 mm,
depositing a mixture of theophylline and calcein, a fluorescent dye, inside the nasal cast.
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—

Silicon based
spray nozzle

Detailed overview of micro-pore nozzle

Figure 2. The nanotech nebulization device consisting of a nasal spray pump (Aero Pump GmbH,
Hochheim, Germany) and an integrated silicon-based nanotech (soft mist) nozzle chip (Medspray,
Enschede, The Netherlands) (image obtained from “Fluorescence-enabled evaluation of nasal tract
deposition and coverage of pharmaceutical formulations in a silicone nasal cast using an innovative

spray device” by D’Angelo et al. [9] licensed under CC BY-NC-ND 4.0 DEED).
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Figure 3. Top: the droplet size distribution (probability density function) produced by the two
nanotech nozzle chips with pore sizes of 4 um and 5 um and a nasal swirl nozzle measured by a
Malvern Spraytec laser diffraction system. Bottom: the actuation times and the droplet size volume

percentiles for the three nozzles.

To prepare the theophylline—calcein mixture used for spraying, a calcein stock solu-
tion was first created. The formulation of the calcein stock solution was adapted from
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D’Angelo et al. [9]. Calcein powder was solubilized in 80 uL of 1M NaOH, to which
25% (w/v) glycerol and 0.9% saline (v/v) were added to obtain a calcein concentration of
40 mg/mL. The NaOH was used to increase the pH of the stock solution to a value of 10, as
calcein can only be solubilized at high pH values, and glycerol was added to increase the
viscosity of the solution to prevent dripping in the nasal cast after spraying. Theophylline
was then added to the stock solution as a model drug until a final calcein concentration of
1mg/mL was obtained. The formulation composition was selected to preserve fluorescence
over at least 15 min, which is a sufficient time to image the nasal cast after deposition. In
all the experiments, the spray pump was actuated three times, resulting in a total of 135 pL
of the solution nebulized per experiment.

First, for comparing the two nanotech nozzle chips, deposition under a fixed flow was
studied. To do so, a constant simulated inhalation flow of 15 L/min (as measured in the
nostril) was maintained in the nasal cavity during spraying using a Copley LCP5 vacuum
pump (Copley Scientific, Nottingham, UK) and a TSI 4040 flowmeter (TSI Incorporated,
Shoreview United States, Shoreview, MN, USA). Measurements at the same flow rate were
also performed for a nasal swirl nozzle for comparison with the nanotech nozzle chips.

Next, deposition experiments were performed at typical flow rates as found in the
user study to investigate the effect of the flow rate on the deposition pattern.

Before and after spraying, images of the nasal cast were acquired using a Velleman® UV
Lamp (ZLUVB, Velleman NV, Gavere, Belgium) as a source of UV rays with a wavelength
of 366 nm and a digital camera (Nikon D3400, Nikon, Tokyo, Japan) set at an exposure time
of 1/5 s, an f-stop of 5.6, a focal distance of 18 mm, and an ISO number of 3200. To ensure
standardized photographic conditions, all images were acquired inside a black box, and
the camera was fixed at a distance of 15 cm from the cast. Before each image acquisition,
the septum was removed. The images were analyzed with the software Image] 1.53k (U.S.
National Institute of Health, Bethesda, MD, USA), where a 2D mapping of the deposition in
the 3D model could be determined. The cast area was divided into fixed regions of interest
(ROIs) for all of the images analyzed, as shown in Figure 1. The intensity range was kept
fixed between 11 and 256. Each experiment was repeated ten times.

3. Results
3.1. Effect of the User Instruction on the Inhalation Flow Characteristics

The outputs of the user study are the inhalation duration, the mean inhalation velocity,
and the mean peak inhalation velocity for each of the instructions, as tabulated in Table S1.
For the nanotech nasal spray to deliver the full dose, it is essential that the duration of
the inhalation is sufficiently long. Using the 4 pm nanotech nebulizer as a reference, this
is approximately 2 s as shown in Figure 3. Figure 4 shows the inhalation flow during
the first 4 s of the inhalation maneuver averaged over all the volunteers. The percentage
of the volunteers that reached a certain inhalation duration is shown in Figure 5. While
all versions of the instructions achieved a sufficient inhalation time (i.e., 2 s) to deliver
the entire dose for 80% of the volunteers, only instruction 3 achieved it for 100% of the
volunteers. For instruction 4, the inhalation pattern consists of several short sniffs for some
volunteers, resulting in a less constant flow, which is not ideal for delivering a longer-lasting
soft mist nasal spray. Instruction 5 resulted in a large variation in the inhalation velocities
between the volunteers. Overall, instructions 1 and 3 resulted in the most stable inhalation
curve with a small variance and sufficiently long inhalation times. Based on Figure 4, we
chose four flow rates: 0, 7.5, 15, and 25 L/min for the in vitro deposition studies, as the
user study suggests that they are representative of in vivo conditions.
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Figure 4. The average inhalation flow rate for different instructions. The flow rates used for the
deposition studies are shown as red dotted lines (7.5, 15, 25 L/min). For each duration, averaging
was performed over all the volunteers, excluding data from the volunteers who did not reach
that duration.
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Figure 5. The percentage of the volunteers reaching a certain inhalation duration. The red dotted line
at 2 s indicates the minimum time needed to deposit the complete aerosol dose.

