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Abstract: To systematically evaluate the effects of different nasal sprays on the deposition of nasal turbinate, nasal septum 
and olfactory region in different populations. This study utilized CT scanning technology and reverse engineering techniques to 
create eight realistic 3D nasal models. The effects of particle size and plume angle on different nasal (gender and age) depositions 
were studied. The significance of differences in particle deposition across different individuals and devices in various regions of 
the nasal cavity was explored. The results showed that the deposition efficiency of all four devices was above 80%, with plume 
angles between 25° and 34.3°. The Device D was more likely to reach the olfactory. The deposition in the nasal septum was not 
affected by individual differences. There is a positive correlation between the nasal cavity size and age, and their relationship 
follows a linear regression equation: y = 65.11 + 0.65x. However, the growth rate of the olfactory region's size slows down with 
increasing age, and its proportion decreases. An increase in the plume angle will result in a more uniform deposition distribution. 
Smaller particles are more easily delivered to the posterior regions of the nasal cavity. Differences in age and gender have an 
obvious impact on the deposition distribution in the nasal septum and nasal turbinate regions, with older individuals and males 
exhibiting more favorable deposition patterns in these areas. This advantage becomes more pronounced with age. The drug is 
more likely to reach the posterior nasal cavity in children. 
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1. Introduction 
Nasal drug delivery is a promising method of drug 

administration that can be used for both local delivery and 
systemic treatment through rapid absorption, thus attracting 
widespread attention [1-3]. In addition to avoiding the first-
pass effect when the drug is taken orally, this method also 
offers a high bioavailability. It can not only treat respiratory 
diseases such as congestion and allergies but also be used to 
deliver locally acting medications for treating rhinitis and 
sinusitis. Additionally, it enhances the speed and extent of 
blood absorption and boosts immune responses to vaccines in 
a non-invasive manner [4-6]. 

Due to the higher research and development potential of 
nasal administration, more academic and industrial teams 
have been stimulated to conduct research[7, 8].However, the 
anatomy of the nasal cavity is extremely complex. The region 
in the anterior part of the nasal cavity is called the nasal 
vestibule. This area is covered with squamous epithelial cells 
and contains nasal hairs and secretory glands that restrict drug 
penetration into the tissues, thus, this area is not typically 
regarded as a site of drug absorption [9]. So in order to 
increase the efficiency of nasal drug delivery, drug deposition 
in the nasal vestibule should be avoided. Instead, the drug 
should be delivered to specific target sites. These targets are 
mainly located in the nasal passages and turbinate regions of 
the central and posterior nasal cavity [2, 10]. On the one hand, 
the nasal turbinate region is highly vascularized, with a rich 
network of blood vessels and extensive surface mucosa. 
Additionally, the convoluted structure of this area 
significantly increases the surface area of the nasal cavity, 
thereby providing a larger region for drug absorption. Drugs 
can be absorbed through the nasal mucosa into the systemic 
circulation, allowing for the treatment of systemic diseases 
[11, 12]. On the other hand, the olfactory region located at the 
tip of the nasal cavity is the only part of the human central 

nervous system (CNS) that is in direct contact with the 
environment[13]. Its surface is covered with olfactory 
epithelium consisting of microvilli cells, supporting cells, 
olfactory cells, and basal cells[14]. Therefore, drugs 
deposited in the olfactory region can be rapidly transferred to 
the CNS, bypassing the complex multicellular structure of the 
blood-brain barrier, to treat CNS diseases[15-19]. However, 
delivery of drugs to these targets is challenging[20]. Due to 
the triangular valve area located at the posterior part of the 
nasal vestibule, approximately 2-3 cm from the nasal entrance, 
which has the smallest cross-sectional area, it acts as a flow-
limiting region before expanding into the main nasal 
passage[21]. This presents an obstacle to effectively 
delivering drugs into the main nasal passage, resulting in the 
majority of drug particles being deposited in the anterior third 
of the nasal cavity[2, 22-26]. At the same time, it is also 
important to prevent smaller particles from entering the 
deeper regions of the respiratory system, as this could not 
only waste the medication dose and fail to achieve the desired 
therapeutic effect, but also pose risks of respiratory irritation 
and decreased lung function [27, 28]. 

Various nasal drug delivery devices such as nasal drops, 
pressurized metered-dose inhalers, liquid sprays and dry 
powder formulations are currently in use[3, 20]. Liquid 
formulations dominate the drug market due to their portability 
and the added benefit of humidification, which helps alleviate 
the dryness and crusting commonly associated with nasal 
diseases[29, 30]. As a first-line treatment, doctors often 
recommend nasal sprays to their patients[31, 32]. The particle 
size of liquid formulations used for nasal drug delivery is 
typically larger than 10μm. These particles are expelled from 
the spray device through the nozzle at a very high velocity[33]. 
Meanwhile, the inhaled airflow through the nasal cavity can 
increase the emission velocity of the particles, helping to 
promote the deposition of liquid spray formulations[34, 35]. 
To deliver sufficient drug particles to the target site, multiple 
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factors need to be considered, such as the drug formulation, 
delivery method, spray atomization, spray device, and patient 
handling[6, 36-39]. Among these, the interaction between the 
spray device and the drug formulation generates a spray 
plume with unique geometry and characteristics, which 
markedly impacts the deposition pattern of particles in the 
nasal cavity[40]. Therefore, assessing the various spray 
characteristics and user-related factors associated with the 
spray device itself is crucial for understanding drug particle 
deposition and optimizing device design[28, 41]. 

