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Abstract

This thesis work focuses on the development of alginate-mucin hydrogels as in vitro models
of nasal mucus, integrated into a 3D-printed infant nasal cavity cast. Different alginate-
based solutions were tested, varying in alginate concentration, while also considering
ionic strength through the addition of NaCl at a physiological level and including mucin
to better reproduce mucus composition. Hydrogels were then produced through internal
gelation, in which a CaCOj layer deposited by solvent evaporation was activated with
glucono-d-lactone (GDL), and were prepared only from the solution compositions that

most closely mimicked physiological mucus.

As for characterization, spreading tests aimed at assessing solution distribution on the cast
surface. Solvent evaluation tested surface coverage and evaporation of volatile solvents
considered for CaCQOg3z deposition. Optical microscopy verified CaCOs3 particle homo-
geneity in the case of acetone, which was ultimately selected as the solvent. Viscosity
measurements of alginate-mucin solutions showed a strong dependence on alginate con-
centration and consistent shear-thinning behavior, while the addition of NaCl modulated
chain interactions in a concentration-dependent manner. Mucin incorporation enhanced
viscosity and intensified non-Newtonian responses, further aligning the formulations with
native mucus behavior. Amplitude sweep tests defined the linear viscoelastic region of
the hydrogels, and frequency sweep tests confirmed their gel-like behavior, with storage
modulus (G') remaining higher than loss modulus (G") across the frequency range. pH
analysis showed an initial acidification of the solutions to pH 3-4, which stabilized within
the physiological range of pH 5-6 after crosslinking. Adhesion studies finally demonstrated
that the optimized 1% alginate-mucin-NaCl hydrogel formed a uniform, adherent layer

on the nasal cast.

Keywords: Sodium alginate; Artificial mucus; Nasal cast; In vitro model
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Abstract in lingua italiana

Questo lavoro di tesi si concentra sullo sviluppo di idrogel alginato-mucina come modelli
in vitro del muco nasale, integrati in un calco della cavita nasale neonatale stampato in
3D. Sono state testate diverse soluzioni a base di alginato, variando la concentrazione di
alginato, considerando al contempo la forza ionica tramite 'aggiunta di NaCl a livello
fisiologico e includendo mucina per riprodurre pitl fedelmente la composizione del muco.
Gli idrogel sono stati quindi ottenuti per gelificazione interna: uno strato di CaCOj
depositato per evaporazione del solvente é stato attivato con glucono- -lattone (GDL);
sono state preparate solo le composizioni di soluzione che imitavano pit da vicino il muco

fisiologico.

Le prove di spandimento (spreading) miravano a valutare la distribuzione della soluzione
sulla superficie del calco. La valutazione dei solventi ha esaminato la copertura superfi-
ciale e I'evaporazione dei solventi volatili considerati per il deposito di CaCO3z. La mi-
croscopia ottica ha verificato I'omogeneita delle particelle di CaCOg3 nel caso dell’acetone
come solvente, poi selezionato. Le misure di viscosita delle soluzioni alginato-mucina
hanno mostrato una forte dipendenza dalla concentrazione di alginato e un comporta-
mento pseudoplastico (shear-thinning) costante, mentre I’aggiunta di NaCl ha modulato
le interazioni tra catene in modo dipendente dalla concentrazione. L’inclusione della
mucina ha aumentato la viscosita e accentuato le risposte non newtoniane, allineando
ulteriormente le formulazioni al comportamento del muco nativo. Le prove di sweep in
ampiezza hanno definito la regione viscoelastica lineare degli idrogel, e le prove di sweep
in frequenza ne hanno confermato il comportamento di tipo gel, con il modulo di con-
servazione G' superiore al modulo di perdita G" su tutto l'intervallo di frequenze. Le
analisi di pH hanno mostrato un’acidificazione iniziale delle soluzioni a pH 3-4, che si ¢
stabilizzata nell’intervallo fisiologico di pH 5-6 dopo la gelificazione. Gli studi di adesione
hanno infine dimostrato che I'idrogel ottimizzato di alginato-mucina-NaCl all’1% formava

uno strato uniforme e aderente sul calco nasale.

Parole chiave: Alginate di sodio; Muco artificiale; Calco nasale; Modelli in vitro
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1 ‘ Introduction

1.1. Nasal cavity: A journey from anatomy to func-
tions

The nasal cavity is a sophisticated anatomical formation essential for e ective respiratory
function. It comprises a variety of structures, including bones, cartilage, tissues, blood
vessels, and nerves that extend to the nasopharynx, the upper section of the throat located
behind the nose. This anatomical feature is classi ed as part of the upper respiratory tract,
as it plays a critical role in both the inhalation and exhalation processes. The intricate
network of blood vessels and nerves not only supports the structural integrity of the nasal
cavity, but also facilitates sensory functions and mucosal responses. By allowing air ow
during breathing, the nasal cavity is integral to maintaining respiratory health while also
contributing to functions such as phonation and olfaction [1, 2].

In humans, the nasal cavity typically measures 12 to 14 cm in length and 5 cm in height,
with a total volume of about 15 to 16 cm [2 4]. The volume inside the nose generally

corresponds to the size of the openings of the nostrils [5], and the air ow is slightly higher
in the left nostril compared to the right [6]. In particular, the shape and size of the nose
vary between di erent populations [7]. The average area of the total nostril opening is
approximately 0.3-0.4 crA and tends to be larger in men than in women [5].

1.1.1. Anatomy of nasal cavity

The nasal cavity is a hollow space within the skull, divided into right and left passages
by the nasal septum. As shown in Figure 1.1, it begins with the vestibules, followed by
the respiratory and olfactory regions, the turbinates projecting from the lateral walls,
and a supporting framework of bones, nerves, and blood vessels that together shape its
anatomical organization.
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Vestibule

The vestibule forms the front section of the nasal cavity, reaching directly through the
nostrils. This chamber is supported by the cartilage of the nose and lined with tissue that
contains short and coarse hairs. These hairs act as the body's rst lter, trapping dust
and larger particles before they can travel deeper into the airway. Beyond this ltering
function, the vestibule also contributes to the warming and humidi cation of the incoming
air, serving as the rst line of defense of the nasal cavity against pollutants and pathogens
[8]. Because its role is primarily mechanical rather than absorptive, however, the vestibule
allows very limited substance uptake, making it an unsuitable site for drug administration

[9].

Respiratory region

The respiratory region makes up the largest part of the nasal cavity and plays a central role
in breathing. Its surface is covered with ciliated pseudostrati ed epithelium, a specialized
tissue lined with tiny hair-like projections called cilia. These cilia beat in a coordinated
rhythm to sweep mucus out of the respiratory tract. Mixed among them are goblet
cells, which continuously produce mucus to trap dust, microbes, and other particles that
enter the air. Together, the cilia and mucus act as a cleaning system that ensures that
the air reaching the lungs is Itered and properly humidi ed, protecting delicate tissues
from irritation and infection while supporting e cient respiration. Beyond this protective
role, the respiratory region also contributes to smell perception, linking it to the sensory
experience of breathing [10].

Turbinates

The respiratory region of the nasal cavity contains three bony projections known as
turbinates, or conchae. These are positioned along the lateral walls of the nose and
are classi ed as superior, middle, and inferior, each shaping distinct air ow pathways
called meatuses [11, 12]. Among them, the middle meatus is of particular clinical impor-
tance. It provides drainage for the anterior paranasal sinuses, and structural variations
or mucosal in ammation in this area are common causes of acute and chronic sinusitis
[2, 13]. Together with nearby sinus openings, the middle meatus forms the osteo-meatal
complex, a site frequently associated with pathogens and bio Im infections [14].

Beyond their clinical relevance, turbinates are essential for preparing inhaled air. Their
curved structure creates turbulence that slows air ow, giving more time for ltration, hu-
midi cation, and temperature regulation before the air passes deeper into the respiratory



1| Introduction 3

tract. This design also increases the internal surface area of the nasal cavity, which not
only improves air conditioning, but also enhances the sense of smell by exposing a greater
area to olfactory receptors [15]. A thin layer of mucus, secreted by seromucous glands and
goblet cells, coats the turbinates and traps particles, further protecting the respiratory
system [9].

Of the three, the inferior turbinate is the largest, extending along the outer nasal wall
[16, 17]. Its broad surface area of about 120-150 £@and its dense vascular network make

it the primary site for systemic drug absorption [18, 19]. The autonomic nervous system
regulates its function, in uencing blood ow and tissue response [20]. By combining
the folds of the turbinates with the channels of the meatuses, the nasal cavity creates an
unusually large surface area within a compact space, an anatomical feature that optimizes
both breathing and drug delivery [4, 9].

Olfactory region

Above the superior nasal turbinate, near the nasal septum, lies the olfactory region, which

is responsible for the sense of smell. This area contains specialized olfactory nerve cells
with cilia that detect and transmit odor signals [21, 22]. The olfactory region is relatively
small, covering about 5 cr or roughly 3 to 5 percent of the total nasal surface, while the
olfactory epithelium itself has a surface area of around 370 rarf23]. Despite its limited
size, this region is of great medical interest because it provides a direct pathway for the
delivery of drugs to the brain. As such, it has been studied as a promising absorption site
for therapies aimed at treating neurodegenerative diseases [24].

