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Chronic rhinosinusitis with nasal polyps (CRSWNP) remains a therapeutic challenge due to frequent recurrence
after surgery, largely stemming from inadequate drug delivery to the posterior nasal mucosa, particularly the
ostiomeatal complex (OMC). While aerosol dynamics are known to influence intranasal drug deposition,
quantitatively assessing deposition patterns within complex nasal anatomies is difficult. This study employed a
bidirectional delivery approach using computational fluid dynamics (CFD) simulations based on patient-specific
sinonasal cavity models, incorporating realistic polydisperse particle size distributions. The effects of device
nosepiece insertion angle, nosepiece wall thickness, and exhalation flow rate on drug delivery efficiency were
systematically analyzed. Simulated results were validated against in vitro experiments using 3D-printed nasal
cavity replicas. Findings revealed that lateral adjustment of the nosepiece insertion angle significantly enhanced
drug deposition in the OMC region, while variations in wall thickness and exhalation flow rate had compara-
tively modest effects. Particles < 15.5 pm and >52.5 pm showed greater OMC deposition than mid-sized par-
ticles, with exhalation flow rate positively correlated with total OMC mass deposition within the 15-45 L/min
range. These results highlight the dominant role of nosepiece insertion orientation in optimizing regional de-
livery and the nuanced effects of particle size and flow dynamics. This study offers a comprehensive framework
for evaluating nasal drug delivery performance based on realistic device parameters and particle behavior,
providing actionable insights to guide the design of more effective nasal delivery systems for treating CRSWNP.

1. Introduction deposition efficiency, yet quantifying deposition distribution across

anatomical sites remain a daunting task. Recently, Xi et al. developed a

Chronic sinusitis with nasal polyp (CRSWNP) poses a significant
clinical challenge due to its high recurrence post-surgery rate, primarily
attributed to the challenge of precise drug delivery to the diseased
posterior nasal mucosa. Studies indicated that the dynamics of aerosol
delivery in the respiratory tract play a crucial role in regulating drug

segmented nasal model to visualize deposition patterns and quantify
regional doses using normal and bidirectional breathing patterns,
although only one particle size (3.2 pm) was considered in the study (Xi
et al., 2017; Xi et al., 2018). Differences in anatomical structure and
administration mode can affect the efficiency of drug deposition,
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however, the mechanisms and underlying principles governing the
multiscale mechanical factors—spanning the airway, delivery device,
and drug particles—following nasal endoscopic surgery remain unclear.
Considering that aerosol therapy after functional endoscopic sinus sur-
gery (FESS) is routinely employed to reduce inflammation and prevent
polyp recurrence, the present study focuses on post-surgical nasal ge-
ometries to ensure strong clinical and therapeutic relevance.

A bi-directional delivery system (BDS) uses the patient’s exhaled
airflow to create soft palate closure and positive pressure, which carries
aerosols from one nostril through the nasopharynx and into the
contralateral side. Due to these advantages, it has attracted increasing
attention in rhinopathy and nasal-cerebral administration (Cassano
etal., 2021; Liu and Wu, 2023). Djupesland et al. compared nasal sprays
and BDS to the deposition of the human respiratory airway through in
vivo experiments and showed that there was no or very little deposition
of drug particles in the lungs through BDS (Djupesland, 2013; Djupes-
land et al., 2020; Djupesland and Skretting, 2012; Djupesland et al.,
2004, 2006). Farnoud et al. investigated the effect of expiration-assisted
pulsed airflow conditions on nasal aerosol particle deposition and found
that pulsed airflow not only reduced total nasal aerosol deposition from
50.9 % to 34.4 %, but also reduced the inhomogeneity of drug particle
deposition on the left and right sides of the nasal cavity (Farnoud et al.,
2021). Hosseini et al. also emphasized the importance of using pulsed
techniques to enhance bidirectional nasal sinus drug delivery (Hosseini
and Golshahi, 2019). Dong et al. compared the delivery efficiency of BDS
and an aerosol mask system in the olfactory zone of a healthy adult, and
showed that the olfactory deposition after BDS was 2 and 7 times higher
for 1 nm and 10 pm particles, respectively (Dong et al., 2018). Djupes-
land compared the effects of BDS and conventional nasal sprays using
radiolabeled powder carriers (Djupesland and Skretting, 2012). How-
ever, information on regional particle deposition in both experimental
and clinical research is still limited due to available measurement
techniques (Corcoran, 2015). In addition, previous studies have only
used particle deposition efficiency (based on calculated area and total
number of particles inhaled) as a performance metric (Calmet et al.,
2019; Dong et al., 2018; Wofford et al., 2015). However, in laboratory
exposure practice, particle mass (calculated by particle number, diam-
eter, density, and other physicochemical properties) is widely used as a
dosage indicator to determine the appropriate dose for inhalation
therapy. In addition, nozzle orientation plays an important role in nasal
spray drug delivery performance (Tong et al., 2016). However, previous
studies have not considered the deformation of the nasal vestibule that
occurs when inserting the nosepiece of a nasal spray bottle or a bidi-
rectional delivery system (BDS) device. This deformation is particularly
relevant in the case of BDS devices, whose nosepieces are designed to fit
snugly within the nasal vestibule and form a seal at the inlet of the
targeted nasal chamber. As a result, all exhaled drug-laden airflow can
be directed into that specific side of the nasal cavity, and the close fit and
sealing between the nosepiece and the nasal vestibule are critical for
achieving effective topical administration.