Although local deposition of nasal drugs is best 
characterized through in vivo clinical trials using radiolabeled 
drug formulations, these studies are both expensive and time-
consuming. Moreover, the results obtained are often 
qualitative, providing only semi-quantitative data[10, 42]. In 
vitro methods can effectively avoid the issues mentioned 
above and help optimize the factors influencing regional 
deposition under controlled conditions, allowing for the 
refinement of both the device and formulation [2, 10, 42]. 
FOO et al. used MRI derived nasal replicas to measure 
deposition patterns of solutions with a wide range of surface 
tension and viscosity. The results showed that sprays with 
smaller plume angles were able to reach the nasal turbinate 
region with deposition efficiencies approaching 90%. 
Meanwhile, the effects of particle size, viscosity, and 
inhalation flow rate on particle deposition in the nasal 
turbinate were not significant. Instead, the plume angle and 
delivery angle were identified as key factors determining 
deposition efficiency[42]. Guo et al. studied the impact of 
device structural parameters and formulation physical 
properties on the performance of nasal spray delivery. The 
results indicated that the device driving speed and gelling 
agent concentration had a significant effect on the deposition 
efficiency, whereas the surfactant concentration had almost 
no effect on the properties of the nasal sprays[43]. Cheng et 
al. evaluated four nasal spray pumps and found that the plume 
angle and particle size distribution were important factors in 
deposition[44]. Most of the previous studies were conducted 
based on adult models. Since children's nasal valves are 
narrower than those of adults, airflow velocities in the nasal 
valve region is higher in children, and anterior deposition of 
nasal sprays may be increased compared to that of adults[45]. 
Sawant et al. used nasal casts obtained from MRI-based 
images of 12-year-old children to test the deposition patterns 
of nasal sprays in children. It was found that only a small 
amount of the spray reached the nasal turbinate. The 

differences in deposition patterns of nasal sprays between 
adults and children may result in varying therapeutic 
outcomes for these two populations[28]. Inthavong et al. 
proposed that the design of nasal spray devices should aim to 
reduce the inertia of particles to penetrate the nasal valve 
region effectively. Additionally, they emphasized the need to 
find a method that ensures the deposition of the drug within 
the nasal passages without allowing it to escape into the 
lungs[41]. To address this, some researchers have proposed a 
breath-driven bidirectional drug delivery method. Compared 
to spray pumps, this novel breath-driven bidirectional device 
provides greater deposition in clinically significant areas 
beyond the nasal valve, significantly reducing drug 
deposition in the nasal vestibule[5, 46]. 

Current nasal spray devices are widely used, but 
continuous exploration and improvement are necessary to 
ensure higher drug delivery efficiency. The study of drug 
particle deposition in specific regions of the nasal cavity is of 
great significance as each disease corresponds to a different 
potential target site. In this paper, eight subject nasal cavity 
models were reconstructed taking into account the effect of 
individual differences in users (gender and age). Four 
commercially available nasal spray devices were analyzed 
using statistical experiments to investigate particle size, 
plume angle and individual differences on nasal deposition. 
The results of the study can provide help and guidance for the 
design and optimization of nasal spray devices. 

2. Materials and Methods 

2.1. Nasal Airway 
Computed tomography (CT) scans of the nasal cavity of 

eight Asian volunteers (two adult males, two adult females, 
two boys, and two girls) were performed with the approval of 
the Institutional Review Board of the Second Affiliated 
Hospital of Xi'an Jiaotong University. The information of the 
scanned images was exported and the exported files were 
saved in DICOM format. The images were processed and 
optimized using Mimics and 3DSlicer, and subsequently the 
2D images were converted into 3D solid models, which were 
exported in S Tereo Lithography (STL) format. The model 
was also refined and segmented on ANSYS Spaceclaim and 
Solidworks. The physiological and health information of the 
volunteers is shown in Table Ⅰ, and symbols are used instead 
of names to protect the privacy of the volunteers. 

 
Table Ⅰ. Physical and health information of volunteers 

Name Age Gender Group Health 
CF1 4 female children Adenoid hypertrophy 
CF2 6 female children Adenoid hypertrophy 
CM1 4 male children Adenoid hypertrophy 
CM2 5 male children Adenoid hypertrophy 
AF1 22 female adult health 
AF2 39 female adult Chronic sinusitis, inferior turbinate hypertrophy 
AM1 45 male adult Chronic sinusitis, bilateral maxillary sinus window surgery 
AM2 31 male adult Chronic sinusitis, Bilateral complete sinusotomy. 

 
The nasal cavity model in STL format was imported into 

the geometric modeling software for segmentation. Since the 
anatomy of the nasal cavity is a complex and specialized field, 
and the difficulty lies in the difficulty of defining the 
boundaries of the segmented regions, the segmentation of the 

nasal cavity model in this paper was carried out under the 
professional guidance of an Otolaryngologist. 

The final model was made using the photosensitive resin 
material UV Curable Resin on a ZhongRui SLA660 printer 
with a print thickness of 0.1mm. 
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Figure 1. Schematic of the solid model of the nasal cavity, (a) Segmentation region, (b) Post-processing. 