Nasal septum

The nasal septum is the central partition that divides the nasal cavity into two separate
passages, helping to direct air ow and support e cient breathing. It is made up of both
cartilage and bone, with the front portion primarily cartilaginous and the back portion
formed by structures such as the vomer and the perpendicular plate of the ethmoid bone.
This combination gives the nose its shape and stability while also keeping the airways
open. When the septum is properly aligned, it allows for smooth air ow and reduces the
risk of breathing di culties. However, deviations in its structure can disrupt air ow and
contribute to problems like sinusitis or nasal obstruction [25].
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Bones

The nasal cavity is supported by twelve key bones, including the nasal bones, maxilla,
sphenoid, vomer, palatine, lacrimal, and ethmoid. Among these, the ethmoid bone plays
a particularly important role. It forms a major part of the cavity's structure and, by
separating the nasal region from the brain, creates a critical boundary between the two.
The ethmoid is perforated with numerous small vascular pores that allow nerves to pass
through to the outer surface [26]. This area is unique in human anatomy, as it repre-
sents the only place where the central nervous system directly connects with the external
environment through the mucosal membrane [27].

Nerves

The nasal cavity is served by a rich network of nerves, including the olfactory, nasopalatine,
trigeminal, and nasociliary nerves. Together, they create the vital link between the nasal
passages and the brain, making it possible not only to perceive smells but also to sense
touch and temperature. This intricate wiring allows the nasal cavity to react quickly to

di erent stimuli, triggering protective re exes, such as sneezing, which help to keep the
airways clear [28].

Blood vessels

The nasal cavity has an exceptionally rich blood supply, with vessels branching mainly
from the carotid artery. Key contributors include the anterior and posterior ethmoidal
arteries, the sphenopalatine artery, the greater palatine artery, the superior labial artery,
and the lateral nasal arteries. Together, these vessels create a dense network of connections
that help warm and humidify the air as it passes through the nose. This steady blood
ow is also essential for keeping the nasal tissues healthy. Venous drainage occurs through
interconnected pathways leading to the pterygoid plexus, facial vein, and cavernous sinus,
ensuring e cient circulation throughout the region [29].
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Figure 1.1: Nasal cavity on a sagittal view [24].

1.1.2. Functions of nasal cavity

The nasal cavity serves three primary functions: olfaction, respiration, and immunity.

Olfaction

Our sense of smell, also known as olfaction, takes place in the upper part of the nasal
cavity, where a thin layer of specialized tissue called the olfactory epithelium is found.
This tissue contains sensory neurons with tiny hair-like structures (cilia) that capture
odor molecules. When these molecules bind to receptors, they activate signals that travel
through the olfactory and trigeminal nerves to the brain [30].

The sense of smell is important not only to enjoy pleasant aromas, but also to recognize
potential dangers such as smoke or toxic chemicals. According to the National Health
and Nutrition Examination Survey (NHANES), about 10 percent of people cannot detect
the smell of smoke, and this gure increases to 20 percent among adults over the age of
70 years. Smell is also closely connected to taste, shaping the way we perceive avor,
supporting healthy nutrition, and enhancing the enjoyment of food by creating sensations
of pleasure [30, 31].
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Respiration

The nasal cavity plays a key role in preparing the air we breathe before it reaches the
lungs. Most of this work happens in the respiratory region, which is lined with a special
ciliated epithelium. The cilia help trap mucus that holds moisture, ensuring the incoming
air is properly humidi ed. Inside the cavity, turbinates make the air ow more turbulent,
slowing it down and giving the air enough time to be warmed and moistened. Thanks
to this process, the air arrives in a condition that protects the delicate tissues of the
respiratory system, reduces irritation, and supports e cient gas exchange [32, 33].

Immunity

Beyond its role in breathing, the nasal cavity also acts as a rst line of defense against
harmful particles and pathogens. Tiny cilia on the epithelial cells work together with
mucus produced by goblet cells to lter the air we inhale. While the mucus traps dust,
microorganisms, and other small particles, the cilia move this mucus out of the nasal
passages, helping to keep the airways clean. This protective function is essential not only
for respiratory health but also for reducing the risk of infection and supporting overall
well-being [34].

In short, the nasal cavity is a multifunctional organ. Its structure allows it to combine
the tasks of smelling, conditioning the air, and defending the body, making it vital for
both health and safety.

1.2. Airway mucosa

Mucus is a remarkable gel that combines the properties of both a soft, elastic solid and
a viscous uid. It is made up of about 97% water and 3% solids, including mucins,

proteins, salts, lipids, and cellular debris. Among these components, mucins are the most
important. These large, carbohydrate-rich molecules (50-90% sugar by weight) carry a
strong negative charge due to carboxyl and sulfate groups on their terminal sugars [35 37].

This gel coats many of the mucosal surfaces of the body, such as the intestines, stomach,
eyes, lungs, and urogenital tract. It serves multiple purposes: lubricating tissues, shielding
cells from mechanical stress, regulating the passage of nutrients, and capturing pathogens
and debris. Mucus also supports microbial communities, o ering a habitat for a diverse
microbiota that plays a key role in maintaining overall health [38].

In the nasal cavity, mucus is secreted by a mucous membrane that keeps the tissue moist,
prevents dryness, and reduces the risk of nosebleeds. Nasal mucus is composed mainly of
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water ( 95%), along with mucins ( 2%), salts ( 1%), proteins such as albumin, im-
munoglobulins, lysozymes, and lactoferrin, and less than 1% lipids [39 41]. It is produced
by submucosal glands, goblet cells, and uid transudate from blood plasma and mucosal
tissues. Its pH ranges from 5.5 to 6.5, with an average of about 6.3 depending on the
condition of the mucosa [42, 43].

Structurally, nasal mucus consists of two layers: a thin and watery periciliary layer and a
thicker gel layer about 12-15um deep. Its viscoelastic properties allow it to trap inhaled
particles e ectively, while the rhythmic beating of cilia sweeps this mucus blanket toward
the throat. Since the human nose lIters and conditions around 10,000-12,000 liters of air
every day, this system is essential for protecting the lower respiratory tract from harmful
particles, gases, and pathogens. This mechanism, known as the mucociliary clearance
system, ensures that inhaled contaminants do not reach the lungs. In healthy individuals,
the clearance time is typically 12-15 minutes [23, 24]. Cilia beat about 12-15 times per
second, moving the mucus gel approximately 1 mm per minute [44]. The cough re ex
also contributes to mucus removal when ciliary function is impaired or mucus production

Is excessive. To maintain this process, the body continuously synthesizes and secretes
polymeric mucins that renew the gel layer [45, 46].

Several factors a ect the functioning of mucociliary clearance, including ciliary activity,
the thickness and depth of the mucus layer, and the elasticity of the gel. During respi-
ratory infections or airway disorders, this system can become compromised, leading to
mucus build-up and greater vulnerability to infection. Intranasal medications, such as
antihistamines, decongestants, and corticosteroids, may also alter the properties of mucus
[47 50].

In summary, nasal mucus is not just a passive secretion but a dynamic gel-based defense
system. When mucociliary clearance is disrupted, respiratory health can be signi cantly
compromised, highlighting the central role of this gel in maintaining airway integrity.

1.2.1. Mucin

Mucins are the principal components of airway mucus and form the basis of mucoadhe-
sion, creating critical interfaces between the epithelial lining and the external environment.
These molecules are large glycoconjugates, with molecular masses ranging from about 154
to over 7000 kDa, consisting of a protein backbone decorated with hundreds of oligosac-
charide chains attached through O-glycosidic linkages. Their structural complexity un-
derlies the viscoelastic properties of mucus and its capacity to function simultaneously as
a barrier and a selective lter. Figure 1.2 illustrates the general organization of mucin
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glycoproteins and the potential adhesion sites distributed along their polymer chains [51].

Mucins are characterized by the MUC gene symbol, followed by a number, and to date, the
HUGO Gene Nomenclature Committee has recognized 17 distinct members. These mucins
are broadly divided into membrane-tethered and secreted forms. Membrane-attached
mucins, which include MUC1, MUC3, MUC4, MUC12, MUC13, MUC15, MUC16, MUC17,
and MUC20, remain anchored to the epithelial surface, forming a dense protective layer
directly linked to cells. Secreted mucins, on the other hand, can be classi ed as polymeric,
such as MUC2, MUC5AC, MUC5B, MUC6, and MUC19, or nonpolymeric, such as MUC7
and MUCS. Within the respiratory tract, the dominant forms are MUC2, MUCS5AC, and
MUC5B, with MUC5AC and MUCS5B playing particularly important roles in airway de-
fense [35, 51]. In this layered system, membrane-tethered mucins provide direct protection
at the cell surface, while secreted mucins form a gel-like network above them [53], as il-
lustrated in Figure 1.2.

The versatility of mucins lies in their alternating structural regions. Highly glycosylated
negatively charged domains interact readily with polar and ionic surfaces, whereas less
glycosylated protein-rich domains provide hydrophobic sites for interaction with non-
polar molecules [52]. This arrangement gives rise to an interconnected, three-dimensional
mesh-like network that is elastic and resilient. This structure e ectively slows or prevents
the di usion of many nano-sized particles and weakens the penetration of bacteria and
viruses, although it can also hinder the passage of therapeutic molecules [53].