Therefore, this study performed in vitro experiments and particle
size analysis of mometasone furoate through BDS in a laboratory envi-
ronment by 3D printing segmented sinonasal cavities models. A generic
BDS device was scanned using high-dose computed tomography. Unlike
clinical CT settings optimized for soft tissue, higher X-ray exposure was
required to achieve sufficient resolution for accurate reconstruction of
the device geometry. This digital model was then integrated with real-
istic sinonasal cavities, enabling a systematic investigation of nasal
airways fitted with a BDS device for the first time. Then mass distribu-
tion of drugs delivered in the sinonasal cavities was also analyzed. We
acknowledge that the drug delivery process is influenced by multiple
factors at the same time. However, in order to narrow the scope of the
study to a manageable level, this study focus on the effects of the
nosepiece orientation, wall thickness of device nosepiece, and exhala-
tion flow rate on BDS delivery efficiency. By addressing these objectives,
this study may lay the groundwork for innovative strategies to optimize

International Journal of Pharmaceutics 686 (2025) 126333

drug delivery and improve treatment outcomes for this challenging
condition.

2. Material and Methods
2.1. Three-dimensional models

Prior to initiating the study, ethical approval was obtained from the
Medical Ethics Committee and Institutional Review Board of the Second
Affiliated Hospital of Xi’an Jiaotong University (batch number:
2020-819). Written informed consent was obtained from all participants
involved in this research. DICOM files of the paranasal cavities were
obtained from CT scans of five patients with CRSWNP who underwent
full FESS between September 2021 and October 2022 at the Second
Affiliated Hospital of Xi’an Jiaotong University. Patients with significant
nasal septum deviation were excluded from this study. The cohort
included three males and two females, with a mean age of 35.8 + 4.3
years. Table 1 presents the geometric characteristics of all nasal cavity
models, including each subject’s gender, age, surface area, volume, as
well as surface area-to-volume ratio (SVR) for each side of the nasal
chambers. Nasal subjects A, B, and D underwent complete resection of
the uncinate process, wide opening of the maxillary/ frontal/ sphenoid
sinuses, and resection of the ethmoidal sinus, with complete middle
turbinectomy (MT) during the operation. Nasal subjects C and E un-
derwent nasal polypectomy and bilateral full- sinuses fenestration. The
procedures included moderate resection of the uncinate process, open-
ing of the four pairs sinuses, as well as partial MT during surgery. The
three-dimensional airway reconstruction procedure has been detailed in
our previous studies (Ma et al., 2024a; Ma et al., 2024b; Siu et al.,
2020a) and all five airway subjects are shown in Fig. 1. To simulate the
actual use of the bidirectional drug delivery system (BDS), the device’s
nosepiece was positioned within the nasal vestibule of all nasal subjects
(Fig. 2). The schematic diagrams were depicted on a representative nasal
airway model (i.e. model A). Compared to previous study on BDS
application (Dong et al., 2018), this study accounts for the deformation
and enlargement of the nasal vestibule caused by the insertion of the
nosepiece. This improvement enhances the anatomical accuracy of the
model, leading to more realistic simulation of drug airflow and depo-
sition patterns.

In this study, Fluent Meshing (ANSYS Inc., PA, USA) was used to
prepare the computational mesh. To accurately capture the highly
irregular shape of the nasal cavity, the flow domain was discretized
using high-quality poly-hex core elements with a mesh size of 0.5 mm
(Dong et al., 2022). A boundary layer of five layers of prisms with the
first layer of polyhedral elements with a height of 0.02 mm was applied
to the wall surface (Cai et al., 2023). The total number of mesh elements
across all five models ranged from 2.1 million to 2.9 million. Examples
of the surface mesh and interior slice mesh are shown in Fig. 3. As
previously reported (Ma et al., 2024a), a characteristic line along the Y-
axis, extending from the anterior section of the nasal cavity to the
nasopharynx, was analyzed across three mesh resolutions: coarse
(1,832,713 elements), medium (2,742,384 elements), and fine
(3,404,041 elements) (Fig. 4). Increasing the mesh from 2.7 million to
3.4 million elements resulted in less than a 1 % change in average ve-
locity and pressure, indicating mesh independence.

Due to the limited width in the vicinity of the nasal valve, poor
nozzle-nasal valve alignment will filter most of the sprayed droplets and
significantly reduce drug delivery performance (Patel, 2017). In this
study, a generic bidirectional delivery system (BDS) was used. The rigid
nosepiece geometry was obtained from CT imaging and model recon-
struction, and subsequently inserted into all nasal models within the
CAD environment. To achieve a snug fit, the nasal vestibule wall was
slightly adjusted to accommodate the rigid nosepiece shape, ensuring a
complete seal between the nosepiece and the nasal chamber. According
to the plane of the nasal valve, the nosepiece tip was aimed at the center
line of the nasal valve in order to optimize the insertion angle of the
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Table 1
Demographic characteristics and surgical treatment.
D Sex Age (y) Left chamber Right chamber
Surface area (mmz) Volume (rnm3 ) SVR Surface area (mmz) Volume (mmz) SVR
(mm ™) (mm ™)
A M. 30 16714.69 46877.20 0.36 12520.91 32837.60 0.38
B M. 31 14127.43 45592.37 0.31 13335.87 41277.24 0.32
C F. 58 15831.53 40802.90 0.39 13659.81 35079.92 0.39
D M. 45 12096.29 36699.46 0.33 12487.14 40742.85 0.31
E F. 57 16367.47 46111.93 0.35 15662.75 41393.43 0.38

M.: Male; F.: Female; SVR: surface area-to-volume ratio.

