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ABSTRACT

The intranasal route has been a subject of exploration for the delivery of active pharmaceutical ingredients across a wide range of chemical classes
and pharmacological categories. Notwithstanding its therapeutic potential, the anatomical intricacy and physiological variability of the nasal cavity
pose significant challenges to the precise evaluation of drug delivery. To address these challenges, in vitro studies employing anatomically and
functionally relevant 3D models have become imperative. Advances in 3D printing technologies have enabled the creation of precise and
reproducible nasal cavity replicas, which can support drug characterization, particularly in evaluating drug deposition patterns and predicting
bioavailability.

This review aims to provide a comprehensive overview of the current state-of-the-art methods and materials employed in 3D printing of nasal
cavity models. Presently, the Koken LM-005 remains the sole commercially available model, underscoring the pressing need for more advanced and
customizable alternatives. Experimental models are under development; however, they vary widely in anatomical fidelity and clinical applicability.
The analysis emphasizes the necessity of incorporating anatomical accuracy and physiological relevance-such as airflow dynamics and mucosal
properties-into the design of nasal cavity models for pharmaceutical testing.

The findings underscore the real-world utility of additive manufacturing in pharmaceutical research. The utilization of 3D printed models holds
considerable promise in enhancing the quality assessment of intranasal dosage forms and can serve as valuable tools in both preclinical
development and personalized medicine. As the technology advances, it holds the potential to reduce reliance on animal testing, streamline
formulation development, and ultimately enhance therapeutic outcomes.
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INTRODUCTION recent development is NARCAN® Nasal Spray (Emergent Operations
Ireland Limited), which is used to reverse opioid overdoses [9].
Opioids, like other narcotics, are known to have harmful effects on
the brain, and in the event of an overdose, their effects must be
reversed immediately. The quickest and easiest way to achieve this
is through nasal administration for direct delivery from the nose to
the brain. Other examples of successful registrations of nasal
preparations for the delivery of APIs to the brain are mainly related

Intranasal administration of drugs has been used for therapeutic
purposes for several centuries [1]. Over the past five years, the
development of nasal drug delivery systems has become even more
significant due to the numerous advantages of this route of
administration [2]. In addition to the treatment of common nasal
congestion or allergic rhinitis, there is a wide range of pathologies

that can be treated by nasal drug administration. Low proteolytic
activity, relatively large distribution area, and good blood supply to
the mucous membrane allow for high drug bioavailability and open
up new opportunities for systemic use of intranasal dosage forms
[3]. Thus, brain-targeted drug delivery for the treatment of Central
Nervous System (CNS) diseases is one of the most challenging and
promising areas of research [4]. For instance, insulin deficiency can
lead to serious neurodegenerative disorders, particularly
Alzheimer’s disease [5, 6]. Intranasal administration of the hormone
has potential to address the development of CNS diseases, improve
cognitive function, and prevent memory impairment in diabetic or
post-surgical patients [7]. In the long term, further development of
intranasal drugs opens up new opportunities to struggle against
diseases such as Parkinson's disease, acute migraine, panic attacks,
and Coronary Heart Disease (CHD) [8]. Moving away from
hypothetical examples and drugs in development, it is worth looking
at significant developments that have entered the civil market. One

to the treatment of migraine and headache. Numerous products
containing zolmitriptan (ZOMIG Nasal Spray, Impax Specialty
Pharma; Zolmist Nasal Spray, Cipla Ltd.), sumatriptan (Imigran,
GlaxoSmithKline  Pharmaceuticals; Imitrex, GlaxoSmithKline
Pharmaceuticals) and ketorolac tromethamine (Ketorolac,
Pharmamed; SPRIX®, Assertio Therapeutics, Inc.) have been
registered worldwide [10-13].

Although the intranasal route provides high bioavailability and
allows for the administration of substances not suitable for oral use
(small molecules, polar substances, peptides, proteins), there are
several challenges associated with this route of drug delivery. On the
one hand, the drug or Active Pharmaceutical Ingredient (API) must
overcome several natural barriers (epithelial layer, mucus layer,
interstitial and basal membranes, and capillary endothelium (fig. 1));
on the other hand: a-the high mucociliary clearance rate leads to
rapid drug elimination from the nasal cavity; b-there is low
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permeability for certain classes of molecules; c-there is a high risk of
the drug reaching other organs of the respiratory system due to
improper delivery technique [8, 14-18]. It should be recognised that
the main limiting factor in nasal drug delivery is mucociliary
clearance, which aims to rapidly remove foreign substances from the
surface of the nasal mucosa. The intensity of mucociliary clearance
can be influenced by many factors, including various diseases and
addictions. In 2021, a team of scientists from Turkey conducted a
study on the effect of coronavirus infection and smoking status on
the rate of nasal clearance using the saccharin test. The results of the
study confirmed that patients with COVID-19 and smokers had the
fastest clearance rate, followed by smoking patients in the control
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group [19]. A long-term cohort study of patients who underwent
radiotherapy showed that the clearance rate slows down
significantly after radiotherapy [20]. All patients in the study group
had a negative saccharin test result, while the control group had only
positive results. Such studies provide a clear picture and help to
consider the risks of intranasal drug delivery.

