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ARTICLE INFO ABSTRACT

Keywords: This study investigates drug deposition patterns in nasal drug delivery by combining experimental measurements
Nasal drug de“"er_y ) with computational fluid dynamics simulations. We analyzed three, over the counter, mometasone nasal spray
Computational fluid dynamics devices, experimentally characterizing particle diameter (dp), spray velocity (up), and spray angle (). Unlike

Spray particle parameters
Drug deposition efficiency
Line of Sight (LOS) method

previous studies that relied on assumed parameters or single-brand analyses, we conducted comparative analyses
using measured parameters integrated into COMSOL Multiphysics simulations. The study optimized the Line of
Sight (LOS) method by exploring various spray positions and instructions to avoid anterior loss of medication in
the anterior nasal cavity. Results revealed that Brand 3, with its narrow spray angle, achieved superior drug
delivery efficiency when properly aligned with the target region. However, its performance decreased signifi-
cantly when misaligned due to its smaller spray cone angle. Our findings show that sprays with narrower cone
angles delivered medicine more effectively to the ostiomeatal complex (OMC) with up to 44% higher efficiency
using the LOS method. Additionally, in cases with septal deviation, we observed a 14-20% higher drug depo-
sition rate in the right nasal cavity compared to the left. The LOS method significantly improved drug deposition
by 2.86-3 times, while the Deep Spray method further enhanced it by 38-50%. This integrated experimental-
computational approach provides practical insights for optimizing nasal spray device design and administra-
tion techniques, particularly considering anatomical variations.

concentrations at the target site [12,13]. Conventional nasal sprays,
while more direct, frequently fail to reach the the paranasal sinuses due
to the narrow anatomical passages and mucociliary clearance mecha-
nisms that rapidly remove foreign substances from the nasal cavity
[14,15].

Recent advances in drug delivery technologies have opened new
avenues for enhanced therapeutic outcomes in sinonasal diseases [16].
Novel delivery systems, including nanoparticle-based carriers,
mucoadhesive formulations, and targeted delivery devices, show
promise in overcoming the anatomical and physiological barriers of the
sinonasal cavity; however, these innovative therapeutics are not widely
utilized. The most common treatment for allergic rhinitis is intranasal
corticosteroids sprays but many patients do not have complete resolu-
tion of symptoms. Understanding and optimizing this simple, cost
effective treatment crucial for could significantly improve symptoms in
millions of patients [17-19].

1. Introduction

The effective treatment of sinonasal diseases remains a significant
challenge in modern medicine, partially due to the complex anatomy
and limited accessibility of the sinonasal cavity [1-4]. Chronic rhino-
sinusitis, allergic rhinitis, and other inflammatory conditions of the
paranasal sinuses affect approximately 10 % to 25 % of the population
worldwide, resulting in substantial healthcare costs and decreased
quality of life [5-7]. The successful management of these conditions
heavily depends on the efficient delivery of therapeutic agents to the
target sites within the sinonasal cavity [8-11].

Traditional drug delivery methods for treating sinus diseases, such as
oral medications and nasal sprays, often face considerable limitations.
Systemic administration through oral routes may lead to undesirable
side effects and requires higher doses to achieve therapeutic
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Nomenclature

dp Particle diameter (pm)
up Spray velocity (m/s)

o Spray cone angle (°)

LOS Line of Sight method

OMC Ostiomeatal Complex

n Drug delivery efficiency (%)

Re Reynolds number (dimensionless)

p Air density (kg/m>)

u Dynamic viscosity of air (Pa-s)

D Hydraulic diameter (m)

\Y% Volume of fluid or control volume (m>)

CMD Count Median Diameter (pm)

GSD Geometric Standard Deviation (dimensionless)

The effectiveness of nasal drug delivery and ultimately efficacy is
influenced by the complex structure of the nasal cavity and factors such
as delivery fluid dynamics, device type, volume, and compound prop-
erties [20]. The paper reviews various methods and compounds used in
managing chronic rhinosinusitis and discusses recent advancements and
future directions in nasal drug delivery for upper respiratory diseases.