 
As shown in Fig. 1(a), the nasal cavity model was 

structurally and anatomically segmented into nine parts, 
including nasal vestibule, left sinus, right sinus, left turbinate, 
right turbinate, nasal septum, olfactory region, nasopharynx, 
and oropharynx, taking into account the different regions of 
the nasal cavity disease foci. The segmented parts need to be 
fully assembled and airtight to ensure proper functionality. As 
shown in Fig. 1(b), axial pins and sealing grooves were added 
between adjacent parts, and sealing strips were placed 
between parts to prevent gas leakage. Finally, the post-
processed nasal cavity model is connected using a fastening 
method. The method chosen in this chapter is the latch 
fastening, which is a quick-release fastening connection. 
Since it only requires a single hand to flip the latch, it can be 
quickly opened or closed within one or two seconds, making 
it more convenient and efficient. The reconstructed physical 
model of the nasal cavity is shown in Fig. 2. 

 

 
Figure 2. Assembly of the solid model of the nasal cavity. 

2.2. Spraying Devices and Formulations 
 

 
Figure 3. Four commercially available liquid nasal sprays. 

 
Four commercially available liquid nasal sprays commonly 

used in otolaryngology were provided by a practicing 
otolaryngology clinician as shown in Fig. 3, and the relevant 
parameters are shown in Table Ⅱ. Device A: Mometasone 
Furoate Nasal Spray (also known as NASONEX), 
manufactured by MSD Belgium BVBA, is indicated for the 
prevention and treatment of nasal disorders such as seasonal 
or perennial rhinitis sinusitis in adults, adolescents, and 
children between the ages of 3 and 11. Device B: Fluticasone 

Furoate Nasal Spray, manufactured by GlaxoSmithKline (UK) 
Ltd, is mainly used for the treatment of nasal congestion, 
runny nose, sneezing and other symptoms caused by allergic 
rhinitis. Device C: Fluticasone propionate nasal spray, also 
manufactured by GlaxoSmithKline (UK) Ltd, for the 
prevention and treatment of seasonal allergic rhinitis and 
perennial allergic rhinitis. And Device D: XHANCE Nasal 
Spray (OptiNose US, Inc.), which also has fluticasone 
propionate as its main ingredient, differs from Device C in 
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that it employs a bi-directional delivery method and is 
primarily used for the treatment of chronic sinusitis with nasal 

polyps in adult patients 18 years of age or older.  

 
Table Ⅱ. Parameters associated with the four nasal sprays 

Device Company Dose Formula 
Device A MSD Belgium BVBA 140 sprays Mometasone furoate 50μg/spray 
Device B GlaxoSmithKline 120 sprays Fluticasone furoate 27.5μg/spray 
Device C GlaxoSmithKline 120 sprays Fluticasone propionate 50μg/spray 
Device D OptiNose 120 sprays Fluticasone propionate 93μg/spray 

 
Numerous studies have shown that the primary deposition 

mechanism of nasal sprays is inertial impaction, which can be 
controlled by varying the spray parameters of the spray 
device[6, 37, 47]. The spray parameters include the following: 
particle size, spray plume angle, insertion angle and particle 
release position[48]. Therefore, it is particularly crucial to 
measure for the above spray parameters. 

2.3. Particle Size Distribution Measurement 
The laser particle size tester used in this paper is the 

HELOS | SPRAYER with ROTOR system from Sympatec, 
Germany. The particle size test range is 0.25-875μm, and the 
accuracy of multiple sampling test is <0.3%. Before each 
experiment, a test was initiated by shaking the nasal spray 
vigorously and pressing the spray button continuously until 
uniform particles appeared. After the completion of each test, 
wipe the residual particles from the spray nozzle with a dust-
free cloth and proceed to the next test. At the end of each nasal 
spray test, the test program should be updated and the next 
round of testing should follow. 

According to the FDA guidance, studies should be 
conducted within a range of 2 to 7 cm from the spray nozzle. 
Therefore, this study selected two testing points at distances 
of 3 cm and 6 cm from the nozzle. The characteristic values 
D10, D50, and D90 represent the particle sizes below which 
10%, 50% (the volume median), and 90% of the particle 

volume are found, respectively. The coefficient of variation 
(COV) of the test results should be satisfied: the COV of D50 
of the test group is ≤10%, and the COV of D10 and D90 are 
both ≤15%. To ensure the reproducibility of the experiment in 
accordance with national standards, each nasal spray was 
tested 6 times per group. The results of each group were 
evaluated based on the COV, and the conformity of the test 
results was determined accordingly [6]. 

2.4. Spray Plume Angle Measurement 
The plume angle is the angle formed between the conical 

region ejected from the nozzle and the apex of the nozzle end. 
For nasal sprays, FDA guidelines recommend using a non-
collision method to measure plume geometry[40]. 

In this study, the SprayVIEW test system was used to 
measure the plume angle, and the relevant parameters are 
shown in Table Ⅲ. Before starting, calibrate the force and 
displacement sensors of the auto-trigger to ensure precise 
control of the stroke and drive force during auto-triggering. 
For each nasal spray, on first use, the nasal spray was shaken 
vigorously and the spray button was pressed continuously 
until uniform particles appeared. Each nasal spray was tested 
individually for five consecutive times, with the spray 
particles filtered out by the exhaust air of the environmental 
shield between each test and left to stand for 30 s.  