Despite such an impressive effect of clearance on excipients
(including drugs), there are several methods to counteract the effect
of clearance on the drug. These methods include the use of thicker
dosage forms (gels, emulsions, suspensions) and the development of
innovative in situ delivery systems [21-23].
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Fig. 1: Nasal cavity epithelium structure

Among other issues, to ensure proper absorption of the substance,
prevent its premature removal from the nasal cavity, and enhance
the bioavailability of the API, additional methods of changing the
deposition profile of the substance are required. In particular, it is
necessary to enhance the mucoadhesive and absorption properties
of the drug [8, 24, 25].

Since the anatomy and function of the nasal cavity require careful
study of parameters such as drug release and deposition,
mucoadhesion and aerodynamic characteristics, in vitro studies
become the optimal solution for evaluating the biopharmaceutical
properties of intranasal dosage forms [26, 27]. They allow for
screening in easily controlled conditions with high speed and
efficiency at a lower cost, compared to in vivo methods of analysis.

Today, screening of intranasal drugs is performed by ex vivo and in
vivo diagnostic methods. However, due to the cost and complexity of
validating study processes, there is a need for accessible in vitro
analysis methods [28]. 3D modeling of the nasal cavity is a relatively
simple and cost-effective method that can be an optimal solution for
conducting in vitro studies. When properly constructed, a
biorelevant model can not only reproduce the geometry of the nasal
cavity but also replicate most of the physiological processes
occurring in it.

Although in vitro studies cannot completely replace in vivo studies,
they serve as a valuable tool in the design and optimization of
intranasal dosage forms, providing important preliminary data that
can guide further research and development [29, 30].

Biorelevant models should replicate the physiological environment
of the area. While a number of approaches exist to create pH, mucosa
and airflow, it is quite difficult to reproduce the movement of
epithelial cilia.

The aim of this review is to evaluate existing techniques for creating
3D models of the nasal cavity to analyze the quality of intranasal
drugs in vitro and to propose a new model with the most relevant
characteristics.

MATERIALS AND METHODS

A comprehensive analysis of PubMed, Scopus, Google Scholar, and
ResearchGate databases was performed. The main dataset was
obtained from medical publication databases. The search was

conducted using the keywords: 3D printing technology, biorelevant
model, nasal cavity, in vitro studies, biomedical application, 3D
model, nasal airflow. Due to the specificity of the topic under study
and, in general, its modernity, we analyzed almost the entire volume
of published data for the period from 1997 to 2025.

Anatomy of the nasal cavity: architectonics, critical points of
analysis

Biorelevant in vitro model is a widely used tool for in vitro studies of
various dosage forms [31, 32]. It allows both the design of near-
realistic drug delivery conditions and the prediction of subsequent
in vivo analyses. However, the nasal cavity has several features that
can be an obstacle to the development of a biorelevant model.

The primary issue with the nasal cavity is that its anatomy is unique
for each individual. The anatomical characteristics of each patient
can greatly alter the distribution of the drug on the mucosal surface.
Even minor anatomical variations can significantly affect the
effectiveness of therapy in a particular patient. Therefore, in order
for the model to be geometrically accurate, it is not enough to use
the architectonics of the nasal cavity of only one person. Analysis of
a patient cohort enables the construction of an "ideal patient” model
characterized by averaged anatomical parameters. This approach
allows for the consideration of interindividual variations in the
anatomy and architectonics of the nasal cavity.

The architectonics of the nasal cavity represents a complex
geometric model. The anterior 3 of the nasal cavity are divided by
the nasal septum into two mirror-symmetrical halves, right and left
[33]. The nasal septum is the medial wall of the nasal cavity and
consists of anterior chondral and posterior bone parts. The lateral
wall of the nasal cavity is lined with three conchae, which are the
superior, middle, and inferior nasal turbinates. These structures
divide the nasal passage vertically into the corresponding areas:
dorsal, medial, and ventral. Two nasal passages merge into one at
the level of the posterior end of the nasal septum and the posterior
end of the inferior nasal turbinate; this is the area of the entrance to
the nasopharynx [34].

The cross-section in the coronal projection of the nasal cavity varies
significantly in shape at different levels. The entrance through the
two nostrils (usually taken as the zero point) leads to the vestibule
of the nasal cavity, which extends approximately 1.5 cm to the level
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of the nasal valve. The nasal valve region represents the narrowest
part of the nasal cavity, with the angle of the nasal valve between the
caudal edge of the superior lateral cartilage and the nasal septum
being 10-15° opening downward. It is also an important airflow
regulator, with this region accounting for more than half of the nasal
resistance [35, 36]. The boundary of the nasal valve is formed by the
floor of the nasal cavity from below and the anterior end of the
inferior nasal turbinate from behind.

The distance between the nasal valve and the nasopharynx is the
main nasal airway. Thus, linear measurements in the nasal cavities
are generally taken in three dimensions: 1-the length of the nasal
septum from the tip of the nose to the nasal septal end point; 2-the
height of the nasal cavity at the same nasal septal end point; 3-the
width of the nasal cavity at the same location. These criteria were
chosen to minimize the risk of artifacts [3].