Werkhauser et al. [21] investigates the efficacy and safety of Ectoin®
Rhinitis Nasal Spray as a natural treatment for acute rhinosinusitis,
comparing it to the commonly used Xylometazoline-containing decon-
gestant nasal spray. Patients with acute rhinosinusitis were treated with
either Ectoin® Rhinitis Spray, Xylometazoline nasal spray, or a combi-
nation of both. The study assessed rhinosinusitis symptoms, nasal
oedema, and endonasal redness through rhinoscopy, and evaluated the
impact on quality of life using the SNOT (Sino Nasal Outcome Test)
questionnaire. Their results showed that Ectoin® Rhinitis Spray effec-
tively reduced symptoms such as nasal obstruction, nasal secretion,
facial pain/headache, and smell/taste impairment. Zhou et al. [22]
evaluate the efficacy and safety of the MP-AzeFlu nasal spray, a com-
bination of azelastine hydrochloride and fluticasone propionate,
compared to the individual commercially available nasal sprays of these
components in Chinese volunteers with allergic rhinitis. The research
involved a clinical trial that demonstrated MP-AzeFlu’s superior efficacy
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in alleviating nasal symptoms and improving the quality of life for pa-
tients, as compared to using azelastine or fluticasone alone. D’Angelo
et al. [23] explore the use of fluorescence to evaluate the deposition and
coverage of pharmaceutical formulations in the nasal tract using a sili-
cone nasal cast and an innovative spray device. The research highlights
the challenges in characterizing nasal spray deposition patterns and the
importance of understanding how different formulations behave in the
nasal cavity. The study employs a color-based image-analysis method to
assess deposition patterns, revealing that the identity of viscosity en-
hancers significantly influences spray characteristics and deposition
patterns.

Basu et al. [24] explore the optimization of nasal spray techniques to
enhance drug delivery for sinonasal diseases. The researchers identified
a novel strategy that improves drug delivery by an average of eight times
compared to traditional methods, achieved by re-orienting the spray
axis to utilize inertial motion of particles. This approach was developed
using CFD simulations and validated with in vitro measurements in 3D-
printed anatomical models. The findings suggest that this new technique
could lead to personalized nasal spray instructions and improve the ef-
ficacy of nasal drug delivery, with potential implications beyond intra-
nasal corticosteroid spray delivery. Different disease process would
likely have different anatomic targets in the nose that could be opti-
mized (i.e. targeting the olfactory cleft for olfactory disorders, the
inferior turbinate for allergic rhinitis, the ethmoid bulla for sinus disease
and broad distribution for vaccine delivery. Inthavong et al. [25] focus
on optimizing nasal spray parameters for effective drug delivery using
CFD. They utilized experimental imaging techniques, such as particle/
droplet image analysis and particle image velocimetry, to identify crit-
ical parameters like particle size, spray cone diameter at break-up
length, and spray cone angle. These parameters were then used to
simulate particle flow within the nasal cavity using CFD, employing an
Eulerian-Lagrangian scheme to track particles at a breathing rate of 10
L/min. The findings aim to guide the pharmaceutical industry in
improving nasal spray device design for enhanced drug delivery effi-
ciency. Pourmehran et al. [26] investigate the impact of inlet flow
profile and nozzle diameter on drug delivery to the maxillary sinus. The
research utilizes CFD to simulate and analyze how different flow profiles
and nozzle sizes affect the deposition of aerosolized drugs in the sinus
cavity. The findings suggest that optimizing these parameters can
significantly enhance the efficiency of drug delivery, potentially
improving treatment outcomes for conditions like chronic

Fig. 1. Reconstruction model from CT scans using open-source software (ITK-SNAP).
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Fig. 2. The geometrical definition of the problem. The outlet was set to a —15 Pa to mimic the boundary conditions during normal human breathing, while the inlet

was set to O Pa.

rhinosinusitis.