Subject A Subject B Subject C Subject D Subject E

Fig. 1. Three-dimensional human nasal airway models of the five nasal subjects, each with the BDS nosepiece positioned in the left nasal vestibule.
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Fig. 2. Schematic diagram and surface partition of bidirectional drug delivery system (BDS) of a representative nasal airway model (i.e. model A). (A) Schematic
diagram of airflow path; (B) Surface partition of left paranasal cavities.
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Fig. 3. Surface and interior slice mesh previews of a representative nasal airway model A, including the embedded bidirectional drug delivery nosepiece.
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Fig. 4. Average velocity and pressure at a characteristic line along the Y-axis across three mesh resolutions in model E nasal cavity under exhalation flow rate of 30
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device nosepiece (Fig. 5A). Point A was defined as the centroid of the
nasal valve plane. Points B, C, and D were positioned at half the
maximum distance from point A in the superior, inferior, and lateral
directions, respectively, serving as reference points to adjust and fine-
tune the nosepiece orientation. We considered four representative
nosepiece directions, namely the center direction (OA), upward tilt
(OB), downward tilt (OC), and outward tilt (OD), and compared the
effect of the insertion angle on the drug delivery performance. As the
wall thickness of the nosepiece determines the effective particle release
area, this study examined the impact of varying release areas by altering
the nosepiece wall thickness (D = 0.5 mm, 1.0 mm, and 1.5 mm,
respectively, Fig. 5B).

2.2. Airflow simulation and particle tracking

During exhalation, the soft palate is lifted, sealing off the nasopha-
ryngeal airway. As a result, exhaled air carrying drug particles released
from the nosepiece enters through the anterior of one nasal chamber, is

diverted around the nasal concha, and exits through the opposite nostril.
As shown in Table 2, three exhalation flow rates were considered: 15 L/
min, 30 L/min, and 45 L/min. These values were selected to examine the
effects of different driving flow rates on drug delivery performance. The
inlet of the device nosepiece (the purple circular surface shown in
Fig. 2A) is defined as the “velocity inlet”. The contralateral nostril is
defined as the “pressure outlet”, and the velocity is calculated by
dividing the specified flow rate by the inlet area. Although experimental
work by Kelly et al. and numerical simulation conducted by Keyhani
et al. suggested that airflow can be considered as laminar flow up to a
rate of 24 L/min (Kelly et al., 2000; Keyhani et al., 1997), the insertion
of the nosepiece is expected to induce significant flow acceleration and
turbulence in the vestibular region of the left nasal cavity. Therefore, a
low Reynolds number k-w SST turbulence model is adopted, and the
gravity direction is the negative Z-axis with a value of 9.8 m/s?. Using
ANSYS-Fluent v23.2, the flow field of the continuous gas phase under
steady-state conditions was predicted by solving the full Navier-Stokes
equations (Li et al., 2023; Kuprat et al., 2023). The QUICK scheme
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Wall thickness (D) = 0.5 mm

Interior wall of

Exterior wall of the nosepiece

Wall thickness (D) = 1.0 mm

Wall thickness (D) =1.5 mm

Fig. 5. Schematic diagram of insertion angle and wall thickness of device nosepiece. (A) Different orientation by varying insertion angle vertically (OA, OB, OC) and

laterally (OD); (B) Different wall thickness.

Table 2
Key Influential Factors Affecting the Bidirectional Drug Delivery System (BDS).

Key Factors Configurations

Insertion angle

Wall thickness (D)
Exhalation flow rate
Particle diameter (pm)

4 orientations (OA, OB, OC, OD)

3 designs (0.5 mm, 1.0 mm, 1.5 mm)

3 flow rates (15 L/min, 30 L/min, 45 L/min)

9 sizes (4.5, 7.5, 11.0, 15.5, 21.5, 37.5, 52.5, 75.0, 105)

was used to approximate the momentum equations, and the SIMPLE
algorithm was applied for pressure-velocity coupling (Shen et al.,
2023).

The Discrete Phase Model (DPM) with Lagrangian particle tracking
was used. Particles were considered ’trapped’ upon contact with the
airway surfaces, which were modeled as no-slip, stationary walls.

Table 3 presents the particle size distribution of the BDS containing
mometasone furoate, as measured by a laser particle size analyzer
(HELOS IA-019, Germany). To approximate the realistic particle distri-
bution in bidirectional delivery, we calculated the number of particles at
each size based on a total dose mass of 100 mg per actuation.

Table 3
Drug particle size distribution through BDS.

Diameter (pm) Interval fraction Particle Mass (mg) Particle Number (n)

(%)

0-4.50 0.02 0.02 419,052
4.50-7.50 0.62 0.62 2,805,975
7.50-11.0 1.88 1.88 2,696,844
11.0-15.5 3.91 3.91 2,004,738
15.5-21.5 6.94 6.94 1,333,276
21.5-37.5 20.99 20.99 756,997
37.5-52.5 18.28 18.28 241,198
52.5-75.0 22.05 22.05 99,793
75.0-105 17.77 17.77 29,309

In this study, drug particles are assumed to be spherical, with a
density equivalent to that of water. Nine representative particle sizes
(4.5 um, 7.5 pm, 11.0 pm, 15.5 pm, 21.5 pm, 37.5 pm, 52.5 pm, 75.0 pm,
and 105.0 pm) were uniformly released from the inlet of the nosepiece
(the purple plane shown in Fig. 5A) to simulate the delivery of drug
aerosols through the nosepiece and their transport into the nasal
chamber by exhalation-driven airflow. To simplify the simulation, the
process by which particles are dispersed into the flow and enter the
nosepiece was not modeled. Consequently, the particle distribution at
the nosepiece entrance is assumed to be uniform, representing fully
enriched aerosols within the duct.