The nose is not a static anatomical structure, but a dynamic organ
with asymmetric airflow [37]. It has been determined that the
regularity of changes in airflow is contingent upon the condition of
the erectile tissues of the inferior nasal turbinate. Thus, each half of
the nose functions with full load alternately, alternating rest with
resistance to the airflow [38]. Close reflex interconnection of both
halves, the nasal cycle, is only possible in the absence of anatomical
changes leading to narrowing of the nasal passages, such as deviated
nasal septum or hypertrophy of the nasal turbinate.

The majority of intranasal drugs necessitate the use of specialized
spray delivery systems to ensure effective administration into the
nasal cavity. Upon inhalation, the airstream entering the nasal
passages initially becomes turbulent at the level of the nasal valve,
subsequently transitioning into a more linear, laminar flow as it
progresses through the cavity.

Numerous studies on the aerodynamics of nasal breathing
demonstrate that the majority of the inhaled air, given the normal
structure of the nasal valve, nasal septum, and nasal turbinate,
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passes through the common nasal passage along the middle nasal
turbinate, while a small amount enters the dorsal part and olfactory
region [39, 40]. During exhaling, the airflow from the nasopharynx
enters the nasal cavity through the choana, an oval-shaped opening,
and, without turbulence, diffusely spreads mainly through the
common and inferior nasal passages. Turbulent airflow inevitably
affects the geometry of drug atomisation in the cavity. Depending on
the airflow velocity during inhalation, the area of drug droplet
deposition on the mucosal surface changes. Laminar airflows during
inhalation and exhalation do not affect drug distribution as much but
may generally affect drug removal from the mucosal surface. The
modelling of airflow increases the similarity of 3D models to real
physiological conditions.

The area of the nasal cavity is approximately 160-180 cm? nasal
cavity volume is about 15 ml, length 12-14 cm, and the pH 5.5-6.5
[41]. The temperature in the nasal cavity is slightly lower than body
temperature and ranges between 33-35 °C. Different parts of the
nasal cavity are covered by 4 different types of epithelia. The
predominant type is ciliated pseudostratified columnar epithelium,
also known as respiratory mucosa. The nasal vestibule is primarily
covered with squamous epithelium, transitional epithelium is
located in the narrow zone between the first two types, and olfactory
epithelium is in its corresponding zone.

The mucous membrane of the nasal cavity, especially of the inferior
nasal turbinate, carries out the most active transport of secretion,
which occurs along two main directions: from the anterior end of the
inferior nasal turbinate forward (at a distance of 1-1.5 cm) and along
the surface of the inferior nasal turbinate behind and down to the
floor of the nasal cavity and into the nasopharynx. Thus, when
modeling the nasal cavity, it is often necessary to take into account
not only geometry but also complex aerodynamics, mucociliary
clearance, and other physiological processes occurring in the nasal
cavity [42]. The critical points and parameters of the model to meet
the requirements of biorelevance are shown in fig. 2 and 2A.
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Fig. 2: Lateral view of the human nose. Linear measurements of the nose: septum length from the tip of the nose to the closest endpoint of
the nasal septum. ST, MT, and IT refer to the superior, middle, and inferior turbinate, respectively. Fig. 2A. Nasal valve drawing

Requirements and limitations for model construction

Before creating a 3D model, it is necessary to determine the optimal
parameters of the printed sample as well as the most suitable
manufacturing technology [43]. The quality of the printed object
directly defines the scope of possibilities of using the 3D model for in
vitro studies of intranasal drug forms.

3D model characteristics
Surface finish

One of the common problems with many 3D printing methods is that
they produce models with rough and uneven surfaces. These
irregularities increase friction and cause turbulence, making it
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harder to accurately simulate airflow in the nasal cavity [44, 45]. The
surface of the model should possess a moderate degree of
roughness. Certain printing techniques, due to their layer-by-layer
material deposition, result in a significant number of pores and
surface irregularities. When a drug is administered, these pores may
retain a substantial amount of the substance, thereby compromising
the reliability of the study. Conversely, a completely smooth surface
would prevent even Simulated Nasal Fluid (SNF) from adhering,
which is essential for replicating the internal conditions of the nasal
cavity. To achieve a physiologically relevant model, the most
straightforward approach involves fabricating initially smooth
models followed by surface treatment of the internal cavity to attain
an optimal level of roughness consistent with nasal physiology.

Precision

Each person's nasal cavity is individualized. Therefore, when developing
a model, there are difficulties in reproducing a geometry that is as close
as possible to the real anatomy of the human nasal cavity [44].

Porosity

Porosity occurring on 3D printed models can be related to both the
peculiarities of the printing material itself and the manufacturing
technology. Due to the overlapping of one layer on another or
improper temperature selection, depressions may be created in the
model, interfering with the interpretation of the end results of in
vitro analysis of the intranasal drug [44].