Despite significant advances in nasal drug delivery research, several
critical gaps remain unaddressed. Most existing studies focus on single
spray brands or rely on assumed particle parameters, lacking compre-
hensive comparative analyses based on experimental measurements.
While the LOS method has demonstrated improved drug deposition ef-
ficiency, optimal spray angles and positions to avoid nasal obstructions
have not been thoroughly investigate and the LOS method is a specific
angle for each person’s unique anatomy. Furthermore, current experi-
mental methods, primarily using isotope tracing, provide limited reso-
lution for accurate deposition rate measurements. The challenges are
particularly pronounced for patients with deviated nasal septa, narrow
internal nasal valve, where imprecise targeting can result in suboptimal
drug delivery in affected nasal cavities.

In this study, we present a novel approach that addresses these
limitations through a systematic investigation of three commercial nasal
sprays. Our methodology combines experimental measurements of
actual particle parameters with detailed computational simulations,
enabling a comprehensive analysis of how particle size, velocity, and
spray angle influence delivery. We extend previous research by
exploring various combinations of spray positions and directions to
optimize the LOS method. This integrated experimental-computational
approach not only provides more accurate insights into nasal drug de-
livery dynamics but also offers practical guidelines for improving ther-
apeutic outcomes in both normal and anatomically varied nasal cavities.

2. Numerical and experimental methodologies
2.1. Reconstruction model from CT scans

The computational geometric models were generated using the open-
source software ITK-SNAP. As shown in Fig. 1, the nasal cavity geometry
was reconstructed from CT scan data to create the three-dimensional
model for numerical simulations.

2.2. CFD model and grid independent study

The geometric configuration of the physical problem is illustrated in
Fig. 2. To simulate normal human breathing conditions, a pressure

differential was established with the outlet maintained at —15 Pa and
the inlet at atmospheric pressure (0 Pa).

Concerning the governing equations, the flow within the nasal cavity
is assumed to be incompressible, laminar, isothermal, three-
dimensional, and steady state. We selected the laminar flow model
because previous research works [24,27-29] have shown it accurately
represents airflow patterns in the nose during normal breathing
conditions.

The justification for this approach is further supported by calculation
of Reynolds number (Re) at the nasal inlet. Given an average nasal inlet

area of 0.6 cm?, the hydraulic diameter (D) is estimated as D =~ 0.00874,
puD

and assuming mean inspiratory velocity of 2 m/s, Re (Re = i

calculated as 1118.

The calculated Re falls within the transitional regime, indicating
possible localized turbulent behavior. Nevertheless, multiple studies
have established that laminar flow modeling provides a valid approxi-
mation for nasal airflow during resting or moderate breathing condi-
tions [24,27-29]. While more complex turbulence models could be
employed, our study prioritizes the analysis of particle deposition pat-
terns rather than detailed airflow characteristics. The laminar flow
model offers an optimal balance between computational efficiency and
accuracy in predicting particle trajectories and deposition locations,
particularly since particle transport in the nasal cavity is primarily
dominated by inertial impaction mechanisms.

For the described flow, we can write the continuity equation as
[24,30,31]:

) is

V.(u)=0 @

The 3-D velocity vector is denoted by . One can write the Navier-
Stocks (momentum conservation) equations as [24,32,33]:

(U .V)U = —Vp+ pV2u 2

where, |1, p, and p, respectively, denotes air viscosity, pressure field and
air density. It is worth mentioning that here we assume:
p=1 %;/4 =1.81x 10*5%.5 [24]. The geometry of the nasal cavity as
well as pressure difference determine the value of Re.

The Lagrangian particle tracking model is expressed as [24,34]:
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Here, the p subscription and d, respectively, denote particles and their
diameters. While Cp shows the drag coefficient, the contribution of drag

force per unit mass is given by ;2—?} 92%‘3. While the values of p,andy are
P

given for Eq. (2), we assume that g = 9.81 Zandp, = 1000 %

The boundary condition for particles in our computational model
was configured to freeze upon surface contact, simulating the capture of
drug particles by the nasal mucosal layer. This approach enables accu-
rate quantification of drug particle arrival rates at the target region,
reflecting the physiological behavior of nasal drug delivery systems.
Similar boundary conditions have been successfully implemented in
previous studies, such as Basu et al. [24] research work, where they
employed a trap boundary condition to model drug particle adherence
to airway surfaces.

