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� A method was optimized for
quantifying silicone nasal cast
deposition of liquid formulations,
using nasal devices.

� Image analysis was completed by
fluorometric analysis to overcome the
problem of potential underestimation
of the image analysis.

� Droplet velocity was a critical
parameter, using a device emitting
droplets with low initial velocity
(<1 m/s), a uniform coverage of the
nasal cast was achieved.
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Introduction: The characterisation of nasal formulations is a critical point. However, there are still no rec-
ommendations or guidelines in terms of standard approaches for evaluating the formulation’s nasal
deposition and/or coverage profile. This study optimises a method for quantifying silicone nasal cast
deposition and coverage of liquid formulations using different nasal devices.
Objectives: The present work investigates the nasal deposition and coverage patterns of innovative nasal
spray nozzles producing slow velocity soft mists, using a nasal cavity replica and a fluorescent dye.
Methods: The study of the deposition pattern of a fluorescent liquid formulation in a transparent nasal
cast was carried out in both the presence and absence of a simulated inhalation flow. The extent of
the deposition pattern was investigated using ImageJ and fluorescence in the nasal cast, quantified by flu-
orometric analysis. The particle size distribution and initial droplet velocity were determined using a
laser diffractometer and a high-speed camera with a frame rate of 1000 fps.
Results: A uniform intranasal coverage was obtained with droplets of a volume median particle size
(Dv50) between 15 and 25 lm in airflow between 10 and 30 L/min. In these conditions, aerosol formu-
lations can be uniformly deposited in the vestibule and turbinate cavity nasal regions, with less than 10 %
passing beyond the nasopharyngeal region.
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Conclusion: The method applied allowed for the determination of the coverage of the nasal cast in differ-
ent regions using images analysis and fluorometric analysis. Droplet velocity is a critical parameter in the
deposition in the nasal cavity. With standard swirl nozzles, many droplets are found on the surface of the
nasal vestibule. Soft mist nozzles produce smaller droplets at a much lower initial velocity (<1 m/s),
resulting in a more uniform coverage.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

For many years, nasal administration has been limited to the
local delivery of antihistamines and corticosteroids. However, the
peculiar characteristics of this anatomical region offer a suitable
route for systemic administration of many drugs, including bio-
pharmaceuticals, access to the central nervous system via nose-
to-brain delivery, and the potential to administer vaccines [1,2,3–
10,11]. At the moment, spray pumps are the most commonly used
devices for administering nasal products [12,13]. Even so, a signif-
icant amount of the product is deposited on the anterior vestibule,
which is considered a less attractive region of the nasal cavity,
probably due to inertial impaction of particles with Dv50 greater
than 50 lm emitted with a relatively high velocity [12–14].

In addition to the delivery device and the characteristics of the
drug formulation, the deposition site and the patient’s use of the
device can contribute to the efficacy of the formulation [15].
Although the characterization of nasal products is a critical point,
there are still no recommendations or guidelines in terms of stan-
dard approaches for the evaluation of nasal deposition and/or dis-
solution profile of the formulation [16,17].

Several deposition studies have seen the use of transparent sil-
icone nasal cavity models. Although Koken� nasal cast model pri-
marily has an educational purpose, it can be used as a simple
tool to visualise the deposition area of both powder and liquid for-
mulations [18]. Another silicone nasal cavity replica was recently
proposed by Optinose� [19]. In these deposition experiments,
water finding colour-changing gels or pastes were used to high-
light the regions where the liquid formulation was deposited. Kun-
door and colleagues validated the use of Sar-Gel� (Sartomer
Europe, Colombes, France) and studied the deposition of three dif-
ferent commercial products with and without vacuum pump aspi-
ration [12].

The water finding Kolor-Kut� (Kolor Kut Products Co. ltd., Hous-
ton, TX, USA) was used successfully by Lungare and colleagues to
execute a deposition study on the Koken nasal cast [20]. However,
using these gels and pastes presents issues related to sensitivity
and background interference. Hence, we introduced the use of flu-
orescence to visualize and quantify the deposition of a nasal liquid
formulation in a transparent model of a nasal cavity. In this study,
we were able to show excellent deposition characteristics, compa-
rable with existing less patient-friendly nebulisers [21]. We did so
using an innovative and simple spray pump emitting a spray with
narrow droplet size distribution and volume median particle size
(Dv50) between 15 and 25 lm at a low spray velocity.
Materials and methods

Calcein (C30H26N2O13) (Carl Roth, Karlsruhe, Germany) MW
622.55 g/mol was used as a fluorescent dye. The formulation of cal-
cein (1 mg/ml) for the tests was prepared with a viscosity between
2 and 10 cP. The powder of calcein was solubilised in 80 lL of 1 M
NaOH, to which 25 % (w/v) or 60 % (w/v) glycerol aqueous solution
228
was added to obtain the respective viscosity of 2 and 10 cP and
preserve fluorescence over time (Figure S1).