Selection of the relevant mucosal surface

The 3D model allows reproducing the geometry but does not
reflect the physiological properties of the nasal cavity. The
interaction between the drug particles and the walls of the model
directly depends on whether the surface is wet or dry [46]. In this
regard, it is also necessary to select an artificial mucus that will
simulate the mucosal surface of the nasal cavity [47]. The artificial
mucosa should not react with the model material and should not
contain components that would interfere with the determination
of APIs during spectroscopic or chromatographic analysis of the
deposition of the intranasal drug form. Generally, there are three
options for replicating the mucosal surface: 1-using liquids-water
or propylene glycol and isopropanol (1:1); 2-application of
glycerol or ethanol combined with surfactants; and 3-mucin
solutions [48-50]. To simplify experiments, many research groups
choose for simulating SNF water, glycerol, buffer solutions, and
other simple liquids that lack sufficient biorelevance. Since one of
the most important properties of an intranasal drug is its
mucoadhesive capacity, mucin becomes the key component of SNF
in the simulation of nasal secretions. Despite its essential role in
such studies, recent years have seen the development of
alternative methods aimed at replacing mucin. Ethical and
financial considerations are prompting a shift toward the use of
synthetic mucin analogues [51-53].

In addition to mucin, nasal secretions contain ions such as sodium,
potassium, and calcium, which can influence drug bioavailability and
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the behavior of various API delivery systems. Therefore, modeling
only the rheological properties of nasal mucus is insufficient to
ensure the reliability of the study [53].

In a recent validation study of swabs for sampling on SARS-CoV-2, a
different approach was used [54]. The 3D model was lined with a
silk sponge to recreate the tissue structure of the nasal cavity, and
then approximately 0.1 ml of polyethylene oxide solution was
applied as artificial mucus. The concentration of polyethylene oxide
was selected to mimic the viscosity of both healthy and inflamed
mucosa (0.5% and 3%, respectively).

Printing materials

3D printing uses a wide range of materials to create biorelevant in
vitro models. The choice of material will depend on both the
manufacturing technology and the desired characteristics of the
model [55].

Silicones

Silicones are a group of hydrophobic transparent polymers
containing silicon, hydrogen, and oxygen. Unlike other polymers, the
main chain is composed of silicon rather than carbon, and the side
chains consist of fluorinated, aromatic, and aliphatic groups.
Silicones can be used at temperatures ranging from-100 to 250 °C.
Since these polymers have low surface free energy and therefore, do
not bond well together, adhesives (acrylates, UV curing adhesives)
are often used to form stronger bonds [56].

Acrylonitrile butadiene styrene (ABS)

Acrylonitrile Butadiene Styrene (ABS) is an opaque thermoplastic
used in Fused Deposition Modeling (FDM) technology. Compared to
other polystyrenes, it has greater impact strength and resistance to
thermal and chemical attacks [56].

Biopolymers

Biopolymers are materials that either occur naturally (proteins,
sugars) or are synthesized from naturally occurring biological
materials such as sugars, fats, oils, and starch.

Polylactic acid (PLA)

Polylactic Acid (PLA) is an insoluble, synthetic biodegradable
polymer [57]. It is the most widely studied and used material for
FDM technology and has been approved by the FDA (Food and Drug
Administration, USA) as a material for implants and as a component
of prolonged drug delivery systems [58, 59].

Polyethylene glycol (PEG)

PEG is a water-soluble, biocompatible, and amphiphilic polymer. Due
to its highly crystalline nature, polyethylene glycol is one of the most
chemically stable biopolymers [56]. PEGDA (PEG
diacrylate/polyethylene glycol diacrylate) is a polymer that is a
derivative of polyethylene glycol. Due to the formation of cross-links,
PEGDA is mechanically more stable than PEG [60].

Table 1: Comparative characterization of the most common materials

Material Advantages

Disadvantages Ref.

Silicones -stability over a wide temperature range (-100 to+250 °C) -high permeability to gases and liquids [56]

-resistance to oxidation and degradation
-UV resistance
-chemically inert
ABS -thermoplastic
-high-strength
-easy to process
-thermoplastic
-high-strength
-non-toxic
-more environmentally friendly
PEG (polyethyleneglycol)  -chemically resistant
Epoxyresins -chemically resistant
-corrosion resistance
-flexible

PLA (polylacticacid)

-relatively fragile
-high abrasion

-difficult to bond

-opaque [56]
-exposed to UV radiation

-does not undergo plastic deformation [57-59]
-hygroscopic

-toxic [56, 60]
-susceptible to damage from sunlight exposure  [61, 62]
-relatively brittle

-low thermal conductivity

69



E. Bakhrushina et al.

Epoxy resins

Epoxy resins are widely used in additive manufacturing technology.
They are thermosetting or photosensitive materials that cure by
reaction with an agent-UV radiation (PIs-Photoinitiating Systems)
[61]. Epoxy resins belong to the family of monomeric or oligomeric
materials and have good mechanical and electrical insulating
properties, corrosion and chemical resistance, particularly to
alkaline environments [62]. A comparative characterization of the
most common materials is presented in table 1.

3D printing technologies

Since the structure of each individual's nasal cavity is unique,
additive manufacturing techniques are widely used to develop a
relevant 3D model [63, 64].