Drug delivery efficiency (1) is defined as:

(a)

High-speed camera

INCS

LED panel

total

n represents the percentage of the total sprayed particle mass that suc-
cessfully reaches the target region. It is a critical metric for evaluating
the effectiveness of drug delivery. In this formula, the numerator is the
total mass of particles reaching the target region, while the denominator
is the total mass of particles emitted by the spray. Dividing these values
and multiplying by 100 % yields delivery efficiency. Optimizing spray
design and spray methods can improve delivery efficiency, thereby
enhancing therapeutic outcomes.

This simulation demonstrates grid independence through an analysis
of pressure distribution (Fig. 3a), velocity distribution (Fig. 3b), and
particle arrival rates (Fig. 3c) for grid resolutions. The findings indicate
that as the grid resolution increases, all parameters stabilize, with
minimal changes observed at higher resolutions. This confirms that the
results are no longer dependent on grid density, ensuring both their
accuracy and reliability.

The drug particle deposition rates obtained in this study were

Dribble
Stage

Time

0.25 ms Average

20 ms 75 ms

(b)

Brand 1

Brand 2

Brand 3

Fig. 4. (a) Schematic of the experimental system. (b) The wide variability in INCS spray development. Development stages of three commercially available INCS
were captured on an optical platform at 0.25 ms, 20 ms, 75 ms and > 100 ms. Half-cone angles (a) were measured for each brand.
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Fig. 5. Global and local characteristics of INCS. Each row represents the characteristics of each brand. The first and second columns give the PDFs of droplet sizes (d)
and velocity angles (6). The third column shows the dependence of droplet velocity (u;) on d at different vertical positions (z), and the accelerate-then-decelerate
process could be observed. The fourth column demonstrates the correlation of local mass flux m and radial position (r) at different z positions and wide vari-
ability in m. The error bars represent standards deviation of m relative to the mean over time.

compared with previously reported findings in the literature. The
computational results under the LOS method demonstrated good
agreement with the experimental data reported by Basu et al. [24], who
validated their CFD predictions using gamma scintigraphy measure-
ments in 3D-printed anatomical replicas. Their study confirmed that
well-aligned spray orientations in computational simulations accurately
reflect experimental outcomes. Our LOS method findings similarly
exhibited consistent drug arrival rates, further validating the reliability
of our computational approach.

2.3. Experimental setups

Fig. 4 (a) illustrates the experimental setup. Each of the three
intranasal corticosteroids (INCS) was mounted on an optical platform
for the experiments. A diffused LED panel provided backlighting for the
droplets. Following actuation, shadow images of atomized droplets were
captured by a high-speed camera (Phantom v2640) equipped with a
180-mm lens (Nikon) at a frame rate of 20000 Hz. The viewing window,
represented by the dashed-line area in Fig. 4 (a), is a two-dimensional
plane passing through the nozzle axis just above the outlet. The win-
dow size is 29.26 x 27.88mm? with a resolution of 1024 x 976 pixel?. In
addition to high-speed imaging, separate tests were conducted to mea-
sure the droplet size distributions directly using a particle size analyzer
(Malvern Panalytical STP5632).

After image processing, individual droplets were identified in each
frame, and their trajectories were further tracked using Lagrangian
particle tracking (LPT) [35]. LPT is a measurement technique that en-
ables the tracking of individual droplet trajectories within the obser-
vation region over time. By analyzing the trajectory data, various
droplet parameters were calculated, including droplet size (d), positions
(r, 2), radial and vertical velocities (u,, u,), and velocity angle (6),
defined as the angle between droplet velocity and the vertical direction.