In addition to these interactions, mucins are able to engage in hydrogen bonding, a feature
that is crucial for their adhesive properties. Their dense array of negatively charged
glycoproteins acts as both proton donors and acceptors, making them highly e cient in
the formation of such bonds. When hydrogen bonding is disrupted, the mucoadhesive
strength of the system is markedly reduced [52].
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Figure 1.2: Schematic structure of (a) mucin glycoproteins and their potentially mucoad-
hesive elements [52], and (b) positions of di erent mucins layered over the epithelium in
respiratory mucus [54].

Variations in the normal properties of mucus can disrupt its protective role and cause
respiratory pathologies. These variations may be qualitative, involving changes in com-
position such as altered glycoprotein synthesis, reduced water content, or interactions
with pathogens, or they may be quantitative, involving changes in the overall amount of
mucus produced. A common outcome is mucus hypersecretion, during which two pro-
cesses typically occur. Increased mucin production leads to the accumulation of mucins
within secretory cells, while accelerated exocytosis results in their more frequent release.
As a result, the mucus layer that covers the surface of the airways becomes abnormally
thick and viscous. This condition may therefore arise from excessive mucin synthesis,
excessive release, or a combination of both [55, 56].

1.2.2. Mucus rheology

The complex architecture of mucins, together with their stabilization through molecular

interactions such as electrostatic forces, hydrophobic contacts, and hydrogen bonding,
gives rise to the formation of a viscoelastic hydrogel known as mucus. To describe and
compare this material, researchers often focus on its rheological properties, which include
viscoelasticity, mesh size, and surface tension. In bulk rheology, two properties are cen-
tral: G° which re ects the gel's ability to recover its original shape after deformation, and

G which represents the resistance of the gel to ow [54]. These rheological parameters



10 1| Introduction

vary depending on the frequency of deformation. Based on this response, hydrogels can
be classi ed as shear-thinning or shear-thickening. In shear-thinning hydrogels, viscosity
decreases as deformation increases, whereas in shear-thickening hydrogels, viscosity rises
with deformation. On a macroscopic level, mucus generally behaves as a shear-thinning
gel: it shows elastic, solid-like behavior under low shear stress and uid-like, viscous be-
havior under higher stresses. Within the mucus network, the entangled mucin chains
create numerous voids, producing a porous structure. In bulk rheology these voids, re-
ferred to as the mesh size, are often assumed to be uniform, although in reality they are
highly heterogeneous [54]. The key rheological properties of mucus are summarized in
Table 1.1.

Table 1.1: The rheological properties of respiratory mucus [52, 54].

Viscosity (mPa.s)| G°(Pa) | G%(Pa) Mesh size
12 149+ 9.2 | 4.3% 2.7 | 100 nm to severaum

1.3. Nasal drug delivery

Drugs can be delivered to the body through several di erent routes. In general, they

are classi ed into parenteral routes (including intravenous, subcutaneous, intramuscular,

and intradermal) and mucosal routes (such as oral, intranasal, pulmonary, sublingual,

ocular, intrarectal, and intravaginal). The choice of route depends on factors such as the
speed with which a systemic e ect is needed, the desired intensity of the e ect, ease of
use, and patient comfort. For example, most vaccines are administered intramuscularly
or subcutaneously, while oral administration remains the standard for treating chronic

conditions such as hypertension [57].

In recent years, mucosal delivery has gained increasing attention, particularly for vaccines.
This interest comes from several advantages: the mucosal surfaces provide a large contact
area of around 160 ci& they serve as natural entry points for many pathogens, and
mucosal immunization can stimulate both systemic and local immune responses [58]. More
broadly, mucosal routes also o er practical bene ts such as needle-free administration,
greater patient comfort, and a lower risk of secondary infections [59].

Within this category, the nasal route is especially promising but requires careful con-
sideration of the physicochemical properties of the drug. Molecules larger than 1 kDa,
compounds that are highly lipophilic, or those with strong ionization often fail to pen-
etrate e ectively and may be cleared before exerting an e ect. Other important factors
in uencing bioavailability include the pH of the drug, the tonicity of the formulation
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(which can alter ciliary movement), viscosity, concentration, and dosage [60, 61]. When
optimized, nasal delivery can achieve two goals: nose-to-brain transport to target neuro-
logical conditions, and local treatment for disorders such as allergies, nasal congestion,
and respiratory infections [57].

1.3.1. Why nasal route?

The use of the nasal route for drug delivery has been a long-time tradition. Its rst docu-
mentation can be found in Ayurveda, the ancient Indian system of medicine. Today, the
nasal route is widely used to treat local in ammation, allergic rhinitis, common rhinitis,
and relieve nasal congestion [61].

Drug delivery through the nasal route is a non-invasive method that enables the admin-
istration of a wide variety of therapeutic agents. The nasal mucosa within the cavity
facilitates the entry of these agents into the target site. Additionally, the high vascularity
of the nasal cavity allows for rapid absorption of the drug, leading to a quicker onset of
e ects compared to many other administration routes. Another advantage of the nasal
route is its ability to bypass barriers such as the blood-brain barrier (BBB) and liver rst-
pass metabolism [62]. Furthermore, it 0 ers a more convenient and comfortable option
for patients compared to some other methods. The nasal route is also suitable for the
delivery of drugs that are sensitive to acids and would be damaged in the gastrointestinal
tract if taken orally, or drugs that cannot be e ectively absorbed by oral administration
[61, 63]. For example, glycomimetic drugs, which have high polarity, exhibit low bioavail-
ability when taken orally. Also, when administered by parenteral injection, they face
the challenge of rapid elimination by the kidneys. Nasal delivery can lower the risk of
infections or blood-borne diseases compared to methods such as injections. It also o ers
the potential to reduce the dose required for e ective treatment at the target site, thus
minimizing possible side e ects [64].

However, it is equally important to consider the disadvantages and challenges associated
with using the nasal cavity as a drug administration pathway. One of the main issues
is the short retention time due to rapid mucociliary clearance, which has a half-time of
approximately 15 minutes in healthy adults [63]. Other challenges include the instability
of certain therapeutic agents caused by enzymatic degradation and the weak interaction
of some drugs with mucus, which might necessitate the use of potentially toxic absorption
enhancers [62].

Various types of drugs can be administered through the nasal cavity, resulting in e ects
that may a ect di erent parts of the body. Today, drugs delivered via the nasal route
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can be classi ed into four categories based on how they a ect the body. The rst group
includes drugs that act locally within the nasal cavity. The second group comprises drugs
that produce systemic e ects. The third category consists of nose-to-brain drug delivery,
designed to bypass the BBB and target the central nervous system (CNS). Finally, the
fourth group involves vaccine delivery, where vaccines are administered through the nasal
cavity to trigger an immune response and enhance resistance against pathogens [65, 66].

Local e ects

The nasal route can be utilized for the local treatment of disorders by delivering low,
e ective doses. The ideal candidates for local drug delivery include soluble low molecular
weight or hydrophobic drugs. Local delivery of drugs in the nasal area is a proven tech-
nigue. Some commercial nasal sprays or nasal drops are commercially available for world-
wide use in treating in amed or plugged noses. Products for treating nasal swelling for
colds, for instance, anti-in ammatory action, alleviation of allergies, and antihistamines
are commercially available. A good illustration of a drug utilized for local therapies is
that of Azelastine, a drug that rapidly acts as an antihistamine [61].

Systematic e ects

As suggested previously, the nasal pathway o ers an e ective route of drug delivery for
drugs that do not favor oral delivery. Drugs that fall into such a category include acid-
sensitive agents, agents that are prone to enzymatic cleavage like proteins and peptides,
and agents for immediate transient therapeutic responses like medications for relief from
migraine. Of particular interest is the fact that the vast majority of proteins and peptides
have suboptimal absorption at the mucosa because of their relatively massive molecular
mass and high polarity. However, such absorption may be optimized by the employment
of mucoadhesive materials and absorption promoters [65].

Nose-to-brain delivery

One of the most signi cant advantages of the nasal route is its potential for nose-to-brain
drug delivery, o ering a means to treat neurological disorders. However, e ective delivery
of pharmaceutical agents to the brain is a challenge, as the anatomy of the nasal cavity
Is intricate and the biological hurdles at the interface of interaction with the brain slow
down entry of drug molecules. The blood brain barrier provides defense to the brain by
strictly managing the passage of ions, molecules, and cells from blood into neural tissue.
Besides that, it blocks harmful pathogens and toxins from penetrating the brain [67].
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However, the protective role of the BBB simultaneously limits the access of therapeutic
agents to the CNS, and hence CNS pharmacotherapies have reduced bioavailability. This
fact makes the exact delivery of CNS medications problematic and hampers the e cient
management of CNS disorders like Alzheimer's disease, Parkinson's disease, brain tumor,
epilepsy, and cerebrovascular accident considerably, posing a serious public health issue.
In such a context, nasal-to-brain delivery has emerged as a promising means of treating
various CNS disorders [68]. By accessing neural pathways through the olfactory and
trigeminal nerves, it enables direct transport of therapeutics to brain while bypassing the
blood-brain barrier [69].