 
Table Ⅲ. Relevant parameters of the test system 

parameters specification 
Trigger Type SprayVIEW NSP 
Trigger Mode Automatic characterization at runtime 
driving force 57.036N 
Trigger speed 90mm/s 

Trigger acceleration 6000mm/s2 
gas evacuation time 45s 

settling time 30s 
Test Distance from Nozzle 6cm 

 

2.5. Nasal Spray Deposition Measurements 
Kolor Kut /KK01 water test paste is an easy way to test for 

the presence of water. When the paste is applied to a surface, 
it changes color upon contact with water, shifting from light 
pink to purple-red. This color change provides a quick and 
easy visual indication of moisture. The 
MettlerToledo/MS204TS02 analytical balance is a precision 
electronic balance manufactured by Mettler-Toledo with a 
maximum weighing capacity of 220g and a readable accuracy 
of 0.1mg. The fixing bracket is a customized processing of a 
fixed adjustable angle device, can fix the nasal cavity model, 
and at the same time adjust the angle of the nasal spray 
inserted into the nostrils. Mitutoyo/500-152-30 is a digital 
vernier caliper produced by Mitutoyo in Japan, the measuring 
range is 0-200mm, accuracy: ± 0.02mm. 

To address the issue of abnormal data in deposition tests, 
the number of repetitions is set to three, and the COV of the 
deposition data is limited to 25%. When the COV of the 
sedimentary data was found to exceed 25%, additional test 
results were added to replace the original anomalous data[49].  

The experimental procedure was as follows: firstly, the 
nasal model was disassembled, the KK01 water test paste was 
evenly applied to the inner surface of the nasal septum, 
sinuses and olfactory region. Each part of the nasal cavity 
model and the nasal spray are initially weighed and recorded. 
The nasal cavity model is then reassembled and fixed on the 
spray test platform. The nasal spray is inserted into the left 
nostril, and its angle is adjusted. The nasal spray is locked in 
place, and a manual trigger is used to activate the spray. After 
the test, any liquid particles remaining on the nozzle are 
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wiped off with a dust-free cloth. The nasal cavity model is 
disassembled again, and each part along with the nasal spray 
is weighed and recorded. Additionally, the length of any part 
that has changed color is measured, specifically the distance 
from the colored end to the end of the nasal cavity. The spray 
weight was obtained by the weight difference of the nasal 
spray before and after spraying. The weight difference of each 
component of the nasal cavity model before and after 
spraying provides the deposition amount for that specific area. 

2.6. Statistical Analysis 
The plume angles produced by the different nasal spray 

devices were evaluated using mean values and relative 
standard deviations. Due to the large number of samples, the 
deposition fraction in different regions were studied using 
mean values. The particle size distribution was expressed as 
mean± standard deviation. The Kolmogorov-Smirnov test 
and the Shapiro-Wilk test methods were used to test the 
normality of continuous variables in multiple independent 
groups. Continuous variables of multiple independent groups 
that follow a normal distribution are presented as mean ± 
standard deviation, while those that follow a non-normal 
distribution are presented as median (interquartile range). A 
p-value less than 0.05 was considered statistically significant. 

3. Results 

3.1. Particle Size Distribution 
The compliant test data were extracted and organized while 

comparing the particle size distribution parameters of 
different nasal sprays as shown in Table Ⅳ. The volume 
median droplet size (D50) for devices A, B, C and D were 
35.54±0.43, 72.45±0.78, 40.62±0.40 and 37.44±0.58 in the 
test point of 3 cm, respectively. At the 6 cm test point, D50 
decreased by 17%-27%. Moving from the test point of 3 cm 
to the test point of 6 cm, the D10 value of the particle 
increased by 5.9% to 18.1%. The D50 of Device A increased 
by 5.5%, while the D50 of the other three nasal sprays 
decreased by 1.5% to 6.1%. The D90 value decreased by 3.8% 
to 10.2%. Additionally, as the test point changed, the D10 
value of Device D showed the smallest change, only 5.9%, 
while the D10 value of Device A showed the largest change, 
reaching 18.1%. Among them, Device D exhibited the most 
stable particle size, while Device A showed the greatest 
variation in particle size with changes in the test points. The 
particle size of Device B is larger than that of the other three 
nasal spray products, nearly twice as large. 

 
Table Ⅳ. Parameters of particle size distribution of different nasal sprays 

Device Test point /cm Dଵ଴ േ 𝜎/µm Dହ଴ േ 𝜎/µm Dଽ଴ േ 𝜎/µm 
Device A 3 14.66±0.41 35.54±0.43 79.16±0.50 
Device B 3 29.00±0.80 72.45±0.78 130.10±1.76 
Device C 3 15.57±0.47 40.62±0.40 98.63±1.75 
Device D 3 15.61±0.26 37.44±0.58 82.60±1.14 
Device A 6 17.32±0.77 37.49±0.70 71.84±1.91 
Device B 6 32.49±0.89 68.65±1.19 125.21±1.15 
Device C 6 17.17±0.39 38.16±0.83 89.88±2.87 
Device D 6 16.53±0.81 36.89±0.66 74.20±1.05 

 

3.2. Measurement of Plume Angle 
The specific results are shown in Table Ⅴ. From the table, 

it can be observed that Device D has the widest plume angle 

at 34.3±0.9°, while Device C has the narrowest at 25.0±0.7°, 
with statistically significant differences among the devices. 
The plume width follows a similar trend to the plume angle. 