The probability density functions (PDFs) of both d and 6 were first
computed to provide global statistics. To evaluate the spray perfor-
mance, the viewing area was segmented into arrays of cells at fixed
vertical positions (z = 5,10,15,20mm) from the nozzle tip. Each cell had
a volume of 1 x 0.5 x 1.5mm?3. The local mass flux m(r,z) within each
cell at (r, 2) is then calculated by

V. )

m(r,z) =

and averaged over time. Here p; = 1000kg/m? is fluid density, V. is the
cell volume, d; and u,; are the diameter and the vertical velocity of the
i-th droplet within the cell.

3. Results and discussions
3.1. Experimental results

Differences in spray distribution, development speed, and droplet
size are observed for each INCS (Fig. 4(b)). After actuation, Brand 1
exhibit the fastest initiation, while Brand 3 is the slowest. The half-cone
angle (a), defined as the angle between the outer tangent of the time
averaged contour and the vertical direction, ranges from 13.36  to
25.95’, as shown in the time-averaged column in Fig. 4(b).

The size distributions shown in Fig. 5 varies widely between different
brands, with ranges of 25.12-735pym, 25.12-184.79pm and
34.15-292.87pm for Brand 1, 2, and 3. The most probable sizes are
39.81pm, 54.12pm and 73.56pm for Brand 1, 2 and 3 respectively.

Although comparisons between different INCS will be further
explored using numerical results in later sections, it is helpful to first
evaluate their performance based on the spray experiments. Previous
studies have demonstrated that droplets with diameters between 20 and
120pm exhibit better nasal absorption, while larger particles are less
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effective [36]. We calculate the percentage of droplets generated in this
effective range: Brand 1, 2 and 3 produce 98.68 %, 99.69 %, and 93.39
% of droplets within this range, respectively. The PDFs of the velocity
angle (0) for droplets in different size ranges (60 & 10um, 80 + 10um,
100+10pm, and 12 0 + 10pm) are shown in the second column of Fig. 5.
Substantial variations are observed in the PDFs of § between the brands.
Notably, the PDFs of |0] < 30 are approximately normally distributed
with a non-zero mean (indicated by dash lines). For the vertical velocity
u,, droplets experience an accelerate-then-decelerate process along the
vertical direction for all brands. However, Brand1 exhibits the highest
droplet velocity at a given 2, followed by Brand2 and then Brand3. The
local mass flux m(r,z) is shown in the last column with error bars rep-
resenting the standard deviations from time averaging. The mass fluxes
of Brand2 and Brand3 turn out to be much higher than that of Brand1.

The spray angle is critical for the proper delivery of INCS, as inap-
propriate application can increase the risk of epistaxis. Given this, the
cone angle is expected to play an important role, and our study dem-
onstrates that this angle varies widely amount the three tested brands.
With a narrower spray angle, droplets tend to concentrate vertically and
deposit focally. While this focused delivery may be advantageous if
perfectly targeted, it reduces the overall area of delivery. In Fig. Sthe
PDFs of 6 for Brandl and Brand3 indicate a spray pattern that is more
conducive to effective broad delivery.

The vertical velocity u; is related to m(r, z) by Eq. (5). In addition to
the common accelerate-then-decelerate process along the z direction,
the observation that u, decreases with increasing droplet size d for Brand
3 arises because larger droplets are harder to accelerate, which poten-
tially hinders their transport. This trend is also evident when comparing
1, across different brands, where a negative correlation is found between
u, and the most probable droplet size in the first column.

Finally, we quantify the total droplet mass m delivered per actuation
by integrating m over time. The resulting m are 6.34mg, 25.25mg and
30.53mg for Brands 1, 2, and 3, respectively. Furthermore, me¢, the
mass of droplets delivered within the effective size range
(degf < 120pm), is calculated as 6.14mg, 3.70mg and 13.93mg, respec-
tively. This indicates that although Brand1 has a significantly lower m,
its effective drug delivery is improved due to higher droplet velocities
within the effective size range. Furthermore, the delivery efficiency in
the experiments, defined as (exp = Mest /m), is calculated to be 97.61 %,
13.21 % and 44.06 % for Brands 1, 2, and 3, respectively.
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Table 1
Input parameters for particle spray in the simulations.