1.3.2. Infection control through nasal drug delivery

Infectious diseases and the overuse of antibiotics, which accelerate the emergence of an-
timicrobial resistance, remain pressing challenges in modern medicine. To tackle these
challenges, increasing research e orts focus on the creation of new antibacterial delivery
systems designed to lower systemic use of antibiotics but sustain or improve therapeutic
e ectiveness. Within this framework, the nasal route represents a particularly promising
pathway, extending beyond local delivery and nose-to-brain applications to encompass
both treatment and prevention of infections, depending on the therapeutic agent admin-
istered. The function of such delivery is of special relevance for infections of the upper
respiratory tract. COVID-19, for example, illustrates how the nasal cavity can serve as a
primary entry point for pathogens. Consequently, the nasal route o ers unique opportu-
nities for disease control and prevention. Accordingly, nasal vaccines are currently under
intensive investigation as next-generation interventions against respiratory infectious dis-
eases [70, 71].

Vaccine delivery

Vaccines have greatly contributed to a decline in infectious disease, safeguarding hu-
mankind against countless bacteria and viruses. Vaccines act by providing immunological
memory such that the body immediately responds to disease before it has the chance
to multiply and inict systemic damage [72]. Among the vaccines created for various
diseases, only ve are mucosal vaccines. Of these, only one is a commercial nasal spray
vaccine, FluMist® , which is used to prevent in uenza. The remaining mucosal vaccines
are administered via the oral route [57].

In terms of prevention, mucosal surfaces possess a specialized immune system that is
triggered and regulated independently from systemic immune responses. As the body's
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rst barrier against foreign materials, this system plays a central role in safeguarding the
body from such materials [73]. Therefore, by using mucosal vaccines, the advantage of
such a special immune system can be harnessed for added immunity.

Currently, intramuscular injection is the most common route of vaccine administration.
Although such vaccines prove highly e cient in the prevention of serious disease, they
do not always produce immunity in mucous membranes and do not e ectively prevent
infections. prevent infections. Compared with that, since nearly all pathogenic agents
start infections by invading the host through mucous membranes, mucosal vaccines have
been a rational choice for development for the prevention of infections. These vaccines
are particularly valuable because of their ability to trigger both systemic and mucosal
immune responses, preventing severe diseases and stopping infections from occurring [71,
74]. Such a case can be considered for the respiratory infection enzootic pneumonia of pigs
caused by Mycoplasma hyopneumoniae. The disease vaccine is traditionally administered
intramuscularly. However, intranasal delivery of a dry powder form of such vaccines on a
schedule of 7 consecutive days has been found in the case of in vivo experiments to induce
more e ective immunity against such a pathogen than the intramuscular route [75].

Antibiotic delivery

The route of administration of antibiotics contributes signi cantly to its e ciency. The

oral route of administration is most preferred for antibiotic delivery [76]. However, oral
administration can cause adverse e ects due to the systemic distribution of the drug. As
a result, targeted delivery of antibiotics is essential to reduce these side e ects, decrease
the frequency of use, increase bioavailability at the a ected area, and minimize the risk of
developing resistance. As a result, nasal formulations for antibiotic delivery o er a precise
treatment for the site of infection, enabling faster recovery without causing side e ects in
other parts of the body. Direct administration of the drug to the nasal cavity is therefore
preferable. However, the nasal route presents various challenges and di erent objectives
for drug delivery, making optimized formulations a necessity [77].

The nasal drug delivery of antibiotics has been researched extensively, and various means
have been studied for delivering thereof. The simplest route is by the direct deposition
of an antibiotic solution at the nasal site by using a dilution of the formulation in saline
solution or other suitable solutions. More advanced systems have also been developed,
including nasal devices designed to facilitate drug introduction into the nostrils and the
use of nanocarriers to improve delivery, adhesion, and absorption of the drug, potentially
yielding more e ective results [24]. Some of the antibiotics have also been investigated
for nasal delivery in humans and animals, including gentamicin [78], doxycycline [79], and
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vancomycin [80].

In addition to overcoming the nasal cavity's complexity and anatomical issues that have
the potential to impact drug delivery, another challenge of importance is attaining the
stability of the antibiotic on formulation. The antibiotic's stability plays a critical role

in determining the success of the treatment because instability will signi cantly reduce
its e ectiveness. The antibiotics, for example, can undergo decomposition as a result of
solvent exposure, light, temperature, and, more importantly, by hydrolysis due to wa-
ter. Once a drug enters a state of drug decomposition, products formed may not have
the initial therapeutic properties and may have toxic e ects. The degradation decreases
the e ectiveness of the antibiotics or contributes to the development of drug resistance.
Therefore, it is necessary to design a formulation that protects the antibiotic from degra-
dation and controls the quantity of the released dosage to the point of impact, avoiding
overexposure and attaining precise delivery [24].

1.4. Sodium alginate

Alginate is a natural anionic polysaccharide mostly found in brown seaweeds. Its chem-
istry resembles the glycosylated side chains characteristic of natural mucins. It is natu-
rally found as a mixed calcium/sodium/potassium salt of alginic acid. The sodium salt
of alginic acid, known as sodium alginate, is commonly used as a gelling agent in food,
pharmaceutical, textile, and paper applications [81, 82]. It is a linear block copolymer
which is comprised ofb-D-mannuronic acid (M units) and a-L-guluronic acid (G units)
linked through 1,4-glycosidic bonds. Its structure consists of di erent blocks: GG blocks,
which are homopolymers of guluronic acid (G) units; MM blocks, which are homopoly-
mers of mannuronic acid (M) units; and GM or MG blocks, which are heteropolymeric
sequences containing both M and G units (Figure 1.3(a)) [83].

Sodium alginate, a hydrophilic derivative of alginate, can readily form hydrogels under
mild conditions in the presence of cations. Both multivalent and monovalent cations can
be employed for this purpose. However, when €ais used as the crosslinking agent, the
resulting hydrogel exhibits more stable biological properties compared to those formed
with other metallic ions. Among the various types of calcium salts, Caglis the most
commonly used, as it is highly soluble in agueous media, resulting in rapid gelation. In
the presence of these cations, the carboxylic groups of adjacent alginate chains undergo
ionic exchange with multivalent ions, causing the formation of an egg-box conformation
as shown in Figure 1.3(b) [84, 85].

Di erent variables a ect the properties of alginate hydrogels, such as the M/G composi-
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tion, the source and molecular weight of the alginate, the ion employed for crosslinking,
and the ionic strength. The chain rigidity and gel characteristics are governed by alginate
building blocks. A higher content of G blocks produces gels that are sti er, more brittle,
and mechanically more stable, while reducing the overall deformability of the network. In
addition, molecular weight and ionic strength govern the viscosity of alginate solutions,
which is another key element in the nal properties of the hydrogel [84, 86].

Previous crosslinking methods, however, have drawbacks such as lack of mechanical
strength and the possibility of release of metallic ions after application in the body. Under
such forms of crosslinking, a gel membrane forms at the outermost layer upon contact
between the alginate-containing sol and the multivalent cation-containing sol. Thus, the
di usion of cation is required in order to induce gel formation within the interior of the
alginate hydrogel as well. Nonetheless, the di usion process can introduce an inhomo-
geneity of the end-product gel such that the peripheral areas become denser than the body
center of the hydrogel. To obtain more homogeneous alginate hydrogels, it is necessary to
decrease the reaction rate to allow more cations to reach the core [84, 85]. Accordingly,
two main approaches have been developed. The rstis to include a competing ion such as
Na* to compete with the carboxylate groups of alginate. The second way is to control the
release rate of calcium ions by adding less soluble calcium sources such as Ga®hich

is stable in aqueous solution at pH=7. Using this source, calcium ions are only released by
pH reduction, which can be achieved by adding GDL as an acidifying agent, causing the
slow and controlled release of calcium ions [87, 88]. This GDL-mediated gelation process
is illustrated in Figure 1.3(c).

Alginate hydrogels have been widely used in biomedical applications due to the abundant
marine resources from which alginate is derived, in addition to their biocompatibility, non-
immunogenicity, high water absorption capacity, and easy gel formation. Importantly,
alginate is already FDA-approved and recognized as a safe material [84].
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Figure 1.3: a) The confrontational structure of sodium alginate with the block patterns
and linkages [83], b) the egg-box conformational alginate hydrogel [84], and C) Gelation
process by using GDL [87].

1.4.1. Interaction of alginate and mucin

Mucin and alginate, as a glycosylated protein and a polymer respectively, interact through
various methods. These interactions depend on various factors, such as the source of each
component, their molecular weight, the G/M ratio of alginate, pH, etc. These interactions
are important because they can in uence multiple properties of the mixture, including
rheological properties and surface tension.

When the two components are mixed, multiple scenarios may occur regarding the ways
they interact together, as illustrated in Figure 1.4. The key factors governing these in-
teractions and the way these components are dispersed in a soluble medium are the in-
termolecular forces and the concentration of each component. Additionally, it is notable
that transitions between these scenarios can occur depending on the pH.

At high concentrations, attractive forces between components can lead to associative
phase separation. This results in the formation of insoluble complexes rich in biopolymer
within one phase, while the second phase contains a very low concentration of biopolymer
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(Figure 1.4(b)). However, in the case of repulsive forces, thermodynamic incompatibility,
l.e., spontaneous separation of the system due to net repulsion between the molecules at
the molecular level, leads to segregative phase separation (Figure 1.4(d)). This type of
separation is often associated with synergistic e ects [89, 90].