The following equations were applied to estimate the mass deposi-
tion at various nasal regions:

MRegional = ZEimi (1)
4

Vi = gﬂr? (2)

my; = Vip (3)

m; = nimy; @

here, r; is the characteristic radius for the size interval, p is the density of
the particle (assumed equal to water in this study), m,; is the single
particle mass, n; is the number of particles within this size interval, m; is
mass per size interval, E; is deposition efficiency for size interval i within
the region of interest, which is defined as the local deposition particle
number divided by the number of particles that successfully enter the
nasal passage. It is important to note that the particle size distribution
used in this work is specific to the tested BDS formulation and device. As
such, it may not be generalizable to other formulations or bidirectional
delivery products. Given the dilute nature of the particle flow (volume
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fraction < 0.1 %), particle-particle interactions were neglected, and a
one-way coupling between the airflow and particles was assumed. This
study primarily focuses on identifying the initial deposition sites of
inhaled drug aerosols. To maintain a controlled and well-defined study
scope, post-deposition processes such as mucociliary clearance were not
considered.

2.3. 3D printing nasal replicas in Vitro- experiments

As shown in Fig. 6A, a realistic sinonasal cavity model (nasal subject
C) was constructed to simulate particle deposition during nasal drug
delivery. The model was assembled from multiple components to
replicate the anatomical complexity of the nasal airways and sinuses. In
the numerical simulations, the nasal cavity was segmented according to
the anatomical subdivisions shown in Fig. 2 to enable regional deposi-
tion analysis. However, in the in vitro experiments, a larger-piece as-
sembly strategy was adopted. This approach was necessary to maintain
airtightness of the model, which is critical for ensuring the accuracy of
bi-directional delivery performance. To ensure an airtight seal and ac-
curate particle deposition within the sinus regions, sealing strips were
designed to connect individual parts using screws and Bostik blue
butadiene gum. Additionally, due to the increased complexity of dis-
assembling smaller segments and accurately extracting regional dosage
from each part, the experimental setup focused on larger structural
components (including the flexible nasal vestibule, the lateral nasal
walls, the septum, and the paranasal sinuses) rather than fine anatom-
ical segmentation.

The nasal replica model was fabricated using a 3D printer (Lianruita-
600, Hangzhou Meiyicheng Design Co., Ltd., China) with white resin
8000 material, which has a surface hardness of 56 Pa and a printing
resolution of 0.1 mm in the X-Y plane. Additionally, a flexible silicone
mold was used for the nasal vestibule region to account for its defor-
mation under nasal administration conditions, enabling a more realistic
simulation of drug particle distribution.

As shown in Figs. 6B and 6C, the nasal airway assembly was mounted
on a custom model holder, and the trigger device (DH-ROBOTICS,
China) was connected to a high-power vacuum flow pump (KARCHER,
Professional series). The insertion depth and orientation angle of the
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BDS device in the nasal vestibule were adjusted after confirming
airtightness.

Drug delivery was performed using an exhalation pressure of 6 kPa
(equivalent to a volumetric flow rate of 19 L/min) and a computer-
controlled pressing force of 100 N. The drug particles were adminis-
tered into the sinonasal cavities via the trigger device, with one actua-
tion per test, delivering 100 mg of formulation.

Immediately following each delivery, the model was disassembled,
and deposited drug residues were thoroughly eluted from each
anatomical region using a diluent solution composed of glacial acetic
acid, acetonitrile, and water in a 5:1000:1000 (v/v/v) ratio. The eluent
was collected into a 100 mL volumetric flask. After 5 min of ultrafil-
tration, 5 mL of the filtrate was extracted and passed through a syringe
filter (PTFE membrane, 0.45 pm pore size, 02036331-TYLQ-0014,
Titan).

High-Performance Liquid Chromatography (HPLC; Alliance 2695
Separations Module, Waters) was used to quantify the deposition dose in
each region. After each test, the nasal model was thoroughly cleaned and
dried in a ventilated environment.

To calculate the total dose administered for the in vitro experimental
test, the dosing device was weighed separately before and after each test
using an analytical laboratory balance (XSE205DU, METTLER TOLEDO)
with an accuracy of 0.001 mg. Drug recovery efficiency was total dose
recovery in the whole nasal model divide by total dose administered x
100 %.

2.4. Statistical analysis

Owing to the small sample size, which did not permit robust statis-
tical comparisons, the results are reported as mean of the five nasal
cavities. Statistical analysis was performed using SPSS 21.0 and
Spearman correlation analysis was used. P < 0.05 was considered sta-
tistically significant.

vacuum

flow Lnp
|

‘Y

Fig. 6. In vitro experimental rig for measuring the drug aerosol delivery performance. (Ag.): Ag assembled 3D printed paranasal cavity model (nasal subject C), A;
vestibule, A, bilateral frontal sinuses, A3 maxillary sinus, A4 septum, As lateral of nasal cavity, A¢ sphenoid sinuses; (B) the drug delivery trigger of BDS; (C) bi-

directional delivery system.
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3. Results
3.1. Model validation

To validate the particle deposition model, a separate set of tests was
conducted using an impaction parameter defined as I = d2,Q, where Q is
the inhalation flow rate and dg, is the aerodynamic diameter (Kuga et al.,
2023). Monodispersed particles ranging from 1 to 30 pm in aerodynamic
diameter were introduced into the sinonasal cavity model under exha-
lation flow rates of 15-45 L/min. The resulting deposition patterns were
compared with relevant literature data to assess the accuracy of the
simulation framework. This validation study was conducted indepen-
dently of the case study scenario presented in this paper.