Brand u, o
(cone angle

)

Lognormal distribution

Count Median Geometric Standard

Diameter Deviation
(CMD) (GSD)

1 20.61 2595 51.27 1.71

2 19.24 19.36 89.76 2.07

3 15.73  13.36 126.00 1.46

3.2. Implementing experimental results into COMSOL Multiphysics
(numerical setup)

Concerning implementation of experimental results in our numerical
setup, it should be mentioned that our primary goal is to analyze how
different spray parameters affect the rate at which drug particles reach
their target. To make our comparisons reasonable, we chose not to use
the actual flow rates measured from different commercial sprays, as
these varied considerably between brands. Instead, we took a more
controlled approach: we used experimental data to create a simplified
model of how spray droplets spread out, and made sure each simulation
used the same number of particles. This standardized method helps us
determine which spray characteristics work best for delivering particles
to the target area, without confounding difference like the mass of spray.
By keeping the particle count constant, we can focus purely on
comparing how efficiently different spray patterns deliver medication.

The initial particle velocity was determined from experimental
measurements taken at 10 mm height, where liquid atomization is
complete, and velocity becomes stable. This measured velocity served as
the input velocity for simulations. The spray pattern was modeled as a
cone, with its angle derived from high-speed imaging data. The exper-
imentally measured particle size distribution was simplified to a
lognormal distribution to optimize computational efficiency while
maintaining accurate delivery predictions. Fig. 6 shows the particle size
distribution, while Table 1 lists the simulation parameters for particle
sprays. The COMSOL Multiphysics model employed a lognormal distri-
bution characterized by Count Median Diameter (CMD) and Geometric
Standard Deviation (GSD), which aligned with experimental
observations.

3.3. Three brands comparison based on LOS

Fig. 7a shows isolated models of the main nasal passages on both
sides, with excess sinus tissue removed. The orange-highlighted region
indicates the target area, OMC, which serves as the convergence point
for the openings of frontal, anterior ethmoid and maxillary sinus.
Effective drug delivery to this region can help alleviate sinus inflam-
mation. Fig. 7b, ¢, and d depict the three spray methods employed in this
study. Specifically, Fig. 7b represents the instructions recommended in
the product manual for patient use [24]; Fig. 7c illustrates the LOS
method proposed in previous research, wherein the nozzle is aligned
directly with a notional line from the nostril to the OMC to achieve
higher drug deposition. Fig. 7d demonstrates alternative combinations
of nozzle insertion positions and orientations. Patients cannot directly
visualize their OMC through the nostril, we extended the nozzle’s
insertion point more deeply and maintained its alignment toward the
OMC, while avoiding anterior nasal structures that could block part of
the spray. In our simulations, we evaluated a spectrum of approaches,
moving from the product-manual method to the LOS method and then to
this optimized nozzle-positioning technique.

In the previous section, we measured the spray character-
istics—namely velocity, spray cone angle, and particle size dis-
tribution—for three commercial nasal spray products. We then applied
these parameters to the LOS method for a comparative analysis. The
settings for simulated particle spraying under two spray methods are
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Fig. 7. Nasal passage model after sinus removal with different spray conditions: a: OMC (target region); b: Method recommended by the instructions (Original); c.

LOS method; d: Deeper spray position.

Fig. 8. Comparison of the simulation setup between the original and LOS
methods a. original method b. LOS method.

compared in Fig. 8. The reconstructed model’s dashed lines clearly
illustrate the distinct spray directions of the two methods.
The bar charts (Fig. 9) illustrate the deposition rates of three different

commercial nasal sprays administered to the left and right nasal pas-
sages using both the manufacturer-recommended method (“Original™)
and the LOS method. Overall, both sides exhibited significant
improvement in drug deposition when using the LOS method compared
to the original approach. This improvement was especially pronounced
in the left nasal passage, where nasal septal deviation causes an inward
curvature; under the original condition, almost all particles were inter-
cepted by the anterior nasal tissues, resulting in near-zero deposition.