At low concentrations, repulsive interactions may result in cosolubilization of the compo-

nents, since mixing entropy dominates interaction energies (Figure 1.4(c)). Conversely,
weak attractive forces at low concentrations can promote the formation of soluble com-
plexes (Figure 1.4(a)), resulting a homogeneous phase of reversible complexes [89, 90].

Figure 1.4: Di erent possibilities of the interaction between proterins and polysacharides
[90].

In general, complexation happens due to the initiation of physical interpenetration of
the components, followed by the formation of secondary bonds. These bonds include
electrostatic forces between the polyanionic alginate and positively charged regions of
mucin, hydrogen bonding between the carboxylic groups of alginate and the sialic acid or
sulfate residues of mucin, and hydrophobic interactions [91].

Phase separation in mucin-alginate mixtures occurs in a concentration-dependent man-
ner. At low concentrations, the two components coexist in a single phase, creating areas
enriched in either protein or polymer. These domains exclude the other component, result-
ing in regions rich in mucin and depleted in alginate, and vice versa. This can elevate the
thermodynamic activity of mucin, leading to speci ¢ changes in the functional properties
of the system [89, 90].

The thermodynamic incompatibility can be quantitatively described using a binodal curve,
which is a phase diagram that indicating the concentration boundaries for miscibility and
phase segregation (Figure 1.5). Systems with compositions below the curve remain in
a single phase without separation, whereas those above the curve undergo spontaneous
phase separation into two distinct phases. One phase being enriched in biopolymer, and
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the other in protein [90].

Figure 1.5: Di erent possibilities of the interaction between proterins and polysacharides
[90].

These interactions are critical in determining the behavior of the solution. In the case of
soluble complexes, being those interactions observed at low concentrations with attrac-
tive forces, a reduction in bulk viscosity is expected due to the overall decrease in hy-
drodynamic volume of molecules as macromolecules combine. At higher concentrations,
however, attractive interactions can lead to molecular interpenetration and the formation
of secondary bonds. These interpolymer and intrapolymer interactions can signi cantly
increase viscosity, potentially even leading to gelation [92].

In the presence of repulsive forces, the viscosity of the mixture is generally expected to
illuminate the weighted average of the viscosities of the unmixed components, based on
their volume fractions. However, if repulsive interactions induce conformational changes
in the components, deviations from this weighted viscosity may occur. This is more
relevant when mucin is involved, as it can undergo conformational transitions that favor
either mucin-mucin or mucin-polymer interactions [92].

The change of conformation can also come to play as a result of variation of pH. At neutral
pH, mucin exhibits a negative -potential, which becomes smaller as the environment
becomes more acidic. This reduction in charge leads to a gradual increase in molecular
size, reaching a maximum near the isoelectric point. Importantly, in the pH range of
3-6, mucin retains a net negative charge. However, as its size increases, electrostatic
interactions become more important, especially around pH 4.5, due to the exposure of
positively charged residues such as arginine and lysine on the mucin backbone. These
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residues can interact with the negatively charged groups of alginate, promoting complex
formation [92].

Another important aspect of mucin-alginate interactions is the concentration threshold,
which depends on the molecular weight of the alginate. Above this threshold, further
increases in alginate concentration no longer a ect certain solution properties which are
governed by mucin-alginate interactions. Notably, higher molecular weight alginates reach
this threshold more rapidly, indicating a greater interaction capacity [92].

This behavior can be attributed to the structural characteristics of mucin, which can be
considered to consist of two globular protein domains connected by highly glycosylated
linkers as depicted in Figure 1.6. Positively charged patches are typically located in the
non-glycosylated globular area, providing potential sites for electrostatic interaction with
the negatively charged alginate [92].

Low molecular weight alginates tend to interact with these globular sites without signif-
icantly changing the conformation of mucin, hence having minimal impact on its bulk
properties. In contrast, high molecular weight alginates can bridge more distant regions
of the mucin molecule, inducing conformational changes that reduce its overall hydrody-
namic volume. This means a reduction in the available sites of the mucin for interactions,
occupying multiple sites at the same time, resulting in faster saturation compared to low
molecular weight alginates [92].

Figure 1.6: Model for the interaction between alginate and the double globular comb
structure of mucin as a function of alginate molecular weight and chain exibility [92].

1.4.2. Modeling spreading of viscous drops

As mentioned, interactions between alginate and mucin can a ect many properties, such
as the viscosity of the system. However, in the case of surface tension and the ability of the
system to wet a surface, these interactions are not the only de ning factor. The behavior
of a solvent on a surface depends on two variables, which are the nature of the surface and
the surface tension of the solvent. On the basis of these factors, the solvent can exhibit
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two distinct behaviors. It either forms an equilibrium contact angle or completely spreads
over the substrate to minimize the system's surface energy.

To assess this behavior, the spreading parameter is de ned as:

S= s L SL (1-1)

As described in Equation 1.1, s represents the surface tension of the substrate, is the
surface tension of the solvent (or liquid), and s corresponds to the interfacial tension
between the two. The rst case which is known as partial wetting, characterized by
the formation of an equilibrium contact angle, occurs when the spreading parameter is
negative. In contrast, a positive spreading parameter indicates complete wetting, where
the solvent tends to cover the substrate fully [93].

The extent to which the suspension spreads on the surface can be an indicator of its
ability to wet that surface. As mentioned in the previous section, the wettability of a
drop can be described by two behaviors: partial wetting or full wetting. For both cases
models have been developed to predict the wetting behavior of solutions in contact with
a substrate.

These models vary from case to case depending on the input, the approach used to evaluate
wettability, and the complexity involved. Among the simplest proposed models, the Young
equation 1.2 can be considered, which relates the contact angle to the surface tensions
between the liquid, solid, and air.

The Young equation assumes smooth and homogeneous surfaces, which usually deviates
from the characteristics of surfaces used in industrial applications. Among other theoret-
ical models for wettability, the Wenzel and Cassie Baxter models are also important, as
alongside the Young equation, they form the basis for describing the wettability properties

of such surfaces. [94].

sv= s.t v COS (1.2)

Other complex models have been developed to characterize the spreading behavior of
liquid systems, their interaction angle with the surface, and to quantify the extent of
wetting. Among the most well-known ones are the level set method, the volume of uid
approach, and smoothed particle hydrodynamics. These computational techniques enable
simulation of interface dynamics, especially in cases involving, multiphase interactions, or
non-Newtonian uids. However, they usually su er from computational costs [95].
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Therefore, new models have been developed to overcome the limitations of existing ap-
proaches, reduce computational costs, or incorporate additional e ects and variables. For
example, studies have investigated the in uence of curved surfaces instead of at ones
[95], the impact of non-ideal surface characteristics such as roughness and heterogeneity
[96], the behavior of sessile liquid drops [97, 98], the spreading of struts during bioprinting
[99], and models for suspensions composed of large granules with diameters larger than
10 um [100], among others. Of the models developed thus far, the one proposed by Harth
and Schubert [93] is most closely aligned with our work, without requiring computational
modeling.
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According to Equation 1.3, the radius of the formed droplet on the surface, under the

case of partial wetting, or the wetted area in the case of total wetting is calculated

with the assumption that the drop takes the shape of a spherical cap. This equation
is achieved by balancing gravitational, capillary, and viscous forces. The results show
that even considering a single droplet, the equation for the equilibrium radius becomes
highly complex, with various parameters in uencing the outcome.

In recent years, more advanced models have been developed beyond the work of Harth
and Schubert [93], such as the computational model for viscoelastic drops proposed by
Alexopoulos and Kiparissides [101, 102], which incorporates the e ect of time on spread-
ing by introducing elastic forces. This model was speci cally designed to support the
development of devices for nose-to-brain delivery, as stated by the authors.

Based on the same foundation, other computational models have been introduced to
correlate time-dependent spreading behavior with time-dependent rheological properties,
as demonstrated by Rau et al. [103]. The complexity of these newly developed models
continues to grow, reaching the prediction of dynamic spreading in non-Newtonian uids,
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such as dilute polymer droplets, through the use of parameters like the capillary number
[104].

However, any deviation from the assumptions underlying these formulations, such as the
use of larger volumes instead of single droplets, leads to further complexity, thus, requires
the inclusion of additional terms and equations.
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2.1. In vitro modeling of nasal cavity

To date, the clinical translation of nasal drug delivery systems, especially those designed
for nose to brain delivery, remains mostly unsuccessful. This is primarily due to estab-
lished limitations associated with anatomical and physiological characteristics of the nasal
cavity. Among the most signi cant complications are mucociliary clearance, accurate tar-
geting of the speci c region intended for delivery, and the complex relationship between
formulation, delivery device, and patient-speci c factors. In addition to these challenges,
ambiguities between in vitro and in vivo results pose a major obstacle [105]. In response
to these limitations, a range of experimental and computational approaches have been
used to better understand nasal delivery mechanisms and improve predictive accuracy
(Table 2.1).

The use of animals for in vivo studies presents limitations, especially due to signi cant
physiological and anatomical di erences between human and animal nasal cavity. Ide-
ally, imaging methods used on human volunteers would allow assessment of numerous
factors involved in distribution of administered drug, and its pharmacokinetics and phar-
macodynamics. Nevertheless, such studies are not practical for early phases of research
[105].