3.2. Effect of the Nozzle Parameters on the Deposition Pattern at a Fixed Inhalation Flow Rate

For the deposition experiments conducted at a fixed inhalation flow rate of 15 L /min,
Figure 6 shows the image comparison between the different nebulization devices in terms
of the deposition pattern. It also demonstrates how an image is divided into regions, for
which the covered area relative to the whole surface area of that region is calculated, as
tabulated in Table S2 and summarized in Table 2. Although the deposition coverage in the
nostril is similar for both types of devices, there is more coverage for the nanotech nozzle
chips than for the swirl nozzle in the middle turbinate, the inferior turbinate, and especially
in the olfactory region. The image also shows that the swirl nozzle leads to deposition
mainly in the anterior region of the nasal cavity, and the coverage in the middle and inferior
turbinate is very non-uniform. No significant difference is observed between the two
nanotech nozzle chips with different size holes, reflecting the relatively small differences in
the plume velocity, the spray pattern, and the droplet sizes (see Figure 3).
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(c) (d)

Figure 6. Fluorescence images of nasal cast coverage with calcein-stained theophylline solution

deposited at a flow rate of 15 L/min: (a) 4 pm nanotech nozzle chip, (b) 5 um nanotech nozzle
chip, (c) swirl-nozzle. (d) An example photo-analysis of (a) with different regions colored (pink:
olfactory region, green: middle turbinate, dark blue: nostril, yellow: inferior turbinate). Note that the
nasopharynx is not visible, as this region is covered only for <0.6% in this scenario.

Table 2. An overview of the nasal coverage data for the two different nanotech nozzle chips (4 um
and 5 um pore size) and a swirl nozzle all measured at a 15 L/min airflow. The percentages are based
on the relative coverage of the region, compared to the total surface area of the region.

Device Info Region Coverage Percentages
Total Nasal .1 o Inferior Middle o Nasopharynx
Nozzle Type Cast [%] Nostril [%] Turbinate [%] Turbinate [%] Olfactory [%] [%]
Nanotech chip 4 wm X 48 pores 30.5% 22.9% 26.8% 58.3% 27.9% 0.2%
P p (£2.9%) (£6.4%) (+4.8%) (8.8%) (£3.7%) (£0.2%)
. 29.6% 23.1% 27.8% 54.1% 24.8% 0.1%
Nanotech chip 5 ym > 48 pores (+4.9%) (+6.5%) (+7.9%) (410.6%) (+2.6%) (+0.1%)
Swirl nozzle 19.7% 21.2% 13.9% 37.0% 10.8% 1.3%
(+1.2%) (£0.4%) (£4.0%) (+1.1%) (£1.4%) (+1.0%)

3.3. Effect of the Inhalation Flow Rate on the Deposition Pattern

For the experiments investigating the effect of the inhalation flow rates on the deposi-
tion in the nasal cavity, Figure 7a,b show the relative area coverages of each region for the
four inhalation flow rates, using the 4 um and 5 um nanotech nozzle chips, respectively.
The values are tabulated in Table S3. In two regions (in the case of the 4 um nozzle) and
all four regions (5 pm nozzle), the deposition increases slightly with increasing inhalation
velocity. Overall, the deposition for the 5 pm nozzle chip has a stronger correlation with
the flow rate. Deposition in the olfactory region appears least affected by the inhalation
flow rate when compared to the other regions and only very slightly increases with the
increasing flow rate. However, at lower inhalation velocities the variance in the olfactory
coverage increases. Figure 8 compares the olfactory coverage for the two nanotech nozzle
chips and the four flow rates. No significant differences are observed between the nozzles
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at each inhalation velocity. Both nanotech nozzle chips achieved an olfactory coverage of
more than 20% when holding breath and more than 30% for a flow rate of 25 L/min.
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Figure 7. The deposition in different regions with the (a) 4 um and (b) 5 um nanotech nozzle chips at
various flow rates.
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Figure 8. The olfactory region deposition for the two nanotech nozzle chips at various flow rates.