As shown in Fig. 7A, the deposition efficiency (DE) in the sinonasal
cavities from our simulations exhibited an S-shaped curve, consistent
with previously reported experimental data (Cheng et al., 2001; Kelly
et al., 2004; Kelly et al., 2000) and numerical simulations (Hsu and
Chuang, 2012; Siu et al., 2020b). The closest matching patterns were
observed between our model and the results of Hsu and Chuang, while
wider discrepancies were noted when compared with Siu et al., possibly
due to differences in anatomical models (Hsu and Chuang, 2012; Siu
et al., 2020Db).

In addition to comparisons with peer studies, in vitro nasal admin-
istration was performed using a nasal replica of subject C (Fig. 6). The
BDS-based drug delivery was conducted five times, and regional dosages
in the vestibule, lateral wall (turbinates), and septum regions were
quantified using HPLC. As previously mentioned, the equivalent driving
airflow was 19 L/min. Numerical simulations for subject C were con-
ducted using a polydisperse particle size distribution, as outlined in
Table 3. The predicted regional dosages from the simulations were
compared with the experimentally quantified values, as shown in
Fig. 7B.

In general, the overall deposited dosage within the nasal cavity from
the numerical simulation (90.62 mg) and the experimental measure-
ment (82.19 + 4.82 mg) showed close agreement, with a discrepancy of
approximately 8.43 mg. There were approximately 44.54 + 2.33 mg out
of the 100 mg delivered per actuation reached the turbinates, and
around 7.88 + 3.72 mg was filtered out in the vestibule. In the simulated
experiments, the nasal cavity exhibited a more pronounced disparity in
deposition compared to the vestibular region, a phenomenon potentially
attributable to the material properties of the models. To replicate the
pliable and expandable characteristics of the human nasal vestibule, a
flexible silicone was used as a biomimetic analogue (Fig. 7A). In
contrast, the sinonasal cavities were 3D-printed using resin. Compared
to the nasal vestibule, the resin surface is relatively smooth, resulting in
a more pronounced liquid run-off effect.

Additionally, subtle variations were observed in the regional depo-
sition patterns, particularly on the lateral and septal walls. The

100
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numerical simulation slightly underpredicted deposition on the lateral
wall by 7.79 mg, while overestimating deposition on the septal wall by
16.23 mg compared to the experimental results. These differences can be
attributed to several factors:

(i) In the experiment, the nozzle’s outward-facing angle was not
perfectly consistent with that used in the simulation, which likely
increased deposition on the lateral wall while reducing it on the nasal
septum.

(ii) Due to the anatomical structure of the middle and inferior tur-
binates, droplets deposited on the lateral wall are less influenced by
gravity and tend to accumulate within the inferior meatus. In contrast,
droplets deposited on the septal wall tend to coalesce and form a liquid
film, which subsequently drains along the wall surface, leading to a
further reduction in retained mass.

Consequently, an increase in deposited mass on the lateral wall and a
corresponding reduction on the septal wall were observe in the
experiment.

3.2. Airflow pattern

Airflow streamlines visualizing the exhalation pattern during BDS
delivery are shown in Fig. 8, with the central OA direction indicating the
insertion angle of the device. Nasal subject A was selected as the
representative model. The exhaled air (with an exhalation rate of 15 L/
min) enters the left nasal cavity through the device’s inlet and acceler-
ates due to the narrowing of the nasal valve. It then flows obliquely
through the turbinate region at higher velocity, reaching the middle and
upper parts of the nasal cavity, and impinges directly on the posterior
wall of the ethmoidal sinus. As the cavity widens, airflow velocity
gradually decreases. With the soft palate raised, the airflow continues
into the nasopharynx and is redirected through the posterior nostril into
the contralateral nasal cavity. Additionally, the streamlines show visible
airflow extending into the sinus cavities, particularly the upper frontal
sinuses and posterior sphenoid sinuses, where the ostium openings have
been widened following FESS operation. This apparent sinus ventilation
is attributed to the enlarged ostial openings in the post-surgical nasal
geometry, which facilitates airflow entry into these regions.

3.3. Particle deposition patterns

In this study, the effects of four insertion angles, three device nose-
piece wall thicknesses (0.5, 1.0 and 1.5 mm), and three exhalation flow
rates (15, 30, and 45 L/min) on drug particle delivery by the BDS were
investigated using the controlled variable method. Based on experi-
mentally measured particle size distributions, the droplets mass deliv-
ered to the nasal cavity was calculated for each condition.

3.3.1. Particle deposition efficiency
1) Nosepiece Orientation
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Fig. 7. Verification of drug particle deposition verification: (A) Comparison of deposition efficiency from this study with literature data; (B) Comparison of simulated

deposition mass with in vitro experimental results.
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Fig. 8. Airflow streamlines during BDS delivery under 15 L/min exhalation flow rate and OA insertion angle, with a nosepiece wall thickness of D = 1.0 mm. Nasal

subject A was selected as the representative model.
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Fig. 9. Deposition distribution of BDS under 15 L/min exhalation flow rate and D was 1.0 mm. Different nosepiece orientation was achieved by varying insertion

angle vertically (OA, OB, OC) and laterally (OD).