Another possible approach is the ex vivo assessment through intact nasal tissue obtained
from animal subjects or human donors. Such models o er a simpli ed analysis of pa-
rameters such as drug permeation through the epithelial barrier and the mucoadhesive
properties of products and provide higher physiological relevance. However, the method
presents several limitations. The tissue handling is technically challenging and entails
quick preparation and preservation to maintain structural and functional integrity. High
degree of anatomical and physiological di erences among the species makes extrapola-
tion to the human case di cult. Moreover, variability between specimens and the rapid
degradation of excised tissues compromise reproducibility [105].

Computational or in-silico models o er another complementary strategy, which enables
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the prediction of drug pharmacokinetics and the identi cation of the key parameters in u-
encing nasal absorption, including particle size, air ow dynamics, and deposition patterns.
In addition to that, they may provide advantage in the examination of the interaction of
drug molecules with the mucus layer and the penetration of these molecules through the
mucus layer. By integrating these parameters, the computational models contribute to
the pre-validation of formulations and devices prior to costly experimentation or clinical
testing. However, the need for mathematical assumptions and simpli cations of com-
plex physiological conditions inevitably limits biological precision, creating di culty in
adequately simulating variability in the anatomy and behavior of mucus in the nose [106].

To accelerate preclinical evaluation and lower costs, in vitro models have emerged as at-
tractive platforms to study the intranasal delivery of drugs. These systems provide a
controllable and reproducible condition in which to quantify the amount of drug success-
fully deposited or transported, as well as to compare di erent formulations and delivery
devices under standardized conditions [107]. At the same time, there is a growing need
for methodologies capable of assessing not only the performance of newly introduced ther-
apeutics, but also the in uence of patient-speci ¢ anatomy. To meet this need, in vitro
models have been increasingly investigated in recent years as a means of improving the
correlation between experimental outcomes and in vivo performance. Among the most
widely adopted strategies are cell-based models, which seek to replicate the biological
characteristics of the nasal epithelium, and anatomical nasal casts, which reproduce the
geometry of the nasal cavity to enable patient-speci ¢ characterization.
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Table 2.1: A comparison between the assessment methods of nasal drug formulation

[106, 108].
Model Advantages Disadvantages
Precision undermines
In silico Predict drug absorption and cost-e ectiveness; Several
i deposition; Reasonable cost;] models required to predict
(computational) . .
High throughput impact of one component at
a time
No ethical considerations; Lack of
Relatively low cost; anatomical/physiological
) Controllability of delity;
In vitro ) . ]
experimental conditions; Inter/intra-laboratory
Capability to study transport variability; Absence of
phenomena individual speci city
Maintains integrity of nasal
Ex Vivo mucosa; Availability of Uncontrolled experimental
human nasal mucosal conditions; Tissue variability
segments
Ethical concerns;
In vivo Intact physiological processes Inter-species nasal cavity
and pathology conditions | di erences; Time-consuming;
Costly

2.1.1. Cell-based in vitro models

In vitro cell-based models provide a convenient means of frequent testing. Also, they pro-
vide a reliable, cost-e ective, and high-throughput evaluation tool at early stages of nasal
product development. By employing immortalized or primary human nasal epithelial cell
lines, these models eliminate many of the complexities associated with animal tissues, such
as variability, species-speci ¢ di erences, and di culties of handling ex vivo samples. In
addition, ethical concerns related to animal testing are avoided. These models have the
ultimate goal of replicating the nasal mucosa of human beings and have to be constructed
in such a manner to incorporate all of the physiological components so that maximum
replication of real interaction of drug and mucus takes place because these interactions
have a signi cant impact on pharmacokinetics of drug following drug administration. The
careful selection of the cell line is therefore of importance in order to ensure both economic
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feasibility and reproducible outcomes [109].

The cell lines commonly exploited for this type of evaluation include immortalized human
nasal epithelial cell lines such as RPMI 2650 or primary cultures from nasal biopsies. Other
models such as BT (normal bovine turbinate), NAS2BL (rat nasal squamous carcinoma),
Caco-2 (human colon carcinoma) can also be exploited. These in vitro models are designed
with the aim of mimicking the nasal epithelium, with particular focus on aspects such as
tight junctions and mucociliary clearance that feature nasal cavity [106, 110].

Such in vitro models have been successfully applied to estimate drug absorption potential
and to elucidate transport mechanisms across the nasal mucosa. They are also used to
evaluate safety, including the potential irritation and toxicity of new formulations, and

to model disease situations by using cells obtained from patients who experience certain
nasal disorders, and the interactions of drugs are studied through them. However, there
are limitations to this approach. Cellular models rely on cells that have certain similarities
to enterocytes. However, they are mostly unable to reproduce the hierarchical structure
of mucosa. Nasal epithelial cell lines, while useful, cannot fully replicate the diversity
of cell types and functions present in the di erent anatomical areas of the nasal tract,
particularly the olfactory and respiratory areas. Thus, the absence of a realistic mucus
layer makes the in vitro to in vivo correlation challenging [110]. These highlight the need
for integrated models that bring together anatomical delity and a representative mucus
environment.

2.1.2. In vitro nasal casts

Nasal casts have become increasingly important as in vitro models because they allow
a more precise replication of the intricate geometry of the human nasal cavity. Fidelity

in anatomical representation is essential, since the e cacy of a drug directly depends on
the pattern of deposition of therapeutics administered intranasally in terms of de ning
absorption pro les, pharmacokinetics, and therapeutic e cacy. Variations in deposition
have also been shown to a ect the safety of inhaled drugs. Therefore, a proper assess-
ment of deposition di erences resulting from variations in drug administration methods

is essential for the development of reliable intranasal delivery strategies [107].

Despite these advantages, there are challenges associated with nasal casts. The human
nasal cavity is highly complex, and casts are only a rough estimation of its structure.
This limitation often results in incomplete or inaccurate simulation of in vivo perfor-
mance, which means that predictions regarding drug deposition based on cast data alone
are di cult to generalize [107]. Today, there exists only one commercial nasal cast on the
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market (Koken Co., Tokyo, Japan), shown in Figure 2.1, primarily designed as an educa-
tional device rather than as a validated pharmaceutical testing platform [107]. With the
increasing availability and enhancement of medical imaging and additive manufacturing
technologies, however, casts produced directly from the data of CT and MR imaging are
now coming up as more realistic and descriptive models [111].

To make nasal casts even more physiologically relevant, more modi cations can be in-
corporated into nasal casts. These include lining the interior surface with arti cial mu-
cosa, applying controlled air ow to mimic breathing dynamics, or regulating humidity

and temperature to approximate in vivo nasal conditions [112 114]. Nonetheless, sev-
eral practical and technical barriers remain. These barriers include obtaining anatomical
accuracy, maintaining the reproducibility of air ow and deposition patterns, stabilizing
surface coatings, and accounting for inter-individual variability in nasal geometry. Only

by addressing these issues can nasal casts be widely accepted as robust tools for the eval-
uation of intranasal drug delivery.

Figure 2.1: An illustration of Koken nasal cast [107].

The rst point to be taken into consideration is cast surface state. As most of the casts
used are those produced by 3D printing technology, they have inherently arti cial rough-
ness arising from the layered manufacturing process, which increases by thicker print lay-
ers. It becomes noticeable if there is also an introduction of cavity air ux to reproduce
the real breathing condition. In this case, the roughness can disrupt the aerodynamic pro-
le of the air by inducing turbulence, altering air ow patterns, and introducing arti cial
pressure drops [115].

Another factor to consider for the construction of nasal casts is precision. The optimal
situation is a cast that precisely mimics the characteristics of the in vivo nasal cavity.
The precision is, however, largely limited by the printing machine's resolution. Higher
resolution machines yield more accurate anatomical details and therefore more trustwor-
thy deposition results, whereas lower resolutions risk oversimplifying ne structures. The
other factor undermining the precision of a nasal cast is distortions that occur at the stage
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between printing and experiment. They might be the result of thermal stresses, excessive
mechanical force applied, or incorrect handling [115].

The porosity of the cast is another critical factor that can in uence in vitro outcomes. One
of the main applications of these casts is to evaluate the deposition pro le of administered
drugs. Porous substrates can absorb a portion of the applied formulation, leading to
underestimation of deposition or loss of test compound. Porosity can originate either
from the intrinsic characteristics of the chosen printing material or from defects introduced
during the fabrication process [115].

2.2. Synthetic mucus

Even if the best available materials and fabrication methods are used, the nasal cast itself
can only replicate the geometry of the nasal cavity to an acceptable degree of precision.
It cannot, however, o er the correct in vivo state of the nasal cavity as it lacks the mucus
layer inside and its associated adhesive properties. It should also be noted that natural
mucus provides a smooth lining inside the surface, whereas 3D-printed casts often present
arti cial roughness. As described in the previous section, this roughness alters air ow
behavior and induces deviations from in vivo conditions.

To bridge this limitation, applying synthetic mucus coatings to the internal surfaces of
nasal casts has emerged as a promising tool. Numerous arti cial mucus formulations
have been proposed. Their level of complexity and the degree to which they replicate
the properties of actual mucus di er between studies [115]. A schematic overview of the
main categories of synthetic mucus formulations is shown in Figure 2.2, where they are
classi ed according to composition and functionality.