4. Discussion

The nasal cavity coverage and deposition characteristics are contingent upon the
droplet size and the droplet velocity. Figure 3 shows that the swirl nozzle generates brief
bursts of droplets with a wide size distribution, of which a large proportion is above 50 um
in diameter. These relatively large droplets ejected at a high velocity from the swirl nozzle
follow a straight ballistic path at speeds exceeding 10 m per second [9]. Consequently, the
majority of these large droplets are deposited in the front of the nasal cavity (Figure 6¢), as
the inertially-driven swirl nozzle droplets cannot navigate curved trajectories to reach the
back of the nasal cavity. Furthermore, the interplay between the surface tension and inertial
forces precludes the reduction in droplet size using a swirl nozzle. On the other hand,
electric vibrating mesh nebulizers typically produce very small droplets around 5 pm [3],
which are able to follow the airflow patterns more easily. However, these small droplets
also more easily pass through the whole nasal cavity and continue down into the lower
respiratory tract.
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The nanotech nozzle device produces medium-sized droplets of around 10-50 pm
(Figure 3). At this droplet size range, the droplets are likely to be in a favorable translational
regime. As such, they are able to avoid ballistic impact in the anterior parts of the nasal
cavity and follow the curved trajectory at a slower velocity (<1 m/s) [9], thus depositing
more in the middle regions. As a result, the nanotech nozzle chip demonstrates superior
deposition in the turbinate regions, including the olfactory region (Figure 8), and low
passage to the nasopharyngeal region. Hence, our study showed that the slow-moving
droplets of around 10-50 um are suitable for olfactory deposition, a result that corroborates
previous studies [6,16].

In the deposition study, the effect of droplet size was further tested using two different-
sized nozzle chips. In both cases, the spraying duration was significantly longer than a
classical swirl nozzle nasal pump (Figure 3), resulting in a lower plume velocity and a
mean droplet diameter of around 25 um and 30 um for the 4 pm and 5 pm nanotech nozzle
chips, respectively. The similar droplet sizes explain why the deposition results for the two
nanotech nozzle chips are not significantly different for the same simulated inhalation flow.

Next, the user study shows that the different instructions lead to different flow rate
patterns and suggests that instructions 1 and 3 provide the most constant flow rate over
time, while instruction 5 gives the highest flow rate. Considering the effect of the inhalation
flowrate on the deposition in the different regions inside the nasal cavity, a clear trend is
visible for the 5 um nozzle configuration (Figure 7b), which indicates that a significantly
higher surface coverage can be obtained in the “nostril”, “inferior turbinate”, and “middle
turbinate” regions at a higher inhalation velocity. This is likely because the inertial effect is
stronger at higher flow rates, leading to more droplets impacting the mucosal surface in
these relatively frontal regions. Therefore, in scenarios where the olfactory region is not
the target delivery region, a more forceful inhalation at a higher mean inhalation flow rate
between 15 and 25 L/min will give a significantly higher surface coverage in the other
nasal regions. In those scenarios, provided that patients are able to inhale for long enough,
higher inhalation velocities through instructions such as “inhale firmly for at least 2 s”
will likely give the best results, although it is also likely to result in more variability from
patient to patient.

On the other hand, deposition in the olfactory region is less affected by the inhalation
flow rate. This demonstrates the robustness of the nanotech nozzle for olfactory delivery, as
high area coverage (>20%) of the olfactory region can be achieved for any flow rate within
the range of 0-25 L/min, making it suitable for a range of patients with different breathing
patterns, provided that the inhalation time is sufficient. Since the deposition study only
examined scenarios with constant flow rates, the effect of the time-varying flow rate on
deposition requires future investigations but is expected to be small for realistic breathing
patterns such as those obtained from the user study.

5. Conclusions

In this study, the suitability of a novel nanotech soft mist nasal spray device for
the nebulization of theophylline towards the olfactory region was demonstrated. The
effects of user instructions on the flow rate and subsequent deposition pattern were investi-
gated through a user study and a deposition study. The nanotech nozzle chips achieved
21.5-31.5% coverage in the olfactory region for flow rates between 0 and 25 L/min, which
is significantly higher than what is obtainable with conventional swirl nozzles. The two
nanotech nozzle chips with different pore sizes did not differ significantly in terms of nasal
coverage, as the droplet size distributions of the two chips are similar. The flow rate did not
affect the olfactory deposition significantly within this range of flow rates tested. In future
studies, the relative importance of the droplet size distribution and the spray velocity may
be determined by manufacturing and testing nanotech nozzle chips with different numbers
of pores, more pore sizes, and incorporating multiple pore sizes on the same chip.

In addition to hyposmia treatment with theophylline, more intranasal applications
may benefit from the use of this nanotech nozzle chip technology, such as selective drug
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administration to the olfactory region for effective nose-to-brain drug delivery of biolog-
ics [17], oxytocin [18], polypeptides [19], and short interfering RNA for gene silencing [20],
as the olfactory region can be used for crossing the blood-brain barrier. Furthermore, in-
tranasal vaccination strategies might benefit from a more uniform formulation coverage of
the mucosal tissue with the nanotech nozzle chip [21]. The pore size and the configuration
of the nozzle chip may be customized for different applications to optimize the delivery.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/pharmaceutics16010002 /s1, Table S1: Summary of flow
measurements under the different inhalation instructions listed in Table 1; Table S2: Summary of flow
measurements under the different inhalation instructions listed in Table 1; Table S3: Summarized
nasal coverage data for the two nanotech nozzle chips (4 pm and 5 pm) and four airflows (0, 7.5, 15,
25 L/min).
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