 
Table Ⅴ. Plume Angle and Plume Width Results for Four Spray Devices 

Device Plume angle/° Average plume width /mm 
Device A 29.0±1.1 31.2±1.2 
Device B 26.7±0.5 28.5±0.6 
Device C 25.0±0.7 26.5±0.7 
Device D 34.3±0.9 37.0±1.0 

 

3.3. Differences in Nasal Airways 
The dimensions of each partition of the nasal model of the 

eight volunteers in the depth direction of the nasal cavity (the 
nasal tract dimensions are the sum of the nasal vestibule and 
septum dimensions) are shown in Table Ⅵ. 

 
Table Ⅵ. Dimensions of each partition of the nasal models in the direction of nasal depth (mm) 

Name vestibule Septum Left nasal concha Right nasal concha Olfactory region 
Nasal 
airway 

CF1 18.2 45.0 45.0 45.0 22.0 63.2 
CF2 17.0 57.6 57.6 57.6 31.0 74.6 
CM1 18.4 42.0 42.0 42.0 34.0 60.4 
CM2 21.0 52.5 52.5 52.5 35.4 73.5 
AF1 24.7 57.0 57.0 57.0 31.7 81.7 
AF2 22.8 63.5 63.5 63.5 37.0 86.3 
AM1 34.4 60.6 60.6 60.6 35.5 95.0 
AM2 27.2 61.0 61.0 61.0 36.4 88.2 
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From Table Ⅵ, it can be concluded that adults have larger 

dimensions in all subdivisions of the nasal cavity than 
children, with the largest proportionate difference in the size 
of the nasal vestibule of 46.2%, while the smallest 
proportionate difference in the size of the olfactory region is 
only about 14.9%, and the difference in the entire nasal tract 
is about 29.3%. 

 

 
Figure 4. Four commercially available liquid nasal 

sprays. 

The nasal cavity and olfactory region dimensions (y) of 8 
patients were fitted with age (x) using linear regression 
equations. From the Fig. 4, it can be observed that the nasal 
cavity dimensions are positively correlated with age. As age 
increases, the dimensions of the nasal cavity in the depth 
direction continuously increase. However, the dimensions of 
the olfactory region do not show obvious changes with age. 

3.4. Deposition Distribution by Device 
As shown in Fig. 5, the mass deposition distribution of four 

devices in the nasal cavities of different populations is 
illustrated. For Device A, approximately 80% of the particles 
are deposited in the effective area. Nearly half of these 
particles end up in the nasal septum, one-third in the turbinate 
area, and almost none in the olfactory region. The particle 
amounts in the nasal vestibule and those remaining on the 
nozzle are generally less than 10%. However, for adult males, 
only about 70% of the particles are deposited in the effective 
area. For AM1, around half of the particles are deposited in 
the nasal septum, 15% in the nasal vestibule, and over 10% 
remain on the nozzle. For AM2, only about 40% of the 
particles are deposited in the nasal septum, about 15% in the 
turbinate area. Interestingly, approximately 10% of the 
particles are found in the olfactory region, which is unique 
among the eight nasal cavity models, being the only one with 
olfactory region deposition. 

 

 
Figure 5. Mass deposition distribution of four devices in the nasal cavities of different populations. 
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Device B shows obvious variations in deposition patterns 

among different demographic groups. In the group of young 
girls, the deposition patterns are relatively consistent, with 80% 
of the particles depositing in the effective area. Specifically, 
in CF1, 53% of the particles deposit on the nasal septum and 
30% in the turbinate area, while in CF2, 44% deposit on the 
nasal septum and 41% in the turbinate area. Both groups have 
less than 10% of the particles depositing in the nasal vestibule 
and remaining at the outlet. In the group of young boys, the 
deposition proportions in the effective area vary greatly, with 
CM1 having about 69% deposition and CM2 having as high 
as 85%. However, both have a similar deposition proportion 
on the nasal septum, around 40%. CM2 has a 14% higher 
deposition in the turbinate area compared to CM1. In the adult 
female group, there are also clearly different. AF2 has 27% 
more effective deposition compared to AF1, but both have 
approximately 40% deposition on the nasal septum. For male 
adults, about 15% of the particles remain at the outlet. AM1 
shows a 15% deposition in the nasal vestibule area, while 
AM2 has about 34%. AM1 has 19% more deposition in the 
effective area compared to AM2, with 53% of the deposition 
on the nasal septum and 17% in the turbinate area. AM2 also 
shows particle deposition in the olfactory area, about 8%. 

The deposition distribution of Device C in the nasal 
cavities of different demographic groups tends to be 
consistent, with about 80% of particles depositing in the 
effective area. In this context, the deposition amount in the 
nasal septum area is greater than in the turbinate area, while 
the deposition proportion in the nasal vestibule and the 

residue at the outlet mostly do not exceed 10%. In the 
children's group, the deposition proportions in the nasal 
septum and turbinate areas are almost equal. In the adult 
group, the deposition proportion in the nasal septum area is 
noticeably higher than in the turbinate area. From an 
individual perspective, CF1 has a very high deposition 
proportion in the nasal septum, but the proportions in the 
nasal vestibule and outlet residue are both 17%, resulting in 
much less deposition in the turbinate area compared to others. 
We also found particle deposition in the olfactory area of 
AM2, with a deposition proportion of 13%. 