Additive manufacturing, also known as rapid prototyping, is the
process of joining materials together to create objects based on 3D
model data, usually layer by layer, as opposed to a substrate
manufacturing methodology [65].

Fused deposition modeling (FDM)

Fused Deposition Modeling (material extrusion method) is a simple
and relatively cheap additive manufacturing technology. FDM is
based on melting a polymer material and then extruding it from the
nozzle of a 3D printer using oppositely moving rollers. The material
is applied to the plate layer by layer, moving the nozzle in different
planes by G-code commands [66].

Polymers such as polylactic acid (PLA), polycaprolactone (PCL),
polypropylene (PP), polyethylene (PE), polybutylene terephthalate
(PBT), acrylonitrile butadiene styrene (ABS) are used as printing
materials [67]. Since polypropylene is solvent-resistant, it is most
commonly used to form the desired model.

Despite the simplicity and high speed of the technology, FDM is rarely
used to print in vitro models. This additive manufacturing method
does not allow printing thin layers due to the low resolution of the
printer. The temperature required for printing can affect the quality of
the material and lead to thermal shrinkage of the layers and their
overlapping. As a consequence, there is a high probability of obtaining
a rough and uneven model, which limits the range of in vitro studies
conducted to assess the quality of intranasal dosage forms [68].

Stereolithography (SLA)

Fused deposition modeling (material extrusion method) is a simple
and relatively cheap additive Stereolithography (SLA), also known as
solid freeform fabrication (SFF), is based on the polymerization of a
photopolymer material using UV radiation. The layer-by-layer printing
of the model occurs in a vat containing a liquid polymer resin [69]. The
printer platform is also immersed in the vat and due to its gradual
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lifting and spot exposure to UV radiation, the object is formed.
Different types of photopolymer resin (acrylic, epoxy) are used as
photopolymer material, as well as soft silicone, which is widely used in
printing models for medical applications. Due to the fact that the
method does not involve the use of temperature, the probability of
thermal shrinkage is drastically reduced. Moreover, this method of
layer-by-layer printing of an object allows the formation of thin layers,
which doesn’t increase models’ porosity [70].

The limiting factor of stereo lithography is the fragility of printed
models, large losses due to possible incomplete polymerization of the
material used, and the need for long cleaning with the selection of a
relevant solvent that will not damage the surface of the object itself.

Powder bed fusion (PBF)

This method is categorized into 4 groups: Selective Laser Sintering
(SLS), Selective Laser Melting (SLM)/Direct Metal Laser Sintering
(DMLS), Electron Beam Melting (EBM) and Multi Jet Fusion (MJF)
[71-75]. PBF technology is based on forming patterns through a
combination of elevated temperature and thermal energy sources.
The material used is a powder bed (particularly nylon) through
which, depending on the technology, different types of energy are
passed [76]. For example, SLS, SLM, and DML involve the use of a
laser beam, EBM involves an electron beam, and MJF works with an
infrared lamp. Thermal energy heats the powder bed until the
powder particles are partially or completely sintered/melted, and
then a new portion of material is placed on top [77]. The method
allows simultaneous processing of multiple parts; however, it is
more costly compared to other additive manufacturing technologies.
Furthermore, the surface of the model is solid and porous due to the
temperature and the difficulty of creating a perfect fusion of the
powder bed particles [76].

Material jetting process (M]JP)

Multi-jet printing is one of the most precise additive manufacturing
technologies. The method is based on dispersing photopolymer
material through the printer head onto specific points of the pallet,
with polymerization using UV exposure [64]. In many ways, the
principle of operation is similar to stereolithography technology.
However, unlike SLA, in multi jet printing the pallet moves back and
forth, which allows the photopolymer material to overlap evenly
along the axis layer by layer. This technology reduces losses and
improves the accuracy and smoothness of the resulting models [78].

Nevertheless, the method has its drawbacks. Besides being an
expensive technology, the acrylic photopolymer resin used in MJP is
not durable [64]. As a consequence, the models printed using this
technology are fragile and easily deform even when slightly heated.

A brief comparative assessment of reproducible parameters of
different 3D printing methods is summarized in table 2.

Table 2: Brief comparative evaluation of reproducible parameters of different 3Dprinting methods

Printing technology Surface finish Strength  Thermal shrinkage Porosity Precision Ref.
Fused deposition modeling (FDM) Rough and uneven High High High Notachieved  [66-68]
Stereolithography (SLA) Flexible and smooth Low No shrinkage Low High [69, 70]
Powder bed fusion (PBF) Rough and uneven High High High Notachieved  [71, 76]
Material jetting process (MJP) Flexible and smooth Low No shrinkage Low Highest [64]

Existing in vitro models of the nasal cavity and their
comparative characterization

Transparent nasal cavity model LM-005, Koken Co, Japan

The Koken nasal cavity model (Koken LM-005) is the only currently
commercially available nasal cavity model derived from CT images
of the nasal cavity of an Asian human cadaver [79]. The Koken LM-
005 is made of silicone and is divided into two halves. Due to the
removable septum and transparent material, it is possible to
visualize the internal structures of the nose. Since the model is easily
accessible, it has been widely used to study the deposition of
intranasal dosage forms. In particular, it has been used to study the
deposition profile of melatonin-loaded pectin/hypromellose

microspheres as well as the deposition of in situ gels of fluticasone
containing various polymers (sodium hyaluronate, pectin, and gellan
gum) [80, 81].