Fig. 9 presents the distribution of 7.5 pm particles in the sinonasal
cavities delivered via BDS at four insertion angles, under an exhalation
flow rate of 15 L/min and a nosepiece wall thickness of 1.0 mm. Blue
dots represent deposition in the ipsilateral (administration side) nasal
cavity, while orange dots indicate deposition in the contralateral cavity.
The OC insertion angle resulted in increased deposition in the inferior
meatus, whereas the OD angle produced a more uniform distribution
across the ipsilateral nasal cavity compared to the centrally aligned OA
angle. A portion of the residual drug aerosols that passed through the
ipsilateral nasal cavity continued to travel into the contralateral cavity,
with a small fraction ultimately escaping through the contralateral
nostril. In the contralateral nasal cavity, particles primarily accumulated
in the middle and lower regions, while deposition in the upper region
was minimal.

Fig. 10 presents the DE profiles for the entire nasal cavity, the nasal
septum, and the OMC across four insertion angles under exhalation flow
rate of 15 L/min. As particle size increased, inertial impaction caused
more particles to deposit in the anterior nasal septum. The results show
that for particle diameters smaller than 15.5 pm, insertion angle had a
noticeable impact on total nasal cavity DE. Specifically, the OB orien-
tation (tilted upward) produced the highest total DE, followed by OA
and OC (tilted downward). When the particle size was > 15.5 pm,
orientation had minimal influence on overall DE.

To evaluate delivery effectiveness to specific nasal regions, local DEs
for the nasal septum and the OMC were further analyzed. Septal depo-
sition was significantly higher for OA, OB, and OC orientations (all

representing vertical tilting), while the OD orientation (lateral adjust-
ment) consistently resulted in the lowest septal deposition across all
particle sizes, approximately 20 % lower on average. Since septum
deposition is typically associated with non-targeted, ineffective delivery,
these results indicate that OD orientation is more favorable for efficient
drug targeting.

This finding is reinforced by the OMC DE profile, where the OD
orientation outperformed all other angles across the full range of particle
sizes. Notably, OD achieved the highest OMC DE at a particle diameter
of 11.0 pm, reaching a peak efficiency of 28.4 %. Across all five studied
models, the OMC deposition efficiency was 28.4 % + 12.14 % at this size
particle. Given the clinical relevance of the OMC as a common site of
sinus inflammation, the lateral OD orientation provides a more effective
targeting strategy than vertical adjustments.

2) Nosepiece Wall Thicknesses.

Fig. 11 illustrates the drug particle deposition patterns in the sino-
nasal cavities for three different nosepiece wall thicknesses under a
constant exhalation flow rate of 15 L/min. Increasing the wall thickness
reduces the effective release area, which in turn increases the initial
release velocity. As a result, thicker walls promote earlier deposition in
the anterior region of the nasal cavity, primarily around the anterior
portions of the turbinates, due to stronger inertial impaction. This
change in deposition behavior leads to reduced particle transport to the
posterior regions of the administering side, particularly the sphenoid
sinus and nasopharynx, as indicated by red circles. A similar reduction is
observed in the posterior region of the contralateral nasal cavity,
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Fig. 11. Deposition distribution of BDS under 15 L/min exhalation flow rate
with OA insertion angle.

highlighted by green circles. Overall, greater wall thickness limits par-
ticle penetration and decreases drug delivery efficiency to deeper and
contralateral targets.

Fig. 12 presents the DE profiles for the entire nasal cavity, the nasal
septum, and the OMC region at different wall thicknesses using the
central orientation (OA) and exhalation flow rate of 15 L/min. For
particle sizes below 15.5 pm, both overall nasal cavity and septum DEs

increased with increasing wall thickness, indicating a positive rela-
tionship. For particle sizes equal to or greater than 15.5 pm, the DE
values for the entire nasal cavity remained consistently at 100 % across
all wall thicknesses.

Focusing on the OMC, the wall thickness of 0.5 mm consistently
resulted in higher DE within the 7.5 to 15.5 pm particle size range. The
highest OMC deposition was observed at a particle size of 11.0 pm,
where the average DE reached 14.92 %. These results align with the
spatial deposition patterns shown in Fig. 11 and provide quantitative
confirmation of the influence of wall thickness on regional delivery
efficiency.

Lastly, although minor increases (less than 4 %) in OMC DE were
observed for particle sizes larger than 52.5 pm across all wall thick-
nesses, these increases may still contribute a substantial dosage to the
targeted OMC region, as particle mass scales cubically with droplet size.

3) Exhalation Flow Rates.

Fig. 13 presents the DE profiles for the entire nasal cavity, nasal
septum, and OMC region at three exhalation flow rates using the central
orientation (OA). For particles smaller than 11.0 pm, both overall and
septum DEs increased with flow rate, with 15 L/min showing the lowest
values and 45 L/min the highest. For particle sizes greater than 11.0 pm,
the overall DE remained largely unchanged across flow rates, while
septum DE slightly decreased at sizes above 52.5 pm. At this size range,
the septum DE at 45 L/min dropped from nearly 100 % to approximately
70 %, indicating increased particle transport toward other regions,
including the OMC.

For OMC deposition, particles around 4.5 pm exhibited the highest
DE values at 45 L/min and 30 L/min, both peaking near 15 %. As par-
ticle size increased to 15.5 pm, OMC DE decreased sharply, reaching
nearly 0 %, then gradually increased for particle sizes above 52.5 pm.
However, the increase remained minimal, with DE values below 3 %. At
15 L/min, the peak OMC DE occurred at 7.5 pm with an averaged value
of 9.1 %.