Device D also shows a high degree of consistency in 
deposition across different demographic groups, with about 
80% of particles depositing in the effective area. Among these, 
the deposition proportion in the nasal septum area is 
noticeably higher than in the turbinate area. The deposition 
proportion in the nasal vestibule is generally less than 10%, 
with the lowest being only 2%. The residue proportion at the 
outlet remains between 10% and 15%. In addition to AM2, 
which has a 10% deposition proportion in the olfactory area, 
we also found deposition in the olfactory area of AF1, 
although the deposition amount is only 3%. The adult male 
group has about 20% less deposition in the effective area 
compared to other groups, as most particles are wasted in the 
nasal vestibule and outlet, but the deposition in the nasal 
septum is almost unaffected. The 20% reduction in deposition 
mainly appears in the turbinate area. 

3.5. Sedimentary Color Distribution 
 

 
Figure 6. Depositional depth measurements of the nasal cavity, (a) septum, (b) turbinate, (c) olfactory region. 

 
The method of color development by water test paste 

allows us to see the extent of the particle deposition 
distribution. As shown in Fig. 6, the criteria for the 
measurement of the deposition depth of the three regions are 
first introduced, and the deposition depth of both the nasal 
septum and the nasal turbinate are the distances between them 
starting from the tip of the nose until the end of the area where 
the particles are deposited to develop the color in the direction 
of the depth of the nasal cavity. For practical measurements, 

we divided the deposition depth of the two regions into 
anterior and posterior parts, the anterior part being the 
dimensions of the nasal vestibule, which are fixed for the 
same nasal cavity. The rear part is the distance from the 
interface between the nasal septum and the nasal vestibule to 
the end of the deposited developed color. The deposition 
depth of the olfactory region is from the anterior beginning of 
the olfactory region to the end of the deposition of the 
developed color. 
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Figure 7. Deposition distribution size of the four devices in various nasal regions across different demographic groups. 

 
As shown in Fig. 7, the deposition dimensions (the 

proportion of deposition depth to the length of the nasal cavity) 
of the four nasal sprays in the nasal cavities of different 
demographic groups are compared. It can be observed that the 
deposition depth in the nasal septum region is ordered as 
follows: Device B < Device A < Device D < Device C. There 
are also major differences between different groups. The 
deposition depth in the nasal septum region is noticeably 
smaller in the adult group compared to the children’s group, 
and larger in the male group compared to the female group.  

The deposition size patterns of the four nasal sprays in the 
turbinate region are generally similar to those in the nasal 
septum region, ordered as follows: Device B < Device A < 
Device D < Device C. Within the same group, the deposition 
depth in the turbinate region is mostly consistent among 
individuals, though some variations can still be observed. For 
example, in the male adult group, AM2 shows larger 
deposition depth in the turbinate region compared to AM1 for 
all four nasal sprays. It is also evident that the deposition 
depth in the male group is larger than those in the female 
group. In the children’s group, there is no difference between 
the deposition depth in the turbinate and nasal septum regions. 
However, in the adult group, especially among males, the 
deposition depth in the turbinate region is better than in the 
nasal septum.  

For the deposition depth in the olfactory area, in most cases, 
particles are unable to deposit in this region. Among the eight 
nasal cavities, only AM2 is unaffected by the nasal spray 
devices, with particle deposition observed in the olfactory 
area when using all four devices. AF1 shows particle 
deposition in the olfactory area only when using Device D, 
and the deposition depth is relatively small. Compared to the 
deposition depth in AM2, it can be considered negligible. 

4. Discussion 
Particle deposition in the nasal cavity depends on the 

particle size[50]. It is evident from Table Ⅳ that there is a 
difference in the results of particle size testing of the same 
nasal spray at different test points, which is consistent with 
findings in the literature[6]. During the atomization process, 
downstream droplets undergo secondary fragmentation into 
smaller droplets, resulting in a decrease in the average particle 
size[51]. The results of the study conducted by Dayal et al. 

The particle size of Device D was the most stable, while 
the particle size of Device A varied the most with the change 
in test points. The particle size of Device B was much larger 
than that of the other three nasal sprays, almost close to twice 
the value. This may be related to the volume per spray of the 
four nasal sprays mentioned above, as the spray volume per 
actuation of Device B is only half that of the other nasal 
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sprays. In the fragmented particle morphology, the droplet 
size at the upstream position is noticeably larger than at the 
downstream position. However, the mean particle size does 
not change much, as the proportion of small particles in the 
droplet cluster is very high [52]. And the particle size in the 
center of the fog particle cluster is generally larger than the 
surrounding particle size[53]. The D10 value in this study 
corresponds to small particles. As the test point position 
changes, the number of small particles decreases, which leads 
to an increase in the D10 value. Therefore, as shown in Fig. 5, 
the proportion of deposition mass in the nasal vestibule is 
higher than that of the other devices, which in turn reduces 
the deposition in the nasal septum. 