The KOKEN-LM is positioned as a geometrically accurate
educational model. However, the model is developed based on the
nasal cavity structure of a single individual, which precludes the
validation of in vitro studies based on analyses conducted with this
model. In the comparative analysis of KOKEN-LM with its analog
(Optinose nasal cavity model-OptiNose AS, Oslo, Norway) it was not
confirmed that the parameters of the model correspond to the real
geometry of the human nasal cavity [82]. Moreover, despite the
advantages of the transparency of the model, this material creates
increased smoothness of the sample surface.

70



E. Bakhrushina et al.

As a consequence, for the accuracy of studies conducted on the
model, it is necessary to create additional conditions to achieve
viscosity similar to the real nasal mucosa.

To conduct the study, the Koken model was used with slight
modification [83]. Specifically, the nasal cavity model was placed on
a stand and connected to a respiratory pump (Respiratory Pump
Model 613, Harvard Apparatus). The pump provided a respiratory
simulation at an inspiratory flow rate of 0 1/min (no breathing) or 20
1/min (human moderate inhalation rate). To achieve a more accurate
simulation of inspiration in the nasal cavity, the volumetric flow rate
was measured using an inspiratory flow meter (In-Check Nasal).
During the test, the powder formulation was sprayed to a depth of 5
mm into the unobstructed nostril at an angle of 60° from the
horizontal plane and 0° from the vertical plane, with one nostril
blocked. For qualitative assessment of the deposition profile, the
model was photographed against a dark background. For
quantification, the deposited particles were collected, and their
content was calculated from the total dose of drug administered.

Another study on the commercially available KOKEN-LM model
aimed to evaluate the gelation efficacy of PecSys (an in situ system
containing low-methoxyl esterified pectin (LM)) in contact with
nasal cavity mucosal components [81]. The method involved
applying a medical lubricant containing calcium (a physiologically
significant electrolyte) to the inner surface of the nasal cavity model
in a quantity of 3g. Other mucosal cations do not have a significant
effect on the in situ gelation of the system; thus, in order to prevent
undesirable interaction of components, they were not taken into
account in the study. The model was then placed on a flat surface at
an angle of 10° from the horizontal plane. The dispensing nozzle was
inserted 1 cm into the nostril at an angle of 45° from the horizontal
plane.

Nasal cavity model for comparative study of aerosol deposition
in vitro and in vivo

This model was designed from CT scans using fused deposition
modeling (FDM) of acrylonitrile butadiene styrene (ABS) [84].
During the analysis, a respiratory pump was connected to the nasal
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cavity model so that the airflow was reproduced. The results showed
that due to the rough surface, the model is able to cause disruption
of drug flow and increase the collision of aerosol droplets. It was also
found that the cast geometry was not accurate enough to reproduce
aerosol deposition in vivo.

In the in vitro study, two types of nebulizers for drug administration
(jet and mesh) and two nasal cavity models, a 3D model and a
plastinated cast of the head, were used. Both models were connected
to a respiratory pump (Harvard Arraratusch) via rhinopharynx
(tidal volume (TV) = 500 ml, inspiratory to expiratory ratio (I/E) =
40/60, 15 breaths/min). A special one-way valve equipped with an
absolute filter, a tube (15 cm) and a second absolute filter were
placed between the respiratory pump and the model to simulate the
soft palate and mouth, trachea, and lungs, respectively. The in vitro
experiments were designed to reproduce the in vivo conditions of
aerosol administration with both nebulizers: nasal inspiration and
mouth breathing with the jet nebulizer and only mouth breathing
with the mesh nebulizer.

Nasal cavity model for studying nasal aerosol deposition
patterns

A replica of the nasal cavity was created from synthetic polymer
epoxy resin using stereolithography based on 3D cadaver files of a
33 y old woman without nasal disease. The nasal part of the model
was made of flexible silicone so that the most accurate reproduction
of the intranasal insertion was possible [85]. This material enables
clear distinction between the hyperdensity of the droplets and the X-
ray image of the anatomical structure of the plaster cast.

The aim of the study by Sartoretti et al. was to develop an in vitro
approach based on CT combined with the aqueous phase of an
iodinated contrast agent (ICA)-labeled nasal spray to qualitatively
and quantitatively assess its deposition in the nasal cavity [85]. The
results of qualitative and quantitative assessment were processed in
free CT image processing programs and showed promise in using
this method to analyze drug deposition in the nasal cavity.

Comparative characterization of existing models is given in table 3.

Table 3: Comparative characterization of existing models of the nasal cavity

Model Material 3Dprintingtechnology Artificialmucosa Airflow Conducted studies Ref.