Nasal spray pumps attached to a 10 mL HDPE vial for the study
are based on the 3 K� system from Aero Pump (Hochheim, Ger-
many). They contain a standard swirl nozzle emitting 100 lL per
actuation, or the optimized soft mist nozzle from Medspray
(Enschede, the Netherlands) emitting 45 lL (Figure S2). The soft
mist nozzle configuration contains 48 pores of 4 lm in diameter
with a spray cone angle of 20�.

The study of the deposition pattern was carried out in both the
presence and absence of a simulated inhalation flow, for which a
Copley LCP5 vacuum pump (Copley Scientific, Nottingham, United
Kingdom) was used. The airflow was controlled with a TSI 4040
flowmeter (TSI Inc., Shoreview, MN, USA). A silicone nasal cavity
model produced by Koken� (Model LM-005 Koken ltd., Tokyo,
Japan; Figure S3) was used to visualise the deposition area.

During the deposition experiments, the transparent septumwas
assembled to half of the cast in use. The spray pump device was
manually actuated once and twice inside the nostril at a 45� angle
in relation to the palate, and inserted 10 mm into the nostril.
Before spraying, a first reference image was acquired using a white
LED light. To detect the fluorescent dye, UV light CAMAG� UV
Lamp (Muttenz, Switzerland) with a wavelength of 366 nm was
used as a source of UV rays, and the camera was set with an expo-
sure time of 1/15 s. The ratio of focal length to effective aperture
diameter (f) was 5.6, with a focal distance of 16 mm and ISO 2000.

A black background was used and the positions and distances
between the camera and the cast were fixated. The digital camera
(Sony a 5100, Sony, Tokyo, Japan; 24.3 megapixels APS-C sensor)
was placed 15 cm from the cast. The camera’s optical lens was
equipped with a yellow filter (vhbw�, Bischofswerda, Germany)
to reduce background lighting of the lamp. Before each image
acquisition, the septum was removed.

The extent of the deposition area and the deposition regions has
been determined using the software ImageJ (U.S. National Institute
of Health, Bethesda, MD, USA). The procedure was repeated three
times for both the left and right sides of the cast. The image before
spraying was converted to an 8-bit grayscale image, while the
image acquired after spraying was converted to an 8-bit colour
image (Figure S4). A graduated scale positioned near the cast
allowed for the conversion of the number of pixels to mm2. The left
and right portion of the total cast’s surface area were divided into
arbitrarily constant regions of interest (ROIs) for all analysed
images (Fig. 1).

The threshold level range was fixated between a minimum
value of 11 and a maximum value of 256 for all images acquired
after spraying. The coating extension was calculated on the whole
portion of the cast, and within each individual ROI.

The quantitative analysis of the spray deposition by fluorometry
was assessed and divided into two theoretical portions: the upper
and the lower portion (Figure S5).

The fluorescent solution of calcein was sprayed twice consecu-
tively, into the cast. The sample relating to the lower portion of the
cast was obtained by inserting the cast inside a plastic container
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Fig. 1. Regions of Interest (ROI) obtained with the software ImageJ. 1: Olfactory region; 2: Middle turbinate; 3: Inferior turbinate; 4: Nasopharynx; 5: Vestibule.
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measuring 5 � 12 � 7.5 cm, in which the cast was immersed in
220 mL of ultrapure water for 1 min and then removed carefully,
avoiding splashes and ripples. The cast was then washed with
100 mL of ultrapure water to collect the fluorescence deposited
on the upper portion of the cast. The calcein concentration in sam-
ples was determined using a Spark multimode microplate reader
(TECAN, Mannendorf, Switzerland). The value of excitation was
495 and the emission was 535 nm. Ultrapure water was used in
the formulation and collecting solvent was used as blank. The
method was specific and linearity between 0.03 and 0.1 lg/ml
was assessed.

The particle size distribution of the sprays was obtained using a
Mastersizer S (Malvern Panalytical, Malvern, United Kingdom). The
open bench configuration was employed, the devices were posi-
tioned 10 cm from the laser beam and 5 cm from the lens, and acti-
vated manually. The analysis was then elaborated according to MIE
theory (refractive index 1.33; 3QAA) using the instrument software
(ver. 2.19, Malvern Instruments ltd., Malvern, UK).