The observed reduction in deposition on the septum wall and the
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slight increase in deposition on the lateral wall of the OMC region with
increasing particle size and exhalation flow rate essentially represent a
redistribution or shift of the delivered dosage, as illustrated in Fig. 14.
The orange dots indicate deposition on the septum, while blue dots
represent deposition on the opposite lateral wall. In general, a higher
exhalation flow rate enables the released droplet clusters to reach the
lateral wall more effectively, thereby reducing the number of particles
deposited on the opposite septum wall. As the exhalation flow rate in-
creases, the deposition of 52.5 pm and 105 pm particles on the lateral
wall of the nasal cavity gradually increases, while their deposition on the
nasal septum decreases. Moreover, compared with the 52.5 pm particles,
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Fig. 15. Correlation analysis of deposition in the OMC and the influencing
factors. (** indicates p < 0.01, positive values indicate positive correlation and
negative values indicate negative correlation).
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the distribution of larger particles is more pronounced on both surfaces.

As observed in Figs. 12C and 13C of this study, a non-monotonic
relationship between particle size and OMC deposition efficiency was
identified under specific conditions. Therefore, in the correlation anal-
ysis of factors influencing OMC deposition, the relationship with particle
size was not included. Fig. 15 presents the Spearman’s rank correlation
coefficients (p) between OMC deposition efficiency and three key pa-
rameters: insertion angle, nosepiece wall thickness, exhalation flow rate.
Among these variables, insertion angle showed a statistically significant
positive correlation with OMC deposition (p = 0.679, p < 0.01), indi-
cating a strong association. Exhalation flow rate and wall thickness
exhibited weak negative correlations (p = -0.149 and p = -0.054,
respectively), though neither was statistically significant (p > 0.05).
These results suggest that insertion angle plays a dominant role in
influencing drug delivery to the OMC region, while the effects of flow
rate, wall thickness, and particle size are relatively limited.

3.3.2. Mass distribution

Fig. 16 presents the mass distribution of deposited drug in the target
OMC region across particle sizes under varying operational parameters,
based on the measured polydisperse aerosol formulation with a total
administered dose of 100 mg (see Table 3). The three subfigures illus-
trate the effect of (A) insertion angle, (B) nosepiece wall thickness, and
(C) exhalation flow rate on the total deposited droplets mass in the nasal
cavity. The results reveal that insertion angle had a substantial influence
on OMC dosage. Specifically, the lateral OD orientation resulted in the
highest OMC deposition, delivering approximately 15.02 + 3.21 mg per
actuation. In contrast, the vertical tilting angles (OA, OB, and OC) led to
significantly lower deposition in the OMC, with dosage values below 0.7
mg. Particularly in the upward OB orientation resulted in the lowest
OMC deposition, delivering approximately 0.10 + 0.06 mg per
actuation.

Nosepiece wall thickness also affected both the magnitude and the
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particle size range of effective OMC deposition. As the wall became
thicker, the contribution of smaller particles diminished, while that of
larger particles became more pronounced. At a thickness of 0.5 mm, a
distinct bimodal deposition pattern emerged, characterized by effective
particle modes below 15.5 pm and above 75.5 pm. This configuration
yielded a total deposited mass of approximately 0.6 mg in the OMC. As
the wall thickness increased, deposition became increasingly limited to
larger particles (primarily 75-105 pm).

The effect of exhalation flow rate (15, 30, and 45 L/min) at OA
orientation and wall thickness of 1.0 mm was shown in Fig. 16C.
Regarding exhalation flow rate, higher flow rates enhanced drug de-
livery to the OMC. At 45 L/min, the OMC deposition dosage increased to
1.3 mg, although the effective particle size range narrowed to approxi-
mately 52.5-105 pm. It would be valuable to further clarify how
increasing the release velocity—whether by raising the flow rate or by
changing cross-sectional area (wall thickness)—differently affects the
deposition pattern. For instance, in this study, the deposited drug dose in
the OMC region reached 1.3 mg at a high flow rate (45 L/min) with an
optimal wall thickness (D = 1.0 mm), which is markedly higher than the
0.65 mg observed at a low flow rate (15 L/min) under the same wall
thickness condition—effectively doubling the delivery efficiency.

4. Discussion

Based on the particle size distribution of the real BDS, this study
employed CFD numerical simulations combined with in vitro experi-
ments using 3D-printed sinonasal cavity models. For the first time, we
systematically investigated the influence of nasal drug delivery device
parameters on particle deposition within the nasal passages. This work
examined the effects of device insertion angle, wall thickness, exhalation
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flow rate, and particle size on drug particle deposition patterns, and
further quantified the mass distribution associated with actual BDS
administration under varying operational conditions. The findings offer
a systematically evaluation for better understanding drug delivery dy-
namics with BDS and support the optimized design of nasal delivery
devices.

Although BDS can provide non-invasive and rapid treatment without
first-pass effects, poorly designed nosepiece or incorrect use of BDS
devices will significantly affect treatment outcomes (Rigaut et al.,
2022). As with traditional nasal sprays, specific insertion angles of de-
vice are particularly important to reduce drug deposition in the anterior
part of the nasal cavity (Bass et al., 2022). Tong et al. have studied the
ideal insertion angle of traditional nasal sprays, and the results showed
that the spray efficiency of OA in the central direction was better than
that in the upper and lower directions (OB and OC) (Tong et al., 2016).
They specifically pointed out that the optimal spray direction may vary
between different matches of nasal sprayers and the nasal cavity, due to
the interaction between the nasal sprayer and human nasal cavity
dominating the drug delivery process. In this study, we examined the
central insertion direction (OA) along with the upward (OB) and
downward (OC) orientations. To reduce the direct impaction of larger
particles on the nasal septum, a lateral orientation (OD) was also
considered. Simulation results of the nosepiece-vestibule interaction
indicated that the OD insertion angle provided more effective drug de-
livery compared to the other three orientations. When the nosepiece axis
is aligned to directly target the OMC, larger droplets are more likely to
deposit in this region. This approach is termed the “Line of Sight” (LoS)
protocol by Basu et al. (2020). The CFD-guided LoS protocol was shown
to significantly enhance topical drug delivery to targeted sinonasal sites
compared to conventional administration techniques (Basu et al., 2020).
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However, direct identification of the OMC region remains challenging in
clinical practice. To facilitate identification of the optimal delivery
angle, this study uses the nasal valve as an external anatomical landmark
to guide and achieve correct OD orientation.