KOKEN-LMO005 Silicone SLA Medical lubricant + -deposition profile of melatonin-loaded [79,
containing pectin/hypromellose microspheres 81-83]
physiologically -deposition of in situ gels of fluticasone
relevant electrolytes containing various polymers

Model for ABS FDM - + Comparative analysis of aerosol [84]

comparative study of

aerosol deposition in

vitro and in vivo

Model for studying Epoxyresin SLA -
nasal aerosol

deposition patterns

deposition in vitro and in vivo

- Qualitative and quantitative evaluation of [85]
aerosol deposition patterns in vitro

Table 4: Expected characteristics of the 3D model of the nasal cavity

Characteristic Expected result Justification Ref
Surface finish Moderate roughness Moderate surface roughness allows the model to retain an adequate amount of [44, 45]
SNF, thereby enabling a more accurate imitation of physiological conditions
Porosity Low Low porosity will maintain the transparency of the model and prevent excessive [44]
retention of the tested drug on the surface
Transparency Not fragile, but flexible Transparency allows for monitoring the distribution of the drug at the time of [53]
enough administration and its behavior over time, as well as facilitates the assessment of
the completeness and timing of elimination.
Printing and CT scans; mathematical The most reliable sources of information for achieving the highest degree of [84, 87]
modeling data modeling. similarity between the model and real anatomical and physiological conditions
Optimal printing Stereolithography (SLA) Among the described methods, SLA and MJP are the most suitable. SLA was [64, 69, 70]
technology chosen due to its relative cost-effectiveness and the durability of the produced

models
Optimal material Epoxyresin

Meets all the necessary characteristics-transparency, compatibility with SLA, and [61, 62, 85]

a surface that can be treated to achieve the required roughness.
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DISCUSSION

The abundance of printing methods and materials for creating 3D
models enables the selection of the most optimal approach for
fabricating any three-dimensional model of an internal organ.
However, few studies address the issue of assessing the correlation
and reliability of data when comparing in vitro models of the nasal
cavity with in vivo trials. It is important to note that during the
evaluation of nasal drugs in animal models, the medication is rarely
sprayed into the nasal cavity; instead, it is typically administered via
syringes or pipettes. The anatomical complexity of the nasal cavity
and its high interspecies variability render most in vivo animal
models unsuitable for studying the deposition of human nasal
sprays. Therefore, clinical studies in humans are essential to fully
validate the in vivo findings observed in nasal casts and other in vitro
experiments [23, 86].

Based on the analyzed 3D printing methods and existing nasal cavity
models, it is concluded that the proposed model should have the
following characteristics (table 4).

According to the available data, it was determined that the primary
test conducted on existing 3D models is the deposition analysis. The
potential of this method suggests that other tests can also be
reproduced on a geometrically accurate model.

For instance, in a study by Inoue D. et al, the researchers developed a
simple dissolution tester to study the bioavailability of solid dosage
forms for intranasal administration. The basis for the experiment was
a cell printed on a 3D printer. In essence, this system repeats the
principle of the Franz diffusion cell used to analyze the release of APIs
from mild dosage forms [88]. The printed cell was placed in a medium
that mimics the electrolyte composition of the human nasal mucosa.
The solid dosage form (powder) still required dissolution in an
appropriate volume of solvent before testing. After dissolution, the
drug was placed on a semipermeable membrane, where the release of
API occurred. This method allows estimation of bioavailability for both
solid, mild, and liquid dosage forms.

To ensure that the in vitro model fully replicates all physiological
conditions of the nasal cavity, it is necessary to simulate all
processes occurring on the mucosa in addition to modeling the
geometric features. Constant inhalation and exhalation, mucosal
renewal, cilia movement, and mucus secretion can affect the rate of
drug elimination from the mucosal surface. Before implementing
appropriate equipment, it is necessary to build a mathematical
model with preliminary calculations of the rate of mucus secretion,
airflow and, other continuous processes in the nasal cavity.

Mucus flow modeling

To fully simulate mucus flow in the nasal cavity, scientists from
China have created a computer model to fully account for the effects
of mucociliary clearance on drugs. The movement of mucus on the
human nasal cavity wall was modeled using computational fluid
dynamics, involving the construction of two models: a 2D model
with an expanded surface and a 3D surface model of the nasal cavity
shell. The models were created using CT scans of a 48-year-old Asian
male. As a result of their study, Shang, Y. et al. developed a working
model that visualizes the distribution of mucus over the walls of the
nasal cavity [87]. The expected outcome of the study was the
superiority of the 3D model over the 2D model, which did not
provide a sufficiently realistic picture of mucus distribution over the
surface of the nasal cavity. Simulation of mucociliary clearance
involves simulating the constant movement of cilia with a certain
speed and frequency.

Organ-on-a-chiptechnology

In addition to the nasal cavity, various other organs in the human
body are lined with mucosal epithelium, which serves both
protective and secretory functions. One of the most promising
approaches for modeling physiological processes-including nasal-
specific phenomena-is the organ-on-a-chip system [89, 90]. Organ-
on-a-chip is a microfluidic technology that represents an artificial
testing platform closely mimicking the structure and function of
human organs. The development of such chips involves culturing
specific tissue cells (depending on the organ being modeled) under
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simulated physiological conditions such as pressure, flow rate, pH,
osmotic pressure, nutrient content, and the presence of toxins.
Under these conditions, the chip can achieve functional performance
analogous to that of the actual organ.