In the right nasal passage, Spray Brand 3 yielded a deposition rate of
zero under the original method. This was largely due to its smaller spray
cone angle—when the spray is not optimally oriented, most particles
collide with anterior nasal structures. The other two sprays, benefiting
from their wider cone angles, still achieved some baseline deposition
under suboptimal orientation. However, once the LOS method was
employed, deposition rates increased markedly for all brands, particu-
larly for Brand 3. Its narrower cone angle allowed more particles to
bypass the obstructing anterior tissues and reach the OMC once the
nozzle was precisely aimed.

Fig. 10 shows the comparison between the original and LOS methods
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Fig. 10. Comparison of the final positions of three brands of spray particles in both nasal passages, based on the original and LOS methods.

a.

Fig. 11. A clearer drug delivery path achieved in a deviated nasal septum patient by using a deeper spray position.

for three different nasal spray brands. We can see that the LOS method
among all different brands shows excel efficiency in terms of reaching
droplets to the OMC.

In summary, the manufacturer’s recommended instructions (Fig. 8)
do not always provide high deposition rates, especially for sprays with
smaller cone angles. A wider spray cone angle can ensure a baseline
deposition rate even when the spray orientation is not exact. However,
when precisely targeting the OMC, a smaller spray cone angle and a
more centrally focused particle distribution can result in superior overall
deposition.

3.4. Three brands comparison based on optimal direction

After examining multiple patient-specific nasal cavity models, we
observed that for some patients it is difficult to visualize the OMC
through the nostril, indicating a less discernible LOS. As shown in
Fig. 11a, the patient’s nasal cavity was sectioned along the green dashed
line, and a top-down view of this cross-section (Fig. 11b) reveals a
rightward nasal septal deviation (marked by the purple dashed line).
When the magnified portion of the green dashed line is shown in
Fig. 11d, two anatomical obstructions become evident in the particle
trajectory, intercepting most of the sprayed particles when using a
conventional LOS-based approach. Fig. 12 compares nasal spray
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Fig. 13. Arrival rates of three spray brands under various spray conditions: a. Left nasal passage arrival rate; b. Right nasal passage arrival rate.

deposition patterns among the original method, the LOS technique, and
the enhanced LOS technique with optimized insertion depth.

Nevertheless, our underlying rationale remains that aligning the
spray cone axis more directly with the target region (the OMC) should
yield higher deposition. To illustrate this concept, Fig. 11c demonstrates
that employing a deeper spray position can render the target line clearer
while avoiding anterior nasal structures that would otherwise block the
spray. Based on these findings, we systematically tested multiple spray
points, ranging from positions near the external naris to deeper points
within the nasal passage—especially those deeper positions that provide
a clearer line of sight to the OMC—to assess whether this modification
would enhance drug delivery efficiency.

Fig. 13 illustrate significant differences in drug delivery efficiency
between the original method and the LOS method. Under the original
method, the delivery rates for all three brands are generally low, espe-
cially in the left nasal passage, where particles are almost completely
blocked by anterior obstructions due to the patient’s deviated nasal
septum. The LOS method, which aligns the spray cone axis directly with

the target region (OMC), effectively improves the delivery rate, with the
most significant enhancement observed in the left nasal passage. How-
ever, as the spray points progress deeper from case 1 to case 9, the de-
livery rate increases further. Deeper spray points better avoid
obstructions in the anterior nasal cavity, allowing particles to encounter
less interference before reaching the target area. The data show that in
cases 8 and 9, the delivery rates for each brand are two to three times
higher than those under the LOS method, demonstrating the advantages
of deeper spray points.