An approach to classifying the described formulations is based on their interaction with
the nasal cast and how accurately they are able to replicate the native mucus. The rst
category includes those that merely wet the surface. The rst candidate in this group is
water, followed by more complex mixtures such as ethanol-glycerol (75:25) or propylene
glycol-isopropyl alcohol (1:1 w/w), which were introduced to obtain viscosity higher than
that of water. However, the viscosities were in the range of 5-8 mPa.s, which is still far
from the natural human mucosa. Furthermore, given that physiological nasal mucus is a
non-Newtonian uid, these simple Newtonian formulations are insu cient to capture its
rheological behavior [115].

The second group comprises coatings designed solely to mimic the adhesive nature of
mucus. They typically consist of solutions of ethanol or glycerol mixed with surfactants.



2| State of the art 31

Although such formulations replicate adhesion, they dry within the cast and do not pro-
vide a hydrated viscoelastic surface representative of the nasal environment [115].

Another category of arti cial mucus includes mucus-mimetic hydrogels made entirely from
synthetic materials. In this case, no mucin is used in their fabrication, o ering advantages
in terms of material availability and reproducibility. They can be properly functionalized

to ne-tune the rheological and structural properties to approximate those of natural
mucus more closely [54]. For example, in simpli ed formulations designed primarily to
replicate the rheological properties of mucus, mucin has been replaced with xanthan [116]
or locust bean gum [117] as gelling agents capable of generating viscoelastic networks.

Commercial options are also available, including pre-prepared arti cial mucus products
supplied by specialized companies, such as Biochemazone's simulated nasal mucus uid.
However, the prices are usually quite high. In one case, the price of 100 mL of a commer-
cially available arti cial nasal mucus was reported to be approximately $275. Moreover,
there is no demonstration that such products can be applied successfully to nasal casts
[118]. Therefore, such pre-prepared formulations are more suitable when their intended
use does not involve direct application to a cast.

In addition to these approaches, synthetic mucus formulations have also been developed
to replicate pathological conditions. As discussed previously, many respiratory diseases
a ect the composition or quantity of mucus. By understanding how a speci ¢ pathology
alters nasal mucus properties, arti cial mucus can be designed to mimic the character-
istics of pathological rather than healthy mucus. For example, in asthma, it has been
found that disease severity dictates mucin composition, with a shift in mucin production
toward excessive secretions of MUC5AC over MUCS5B, leading to abnormal mucus accu-
mulation and changed viscoelasticity. Based on this consideration, a synthetic pathogenic
mucus was developed and studied [119, 120]. By reproducing such pathological modi -
cations, researchers have created arti cial mucus models that simulate diseases in order
to bring experimental conditions closer to clinically relevant scenarios and augment the
examination of therapeutic e cacy under modi ed physiological circumstances.

The most advanced formulations to date are those that incorporate mucins. The key
strength of such preparations is that they more accurately mimic the interactions be-
tween therapeutic formulations and nasal cavity. These formulations are speci cally pre-
ferred when mucoadhesion is being evaluated [115]. Mucin-containing preparations can
be divided into two subgroups. The rst contains mucin-only systems, while the second
subgroup involves chemically crosslinked mucin hydrogels.

The rst subgroup consists of mucus formulations made either by physically mixing native
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mucins to reproduce the composition of natural mucus, or by rehydrating puri ed mucins.
The mucins used for these formulations are usually obtained from commercial sources
that are typically derived from porcine gastric mucin and bovine submaxillary mucin.
Since the functional characteristics of native mucus are determined by both the type and
relative proportions of the mucins engaged, the selection of the source material directly
in uences the behavior of the formulation. Moreover, studies suggest that rehydrated
mucin preparations are unable to fully replicate the rheological properties of natural
mucus, regardless of mucin concentration. This indicates that isolation and puri cation
processes irreversibly alter the physicochemical properties of mucins in a way that they
cannot be recovered upon rehydration [121]. Although these formulations are capable of
mimicking certain physical characteristics of mucus, both in terms of surface hydration
and barrier function against pathogens, their limited mechanical strength prevents broader
utility.

To address this limitation, mechanical adjuvants or secondary crosslinking agents can
be introduced. Their role is to reinforce the bulk stability of the formulations rather
than to recreate a full mucus-like network [54]. For instance, formulations combining
mucin glycoproteins with methylcellulose, glycerol, and NaCl creates thermoresponsive
hydrogels with better resistance to degradation and superior handling properties [121].
Another formulation was developed by dissolving mucin type Il from porcine stomach in
a solution containing di erent chloride salts, with the pH adjusted to 5.7 using NaOH
[122]. In more sophisticated systems, to simulate native mucus more closely, additional
ions such as sodium, potassium, calcium, and chloride are incorporated alongside lipids like
intralipids, which add a greater level of biochemical similarity to the ionic and biochemical
environment of native mucus [123].

The second subgroup of mucin-containing formulations is based on crosslinked mucin
hydrogels. They aim to replicate not only biochemical but also structural aspects of nat-
ural mucus. Among the crosslinkers employed in this method, PEG- or dextran-based
compounds are commonly used. By combining native mucin with one of these chemical
crosslinkers, hydrogels can be produced, which are able to mimic natural mucus proper-
ties, including rheology, pore size, and network structure [54, 124]. Physical crosslinking
methods such as freeze-thawing can also be considered for such hydrogels, o ering an
alternative to the chemical application of crosslinkers. This approach has been applied to
produce poly(vinyl alcohol)-mucin hydrogels as synthetic mucus [125].
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Figure 2.2: Types of arti cial mucus used in literature.

Existing synthetic mucus formulations fail to fully replicate the combined rheological,
structural, and biochemical complexity of native mucus. In this regard, the development
of a more realistic in vitro mucus model seems to be achievable with the use of alginate
as the backbone polymer [126 128].

Owing to versatile gelation mechanisms, alginate hydrogels have been shown to be e ective
in mimicking the double-layer architecture of intestinal mucus. The loose super cial layer
has been reproduced through slow and homogeneous crosslinking of alginate under internal
gelation. The C&" source in this process must remain insoluble in the medium until a
uniform dispersion is obtained. Once dispersion is achieved, an acidi er is added to lower
the pH. This enables the gradual release of €aions in a controlled manner, triggering
the onset of crosslinking. In contrast, the attached underlying layer can be modeled
through external gelation. This is a rapid but less controllable process in which the €a
source is already soluble in the medium. When alginate solution comes into contact with
free C&" ions, crosslinking occurs before a uniform dispersion is established [126, 129].

While alginate-based hydrogels have shown promise in reproducing the double-layered
structure of intestinal mucus, they have not yet been explored for the nasal cavity. Unlike
the intestine, nasal mucus does not exhibit a two-layered architecture; instead, it consists
of a single continuous viscoelastic layer that overlays the periciliary uid. Nevertheless,
the ability of alginate to mimic key structural and rheological features of native mucus
re ects its potential as a suitable foundation for developing an arti cial nasal mucus
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model. In this thesis, an alginate-based synthetic mucus is integrated with a nasal cast
derived from infant anatomy to be tested under physiologically relevant conditions.
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In spite of the increasing application of 3D-printed casts in biomedical research, existing
nasal cavity models overwhelmingly resemble adult anatomies, while infant-speci ¢ casts
have been almost neglected. This represents a critical gap, as anatomical sizes and air ow
dynamics of the infant nasal cavity di er remarkably from those of adults, and these
di erences greatly in uence drug deposition and absorption patterns. To date, the lack
of infant-focused models has limited the ability to investigate delivery strategies under
anatomical conditions that are unique to this age group. By developing a cast derived from
infant nasal anatomy, the present work contributes to addressing this gap and provides an
anatomically representative platform for studying nasal drug delivery in infants. However,
geometry alone is insu cient to reproduce the nasal environment.

To represent the nasal cavity more realistically, the cast should be coated with an arti cial
mucus layer. This layer should adhere rmly to the cast surface, rather than simply ow-
ing over it, and should mimic the natural mucus by interacting adhesively with external
substances, such as administered drugs. It is also crucial that the rheological properties of
the arti cial mucus be as close to those of natural mucus as possible. Despite the variety
of strategies developed in this regard, currently available synthetic mucus formulations
are inadequate in their ability to simultaneously reproduce the rheological, structural,
and biochemical complexity of native mucus. Surface-wetting and adhesive-mimicking
systems provide only partial functionality, while mucin-free mimetics o er tunability but
lack the biochemical selectivity of natural mucus. Even formulations containing mucin,
as the most physiologically relevant approach, typically show limited reproducibility, low
mechanical stability, and incomplete native viscoelasticity replication. These limitations
emphasize the need for hybrid systems consisting of mucin and supportive structural poly-
mers to achieve both biochemical delity and mechanical stability. Accordingly, alginate
Is considered in this work as the structural constituent in the preparation of synthetic
mucus. Its ability to form stable hydrogels with controllable viscoelastic properties helps
overcome the poor mechanical properties of mucin-only systems, and its proved safety
supports its potential use in clinical conditions.
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Based on the insights discussed, this project aims to develop a synthetic mucus formu-
lation speci cally designed for application in infant nasal casts. In our synthetic mucus
formulation, sodium alginate serves as the main structural element providing mechani-
cal integrity and tunable rheology; mucin approximates the biochemical speci city and
adhesive properties of natural mucus; and NaCl reproduces the ionic environment of the
airway mucosa. Together, these ingredients form a hybrid hydrogel that overcomes the
shortcomings of prior preparations while recreating the functional complexities of native
nasal mucus. When used together with an anatomically accurate infant nasal cast, they
allow the creation of a reliable in vitro platform by which intranasal therapeutic deliv-
ery can be assessed. To the best of our knowledge, this is the rst e ort to integrate
an infant-adapted cast with a physiologically relevant synthetic mucus formulated from
sodium alginate, mucin, and NaCl. This approach has the potential to improve the realism
and applicability of in vitro nasal models.
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4.1. Sample preparation