Due to the frequent irrelevance of drug testing results obtained from
animal models, there is a growing need to advance microfluidic
technologies. Organ-on-a-chip systems offer a promising solution by
progressively bridging the gap between in vitro and in vivo
experimentation. These devices enable real-time observation of
pharmacokinetic processes within a physiologically relevant
environment, and the data generated can be utilized to develop
mathematical models for predicting drug efficacy [89, 90].

In recent years, a significant number of fundamental studies have
been conducted in this field. Organ-on-a-chip technologies have
already been developed to model the liver, blood vessels, intestines,
nasal cavity, lungs, heart, and even multi-organ systems
representing the entire human body. These models provide valuable
insights into the effects of pharmaceuticals, pathological conditions,
and other external factors on the function of individual organs and
systemic physiology [91-98].

From a pharmaceutical perspective, the primary advantage of organ-
on-a-chip systems lies in their potential to analyze drug
pharmacokinetics with high precision. With continued advancement,
these systems may ultimately eliminate the need for pharmacokinetic
and even toxicity testing on laboratory animals [98].

3D bioprinting

In addition to modeling techniques and simulated physiological
environments, there are methods that allow for the complete
reconstruction and utilization of actual biological tissues. The
creation of tissues and organs has become feasible through the
application of 3D bioprinting technologies. It is important to note
that the use of 3D bioprinting extends far beyond organ fabrication.
It also holds significant promise in less explored areas, such as the
development of drug delivery matrices, the investigation of disease
mechanisms, and the creation of personalized medications. Given
the most evident limitation of standard 3D printing for organ
models-namely, the inability to personalize-bioprinting emerges as a
compelling alternative.

In 2023, Derman et al. developed a method for bioprinting nasal
epithelium with the goal of tissue reconstruction [99]. The study
accounted for a wide array of factors, allowing for the differentiation
of five major epithelial cell populations: basal, suprabasal, goblet,
club, and ciliated cells. A key advantage of the proposed approach
lies in its ability to produce nasal tissue that accurately replicates the
structure and function of native nasal epithelium. Furthermore, the
findings reaffirm the potential of such systems to serve as a novel
and effective tool in the advancement of personalized medicine,
enabling the selection of the most appropriate treatment strategies
from the earliest stages of disease [99].

Another research group from Spain focused on the challenges of
bioprinting scaffolds for the reconstruction of nasal cartilage. Such
developments have applications not only in modeling but also in
plastic and reconstructive surgery [100]. The use of bioprinting can
facilitate the correction of defects and the de novo creation of
connective tissues. The integration of two bioprinting
advancements-the fabrication of mucosal nasal epithelium and
external connective tissue-opens the possibility of constructing a
fully biomimetic nose, closely replicating the structural and
functional characteristics of the human nasal cavity.

Simulation of continuous breathing

Airflows during inhalation and exhalation can affect the administered
dosage form. There are few studies that provide a detailed
understanding of airflow in the human airway. The most common
approach to modeling airflow is the use of computational fluid dynamics.
For instance, Corda et al, and Tan et al, studies used computational fluid
dynamics for computer simulation of laminar flows [101, 102].

Another study by Chinese scientists analyzing nasal airflow
characteristics in stenosis confirmed that numerical modelling can
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provide a direct and objective basis for estimating airflow [103].
Although the scientists neglected the effects of temperature and
humidity changes in their modeling and replaced air with a liquid in
their calculations, they were able to describe the biophysics of nasal
airflow in detail.

CONCLUSION

Undoubtedly, 3D modeling offers numerous advantages and serves
as an effective approach for addressing challenges that require
comprehensive simulation of internal physiological conditions.
Owing to these benefits, intranasal dosage forms are increasingly
becoming a priority in the development and approval of new
pharmaceuticals. Based on the results of the literature review, 3D
printing technologies are emerging as a valuable tool for evaluating
the properties of intranasal drug delivery systems, enabling the
creation of accurate and reproducible models of the nasal cavity.
Additive manufacturing allows the selection of materials and
methods for printing depending on the specific goals of model
construction, allowing flexibility and adaptability of the process. It is
important to note that 3D modeling is not a panacea and has a
significant drawback-the inability to optimize the model for each
individual patient, and averaged data may not be applicable to
certain patient groups. However, at the same time, these methods
offer unlimited opportunities for simplifying the drug development
process and evaluating the quality of pharmaceutical products.

Literature review shows that there is currently one commercially
available nasal cavity model, the Koken LM-005, while other models
are being developed directly for experimental purposes. Although
both anatomical and physiological characteristics of the nasal cavity
must be considered to construct a geometrically accurate model, the
use of 3D printing remains a promising and effective in vitro method.
This confirms the potential of additive manufacturing in providing
highly accurate and biorelevant models, which contributes to
improved quality assessment of intranasal drug products.
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