The plume angle plays a key role in the efficiency of nasal 
deposition[42, 54]. According to the conclusions of previous 
studies, the plume angle is generally 20°-40°[6, 55-58]. 
According to Table Ⅴ, the plume angles tested in this paper 
ranged from 25° to 34.3°, which is in line with the conclusions 
of previous studies. Among them, Device C has the smallest 
plume angle and Device D has the largest plume angle. An 
increase in the plume angle will enlarge the coverage area of 
the particles at the same distance from the nozzle, resulting in 
a more uniform deposition distribution. As shown in Fig. 5, 
the deposition of Device D in the nasal septum and turbinate 
regions is relatively uniform, reducing the impact of 
individual differences and fluctuations. It also increases the 
probability of particles entering the olfactory region. The 
deposition results of Devices B and C show marked 
differences in deposition among individuals within the same 
region. This phenomenon may be the result of the combined 
effects of plume angle and individual differences. In contrast, 
the plume angles of Devices A and D are noticeably larger 
than those of Devices B and C, so their deposition results in 
the same region tend to be more consistent and uniform. The 
deposition depth in different regions of the nasal cavity is 
noticeably higher for Device C compared to Device B. 
Although both devices produce a similar plume angle, the 
particle size of Device C is much smaller than that of Device 
B. This suggests that particle size clearly influences the depth 
of deposition in the nasal cavity. Smaller particles are more 
easily delivered to the posterior regions of the nasal cavity. 
When the particle sizes of the devices are similar, the average 
deposition depth is consistent. However, an increase in plume 
angle causes greater fluctuations in deposition depth, as the 
spray pattern of the particles changes after atomization. 

In order to better investigate the impact of different 
parameters on particle deposition within the nasal cavity, this 
paper will employ statistical analysis methods to explore the 
significance of differences in particle deposition across 
various regions of the nasal cavity for different individuals 
and devices. One-way ANOVA was used for variance analysis 
of continuous variables in multiple independent groups that 
follow a normal distribution. For multiple comparisons of 
means with equal variances, the Bonferroni correction was 
applied; for means with unequal variances, the Games-
Howell correction was used. Additionally, the Kruskal-Wallis 
test was used for rank-sum tests of continuous variables in 
multiple independent groups that do not follow a normal 
distribution, with the Bonferroni correction applied for 
multiple comparisons. Table Ⅶ shows the deposition mass 
fractions in different regions of the nasal cavity for different 

individuals and devices. In the table, different lowercase 
letters indicate a significant difference in the deposition mass 
proportions in the regions of the nasal cavity for the same 
individual under different nasal spray devices (P<0.05); 
different uppercase letters indicate a significant difference in 
the deposition mass proportions in the regions of the nasal 
cavity for the same nasal spray device across different 
individuals (P<0.05). 

From the Table Ⅶ, it can be observed that there is a 
significant difference in the deposition mass fraction of the 
nasal septum for AF2 under different devices (p<0.05). 
Device C has a higher deposition mass fraction in the nasal 
septum compared to Device B. There are significant 
differences in the deposition mass fraction of the nasal 
turbinate for AF1, AF2, and AM2 when using different 
devices. For AF1, Device D has a higher deposition mass 
fraction in the nasal turbinate region compared to Device B. 
For AF2, Device B has a higher deposition mass fraction in 
the nasal turbinate region compared to Device C. For AM2, 
the order is Device C > Device A > Device B. For the 
deposition mass distribution in the olfactory region, 
significant differences were observed between CM2 and AF1 
when using different nasal spray devices. Among them, the 
deposition proportion of Device D was higher than the other 
three devices. 

When controlling for the same device and considering the 
impact of individual differences on the deposition mass 
fraction, significant differences were found in the deposition 
mass fraction of the nasal septum between Device A and 
Device B. For Device A, the mass fraction of CF1 was higher 
than that of AM2, while for Device B, the deposition mass 
fraction of AM1 was higher than that of AM2. No significant 
differences were found for the other devices. or the 
differential analysis of the nasal turbinate region, significant 
differences were found across all four devices. For Device A, 
the deposition mass fraction in the nasal turbinate region 
follows the order: CM2 > AF2 > CF1 > CF2 > AM1 > AM2. 
For Device B, the order is AF2 > CM2 > CF1 > AM1 > AM2. 
For Device C, CM2 is higher than AF1 and AM2. For Device 
D, the order is CF2 > CM1 > AF1 > AF2 > AM1 > AM2. The 
Kruskal-Wallis test was used to examine whether there were 
differences in the deposition mass fraction in the olfactory 
region among different individuals. It was found that only 
Device D showed no significant difference, and that the 
olfactory region deposition mass fraction for AM2 was 
always higher than that of the other individuals. Compared to 
others, AM2 shows a more advantageous deposition 
distribution in the turbinate and olfactory regions, with more 
drug particles reaching deeper and farther locations. This may 
be related to the bilateral complete sinus window surgery it 
has undergone. Children, with smaller nasal cavity sizes 
compared to adults, are less affected by individual differences 
in the deposition distribution of particles within the nasal 
cavity during drug delivery. In contrast, due to the larger nasal 
cavity size in adults, individual differences have a greater 
impact on the deposition distribution in various regions of the 
nasal cavity. Under the same drug delivery conditions, the 
drug is more likely to reach the diseased area in the posterior 
nasal cavity of children, and the deposition in this region will 
be higher. 
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Table Ⅶ. Deposition mass fractions in different regions of the nasal cavity for different individuals and devices 
Group Spray device Nasal septum (%) Nasal turbinate (%) Olfactory (%) 
CF1 Device A 47.973±0.121aA 33.674±1.681aAB 0.000(0.000)aB 