Additionally, the performance of different brands reflects the influ-
ence of spray cone angles and particle distribution characteristics. Brand
3, with its smaller spray cone angle, performs the best under well-
aligned target-directed conditions, achieving higher delivery rates
across various spray scenarios. In contrast, Brands 1 and 2, with larger
spray cone angles, perform relatively better at deeper spray points but
show less improvement under shallower spray conditions. This indicates
that Brand 3 is more suitable for patients with complex anatomical
structures under optimized targeting conditions, while other brands may
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Fig. 14. Comparison of final particle positions(left and right airway)—original
method, LOS method, and deeper spray method.

require additional adjustments to adapt to specific scenarios. Overall,
optimizing spray positions and angles significantly enhances nasal spray
drug delivery efficiency, providing valuable references for treating pa-
tients with unique anatomical structures and guiding drug design.

Fig. 14 depicts the final deposition patterns of three different com-
mercial nasal spray brands in the left and right nasal passages under
three distinct spraying conditions. By contrast, the LOS method directs
substantially more particles to the intended target region (OMC).
Nevertheless, many particles still impact anterior nasal structures, and a
considerable fraction deposits on the middle turbinate.

In Case 9, where the nozzle is inserted more deeply, interception in
the anterior portion of the nasal cavity is significantly reduced.
Compared to the LOS method, this deeper placement further diminishes
the area of particle deposition on the nasal vestibule. The benefit is
especially pronounced for Brand 3, which has a narrower spray cone
angle that allows particles to bypass anterior obstructions more effec-
tively and reach posterior regions. Additionally, placing the nozzle
deeper enables smaller particles to migrate more easily into the posterior
segment of the nasal cavity.
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In summary, when the spray cone axis (incidence line) is directed
toward the target area, a smaller spray cone angle and a deeper inci-
dence position can result in a higher drug particle deposition rate.

4. Conclusions

This study presents a comprehensive investigation of nasal drug
delivery efficiency through a combined experimental and computational
approach. By experimentally measuring particle parameters (dp, up, o)
from three commercial nasal sprays and incorporating these data into
COMSOL Multiphysics simulations, we established a more accurate
framework for evaluating drug delivery performance. This methodology
addresses the limitations of previous studies that relied on assumed
parameters or single-brand analyses, providing a more realistic assess-
ment of spray device effectiveness.

Our results demonstrate that spray parameters for over the counter
medications vary considerably. These differences can alter ultimate drug
delivery. Brand 3 showing superior drug delivery efficiency when
properly aligned with the target region due to its minimal spray angle.
However, this advantage is lost when the spray axis deviates from the
optimal path or encounters anterior tissue obstruction, primarily due to
its smaller spray cone angle. The comparative analysis revealed that the
angle of the spray cone (how wide the spray spreads out) is a key factor
in determining how well the medication reaches its target. Brand 3
performed notably better than other sprays when aimed at OMC region.
This superior performance can be attributed to its narrow spray pattern
— the medication particles are released in a more focused stream rather
than dispersing widely. With this tighter spray cone, more particles
travel directly to the intended target area instead of spreading across
surrounding nasal tissues, resulting in more efficient drug delivery.

The optimization of the LOS method through various spray positions
and directions has yielded valuable insights for improving nasal drug
delivery techniques. These findings have important implications for
both spray device design and administration protocols. Future research
should focus on developing adaptive spray devices that can accommo-
date individual nasal cavity variations, particularly in patients with
deviated septa. Additionally, the methodology established in this study
provides a foundation for more detailed investigations of particle-
airflow interactions and their impact on drug delivery optimization.

This study presents a thorough analysis of nasal drug deposition
through combined experimental and computational approaches. How-
ever, several limitations warrant consideration. The research examines
only three commercial nasal spray brands, potentially limiting the
broader application of findings to other formulations or device designs.
The simulations employ steady-state airflow conditions, which may not
adequately represent dynamic breathing patterns or the effects of
mucociliary clearance. Moreover, the study does not extensively address
variations in nasal anatomy among individuals. Future research should
incorporate patient-specific modeling to enhance spray delivery across
different nasal structures. Finally, the experimental validation relies
solely on in vitro methods, necessitating additional in vivo studies to
verify the clinical significance of these results. Future investigations
addressing these constraints could advance the development of
personalized and efficient nasal drug delivery methods.
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