4.1.1. Alginate-based suspensions

Five concentrations of alginate (Alginic acid sodium salt, Sigma-Aldrich, DE), from 1
to 5 w/v%, were considered. Each concentration was formulated either with or without
mucin (Porcine gastric mucin (PGM Type 2, Sigma-Aldrich, DE), using two types of
solvents: distilled water (DW) and saline solution (SS). The saline solution was prepared
by dissolving 1.6 w/v% NaCl (Sodium chloride, Sigma-Aldrich, DE) in DW to better
reproduce the ionic environment of nasal mucus. Moreover, for the mucin-containing
samples, a constant concentration of 4 w/v% was selected, as this value is close to the
mucin concentration in biological nasal mucus. Di erent solutions and their compaositions
can be observed in table 4.1.

To prepare the solutions, alginate was separately dissolved in each of the two solvents
upon magnetic stirring. For the mucin-containing formulations, mucin was rst dissolved

in the solvent, and then alginate was added. In the dissolution process, a strong vortex
of the solvent was rst created by a rotation speed of 1000 rpm. Alginate was introduced
into the vortex slowly and continuously to prevent any aggregation. After adding all
the powders to the system, the rotation speed was decreased t0250 rpm. Finally,

all formulations were left under stirring for hours to ensure homogeneous solutions as in
Figure 4.1. It is worth mentioning that, for each solvent, solutions with di erent alginate
concentrations were prepared by starting from a mother solution of maximum alginate
concentration (5w/v%) and subsequently diluting it to obtain lower concentrations.
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Table 4.1: Solutions and their compositions.

Solvent

Mucin concentration (w/v%)

Alginate concentration (w/v%)

Sample code

DW

5

DW-AI5

DW-Al4

DW-AI3

DW-AI2

DW-AI1

DW-M4-Al5

DW-M4-Al4

DW-M4-AI3

DW-M4-Al2

DW-M4-All

SS

SS-Al5

SS-Al4

SS-AI3

SS-AI2

SS-All

SS-M4-Al5

SS-M4-Al4

SS-M4-Al3

SS-M4-Al2

R IN W | MO, INOW IO, |INDNO®W ||, IN]|®W|PS

SS-M4-All
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Figure 4.1: Preparation of alginate-based solutions.

4.1.2. Alginate-based hydrogels

After preparing the solutions, the composition identi ed as most appropriate based on the
characterizations described in the following sections was used to form a hydrogel. This
hydrogel served as our nal synthetic mucus, which was intended to be coated on the
surface of the nasal cast (Produced with a FormLabs SLA printer using FormLabs Clear
Resin, kindly provided by Prof. R. Dellaca (DEIB, Politecnico di Milano)) fabricated in
advance.

In this work, gel formation was needed to occur directly after depositing the solutions
onto the nasal cast surface. To achieve this, the idea was to rst deposiaCO; (Calcium
carbonate ponderosus, Sigma-Aldrich, DE) dispersed in a volatile solvent on the cast
surface. Accordingly, three volatile solvents, namely ethanol (Sigma-Aldrich, DE), acetone
(Sigma-Aldrich, DE), and isopropanol (Sigma-Aldrich, DE), were examined to be used
for this purpose. At this stage,CaCOs; suspensions with concentrations of 1 and 2 w/v%
in the selected solvents were evaluated.

Based on the relevant characterizations, the most suitable solvent a@hCO; concentra-
tion were then selected for deposition onto the nasal cast surface. After deposition, the
solvent evaporated, leaving theCaCO; particles uniformly distributed on the cast sur-
face. TheseCaCQO; particles were intended to act as the source of calcium for the direct
crosslinking of the selected alginate-based solution on the nasal cavity model. However,
Ca’* ions were hardly released fror@aCO; particles to promote crosslinking. To address
this, GDL (Sigma-Aldrich, DE) was used as an acidifying agent and added to the nal
alginate-based solution just before coating it onto the nasal model. Indeed, GDL dissolved
CaCO; particles previously distributed on the cast surface. This caused the controlled
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release of C& ions required for homogeneous internal crosslinking and subsequent hy-
drogel formation. In this way, the hydrogel formed directly on the surface of the nasal

cavity model, serving as the intended mucus-mimicking layer in our cast-based in vitro

model.

4.2. Characterization

4.2.1. Wetting behavior of alginate suspensions

The wettability of each alginate-based formulation was assessed by its drop-wise addition
on the surface of a block made of the same resin as the nasal cavity cast. As indicated in
Figure 4.2, measurements were based on the interaction angle formed between the drops
and the resin substrate, determined using ImageJ software.

Figure 4.2: Interaction angle measurement.

4.2.2. Solvent selection for priming before hydrogel formation

In order to select the most suitable solvent among acetone, ethanol, and isopropanol for
subsequent deposition o€aCO; on the nasal cast surface, the spreading behavior and
evaporation time of each solvent were evaluated. For spreading assessment, the surface
area covered by droplets of each solvent on the resin was considered. In this regard,
droplets of each solvent were poured onto the resin block using a syringe. A commercial
food-grade green dye was added to the solvents to improve visualization of their spreading
on the resin surface. Eventually, the covered surface area was measured using ImageJ
software (Figure 4.3).
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Figure 4.3: Measurement of surface area covered by droplets of each solvent.

As for the evaporation time test, droplets of each solvent were poured on the resin
block, and the time required for complete evaporation was recorded. The experiment
was conducted inside a laboratory fume hood, with the room temperature measured at
264 01 C.

Based on the results of spreading and evaporation time tests, which will be detailed in
the Section 5, ethanol was excluded from subsequent characterizations.

To evaluate furhter which solvent would serve as a better medium for homogeneous de-
position of CaCO; on the cast, 1 and 2 w/v% suspensions @aCO; were prepared in
acetone and isopropanol. The uniformity o€CaCO; deposition and the size of deposited
particles were then assessed by optical microscopy.

4.2.3. Rheological analysis

Rheological properties were investigated by using a Modular compact rheometer MCR502
(Anton-Paar, AT), as shown in Figure 4.4, employing cone-plate geometry of 50 mrand
truncation of 1 C. RheoCompass-version 1.35.1394-Release was used to control and
collect information from the rheometer.

Figure 4.4: Anton Paar MCR 502 rheometer.
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The viscosity curves were obtained by applying shear rates ranging from 0.1 to 100 s
Tests were performed on the alginate-based solutions with compositions speci ed in Ta-
ble 4.1. Throughout the measurements, the temperature was maintained2% 0:.01 C,
and the gap was set to 0.1 mm.

The amplitude sweep and frequency sweep tests were performed on samples made by
internal crosslinking of alginate-based solutions. For this purpose, the gels, prepared
as described in Subsection 4.1.2, were formed on small molds. Accordingly, acetone,
which was selected as the nal solvent after relevant characterizations, was employed to
distribute 2 w/v% CaCO; on round silicon molds. After complete solvent evaporation
and the deposition of aCaCQOs; layer on the mold (Figure 4.5(a)), 3 ml of the alginate-
based solution containing GDL was poured onto this layer to |l the rounded shape of the
mold (Figure 4.5(b)). It should be noted that the volume of 3 ml was chosen to facilitate
handling of the gel during transfer to the rheometer for testing. Then, the samples were
left overnight to allow complete gelation (Figure 4.5(c)). This procedure was repeated to
form gels from alginate-mucin solutions prepared in saline, as these better reproduce the
composition of native mucus.

For the testing phase, the hydrogels were carefully detached from their molds and trans-
ferred to the rheometer for amplitude sweep and frequency sweep characterizations (Fig-
ure 4.5(d)). First, the amplitude sweep tests were performed on the samples by varying
the shear strain from 0.1% to 1000% (Figure 4.5(e)). These measurements were carried
out at a constant frequency of 1 Hz and a controlled temperature of 2415 0.5 %.. The

aim of the amplitude sweep test was to determine the linear viscoelastic region (LVR)
of the hydrogels, which corresponds to the strain range over which their structure re-
mains intact, thereby de ning the proper conditions for the subsequent frequency sweep
measurements. As the amplitude sweep is a destructive test (Figure 4.5(f)), the same
procedure was repeated to prepare new hydrogel samples for the frequency sweep tests.
The frequency sweep tests were then performed at a shear strain of 0.3%, which was
within the LVR. The applied frequency range was 0.1-20 Hz. The gap was xed at 0.1
mm, and the temperature was maintained at 2% 1 %.. The aim of the frequency sweep
test was to evaluate the viscoelastic behavior of the hydrogels as a function of frequency
within the LVR.
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