As is well understood, when the outer contour of the nosepiece re-
mains constant, increasing wall thickness reduces the effective cross-
sectional area at the outlet. This change alters the initial velocity of
released drug particles. Within the examined wall thickness range of
0.5-1.5 mm, thicker walls resulted in higher initial particle velocities
and kinetic energies, leading to greater overall deposition and mass
distribution in the nasal cavity under a constant exhalation flow rate.
However, the local particle deposition and mass distribution of OMC
were different. The current study found that for smaller particles (<
15.5 pm), the local DE in the OMC was highest at a wall thickness of 0.5
mm, with 11.0 pm particles achieving peak DE at an average of 14.92 %.
In contrast, larger particles (> 52.5 pm) showed higher local DE at wall
thicknesses of 1.0 mm and 1.5 mm. These trends were consistent with
the corresponding local mass distribution profiles observed in the OMC
region.

In addition, changes in exhalation flow can alter expiratory dynamic
delivery performance to some extent (Yarragudi et al., 2020). Higher
exhalation flow increases the efficiency of intranasal aerosol deposition,
with less outflow from the contralateral nostril. Due to the airflow di-
rection at the nasopharynx, the administration side adjacent to the de-
vice (the left side in this study) receives aerosols preferentially, and the
rate of intranasal deposition is much higher than that of the right side.
Meanwhile, the deposition of particles in the left nasal cavity was rela-
tively concentrated, and there was obvious particle aggregation in the
nasal septum and middle meatus. Hu et al. found a similar phenomenon
when comparing the effects of BDS with transnasal nebulization in
children upper airway (Hu et al., 2024). We focused on the adminis-
tration effect in OMC and found that there are no noticeable changes of
the DE in OMC, with the increase of exhalation flow rate. While the
spray mass distribution gradually increased, which was related to the
relatively large volume of large particles.

Finally, among all variables analyzed, insertion angle emerged as the
most influential factor, showing a strong positive correlation with OMC
deposition efficiency and resulting in the highest mass dosage when
oriented laterally (OD). In contrast, wall thickness and exhalation flow
rate had only modest or condition-specific effects, primarily by modu-
lating particle velocity and narrowing the effective particle size band.
These findings underscore the importance of optimizing device orien-
tation and structural design to enhance site-specific drug delivery,
especially when targeting challenging anatomical regions such as the
OMC. This work provides a methodological foundation and practical
direction for improving nasal drug delivery strategies and device
development, with potential implications for treating refractory sino-
nasal conditions more effectively.

In this study, we focused on the BDS scenario, where drug-laden
droplets were considered as the delivered phase. The process is pri-
marily driven by a steady exhalation airflow rather than an inhalation
flow pattern (Kuprat et al., 2023). We acknowledge that transient flow
effects, particularly during the initial phase of exhalation, may influence
droplet transport and deposition, thereby contributing to variations in
overall delivery performance.

Additionally, droplet size may vary in humid environments as a
result of heat and mass exchange caused by the hygroscopic effect.
However, since the nasal cavity constitutes a relatively short transport
pathway compared with pulmonary delivery (Chalvatzaki et al., 2018),
hygroscopic growth and evaporation are expected to have only a minor
impact on deposition outcomes within the nasal region.

Moreover, the primary objective of this study was to evaluate the
influence of device-related operational factors (including nosepiece
insertion angle, wall thickness, and exhalation flow rate) on BDS per-
formance. Simplifications including steady-state flow and non-
evaporating droplets were adopted to isolate these effects and ensure
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computational feasibility.

This study primarily focused on identifying the initial deposition
sites of inhaled drug aerosols. To allow for a targeted investigation
scope, the nasal cavity was modeled as a rigid structure, and post-
deposition processes such as mucociliary clearance, particle shift and
dissolution, and interactions with mucus, cilia, and vascular structures
were not considered. Future studies could incorporate more physiolog-
ical features to provide a more comprehensive understanding of airflow
behavior and particle transport within the sinonasal cavities under
various respiratory conditions.

5. Conclusion

In this study, we developed a comprehensive approach to better
understand the mechanism of bidirectional nasal delivery and evaluated
the influencing factors of the delivery performance of BDS for the first
time based on true particle size distribution and realistic human nasal
subjects. Simulation results were compared with in vitro model experi-
ments in laboratory settings. The results confirm that aerosol delivery to
the targeted OMC region is more effectively achieved by adjusting the
nosepiece laterally outward. Compared with the insertion angle, the
device wall thickness and exhalation flow rate had a moderate effect on
the mass distribution in the OMC. Moreover, the current study indicates
a positive correlation between exhalation flow rate and targeted OMC
mass deposition within the 15-45 L/min range for particles < 15.5 pm
and > 52.5 pm. Our research lays the groundwork for innovative stra-
tegies to optimize drug delivery and improve treatment outcomes for
CRSwNP following FESS.
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