 Device B 51.446±5.237aAB 28.555±3.313aABC 0.000(0.000)aB 
 Device C 44.589±5.271aA 21.551±9.422aAB 0.000(0.000)aB 
 Device D 50.898±4.827aA 32.331±11.007aABC 0.000(0.000)aA 

CF2 Device A 52.242±2.791aAB 33.146±2.196aAB 0.000(0.000)aB 
 Device B 44.164±7.644aAB 40.568±6.856aABCD 0.000(0.000)aB 
 Device C 46.704±4.657aA 39.591±5.334aAB 0.000(0.000)aB 
 Device D 48.970±2.237aA 39.586±3.784aA 0.000(0.000)aA 

CM1 Device A 52.696±7.476aAB 30.306±8.473aABC 0.000(0.000)aB 
 Device B 35.871±7.646aAB 32.603±10.587aABCD 0.000(0.000)aB 
 Device C 45.163±9.103aA 43.173±7.054aAB 0.000(0.000)aB 
 Device D 40.571±5.756aA 37.756±2.337aA 0.000(0.000)aA 

CM2 Device A 42.203±4.659aAB 38.773±2.684aA 0.000(0.000)bB 
 Device B 42.556±5.080aAB 44.304±5.966aA 0.000(0.000)bB 
 Device C 39.793±2.653aA 45.553±4.130aA 0.000(0.000)bB 
 Device D 45.810±4.527aA 34.331±8.826aABC 1.620(0.486)aA 

AF1 Device A 44.483±11.449aAB 33.244±6.347abAB 0.000(0.000)bB 
 Device B 39.704±6.987aAB 16.339±3.890bCD 0.000(0.000)bB 
 Device C 55.408±1.794aA 22.171±0.204abB 0.000(0.000)bB 
 Device D 42.402±6.971aA 33.182±3.773aAB 3.143(0.859)aA 

AF2 Device A 51.703±8.464abAB 35.964±7.927abA 0.000(0.000)aB 
 Device B 36.228±5.019bAB 46.863±6.632aAB 0.000(0.000)aB 
 Device C 56.356±3.003aA 29.784±2.857bAB 0.000(0.000)aB 
 Device D 46.646±4.142abA 32.958±1.935abA 0.000(0.000)aA 

AM1 Device A 50.750±4.205aAB 19.374±4.804aBC 0.000(0.000)aB 
 Device B 53.009±5.880aA 16.629±1.972aBCD 0.000(0.000)aB 
 Device C 51.253±10.800aA 24.530±5.867aAB 0.000(0.000)aB 
 Device D 42.390±2.923aA 19.772±1.142aB 0.000(0.000)aA 

AM2 Device A 41.572±1.057aB 15.229±1.897bC 9.684(1.904)aA 
 Device B 34.058±4.315aB 9.181±0.070cD 8.974(1.605)aA 
 Device C 42.093±8.076aA 25.121±2.022aB 13.772(2.663)aA 
 Device D 38.732±1.794aA 12.274±1.326bcC 11.079(1.546)aA 

 

5. Conclusion 
This study conducted an experimental investigation of four 

commercial nasal sprays, using original drug formulations. 
Individual nasal differences, nasal spray devices, and 
formulation-related variables were assessed. The study 
investigated the effects of particle size, plume angle, and 
individual differences on nasal drug deposition for four 
commercial nasal spray devices through statistical 
experiments. The main conclusions are as follows: 

There is a positive correlation between the size of the nasal 
cavity and age, and their relationship follows a linear 
regression equation: y = 65.11 + 0.65x. However, the growth 
rate of the olfactory region's size slows down with increasing 
age, and its proportion decreases. 

The vast majority of particles deposit in the effective area, 
with the deposition order being: nasal septum > nasal 
turbinate > olfactory region. Additionally, most particles 
cannot reach the olfactory region for deposition. The 
deposition size distribution of nasal sprays in the nasal septum 
and nasal turbinate regions follows this order: Device B < 
Device A < Device D < Device C. 

An increase in the plume angle will enlarge the coverage 
area of the particles at the same distance from the nozzle, 
resulting in a more uniform deposition distribution. The 
particle size clearly influences the depth of deposition in the 
nasal cavity. Smaller particles are more easily delivered to the 
posterior regions of the nasal cavity. When the particle sizes 
of the devices are similar, the average deposition depth is 

consistent. However, an increase in plume angle causes 
greater fluctuations in deposition depth, as the spray pattern 
of the particles changes after atomization. 

Differences in age and gender have a major impact on the 
deposition distribution in the nasal septum and nasal turbinate 
regions, with older individuals and males exhibiting more 
favorable deposition patterns in these areas. This advantage 
becomes more pronounced with age. For patients of the same 
age and gender, no major differences in deposition 
distribution were observed in the nasal turbinate region. 
Compared to adults, children have smaller nasal passages, and 
during nasal drug administration, the deposition distribution 
of particles is less influenced by the patient. In contrast, in 
adults, due to the larger nasal passages, individual differences 
have a greater impact on particle deposition in various nasal 
regions. Under the same administration conditions, the drug 
is more likely to reach the posterior nasal cavity in children. 
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