A PhantomMiro M310 high-speed camera (Vision Research ltd.,
Wayne, NJ, USA) at a frame rate of 1000 fps was used to record the
spray plume dynamics. The droplets were illuminated against a
dark background, using a bright light source under a slight angle
with the camera’s optical axis.

Results and discussion

High viscosity spray deposition pattern analysis

The deposition of the soft mist produced by Medspray’s device,
containing the high viscosity (10 cP) calcein aqueous solution, was
analysed by selecting the range of (threshold) intensity levels
between 11 and 256 (Figure S4).

The viscosity of 10 cP combined with the actuation angle of the
device allowed for a deposition mainly in the upper portion of the
cast, with a major impact on the middle turbinate. Interestingly,
the deposition in the olfactory region of the nasal cavity corre-
sponded to 8.45 % in the left section and 10.03 % in the right sec-
tion. This was already the case after the first actuation, and
around 7 % for both left and right sides after the second actuation
(Table 1). Despite the encouraging results at a viscosity of 10 cP, a
lower viscosity could improve the coverage of the formulation cast
through control of droplet size distribution and velocity.

Quantitative analysis of the nasal cast deposition by fluorimetry
The fluorometric analysis could overcome the potential under-

estimation of the deposition in some areas of the cast, which are
not completely visible from the projection of the cast.
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Although the Koken� nasal cast cannot be physically divided
into several parts to be analysed separately like other nasal casts
[22], this simple subdivision obtained by differential immersion
in a washing container made it possible to validate and support
the data obtained by imaging. Most of the fluorescence (80 %)
was found in the upper portion of the cast (see Figure S6). Analysis
of the deposition images after the two actuations showed a greater
amount of deposition in the upper part (sum of the ROIs of the
middle turbinate and olfactory region). As expected, an underesti-
mation of the deposition was demonstrated using the image anal-
ysis approach which was only 64.9 % (left side) and 55.6 % (right
side).

Low viscosity spray deposition pattern analysis

A better distribution of the formulation on the cast was
observed after reducing the viscosity of the formulation to a value
of 2 cP. The deposition experiments were conducted under various
experimental conditions, as shown in Table 2 (see Figures S7 and
S8 as well). Although the droplets are distributed over a larger area
without the inhalation flow, 19.5 % of the coating was found in the
olfactory region when an inhalation flow of 30 LPM passed through
a single nostril.

In Fig. 2A a standard swirl nozzle delivered 100 lL of calcein flu-
orescent solution, while in Fig. 2B the soft mist nozzle delivered
90 lL. The latter device produced a 30 % larger and more uniform
coating extension than that obtained with a standard nasal pump
spray device (see also Figure S8). This effect was also observed in
a device with a soft mist nozzle with pores of 7 lm (Figure S7),
likely related to the larger droplet size and aerosol velocity.

Intranasal droplet size deposition pattern analysis

We used the Medspray soft mist nozzle as the droplet source,
which has an average initial droplet velocity of 0.8 m/s, in combi-
nation with a mild airflow of 10 L/min per nostril (Fig. 3).

Fig. 3B–D illustrates that droplets deposited in the turbinate
regions are typically much larger (40–160 lm) than droplets
deposited deeper in the turbinate region (10–40 lm) (Fig. 3B). This
is caused by the fact that smaller droplets experience more air
drag, making them more susceptible to the turbulent curved air-
flow in the turbinate region. The droplet velocity is also a critical
parameter to control deposition in the nasal cavity.

Only droplets between 10 and 40 lm were found in the olfac-
tory region (Fig. 3B). These droplets are emitted to a small extent
from the standard swirl nozzle as demonstrated by the particle size
distribution analysis (Figures S9 and S10). The ratio of the



Fig. 2. Coverage comparison: (A) Standard swirl nozzle spray deposition; (B) Selection of the deposition areas of A included in the threshold range; (C) Medspray soft mist
nozzle spray deposition; (D) Selection of the deposition areas of C included in the threshold range.

Table 2
Comparison of the extension of the area in the regions of the nasal cavity, with different devices and with or without inhalation flow.

Deposition Experiment Conditions

Device Soft Mist Nozzle
(4 lm nozzle)

Soft Mist Nozzle
(4 lm nozzle)

Soft Mist Nozzle
(4 lm nozzle)

Standard Nozzle Standard Nozzle

Inhalation
Airflow (L/min)

0 15* 30** 0 0

Number of
Actuations

2 2 2 1 2

Volume
Delivered (ll)

45 45 45 100 30

Nasal Cast ROIs Deposition Area (mm2)
Inferior Turbinate 322.61 98.11 73.73 54.02 12.43
Middle Turbinate 461.36 240.90 338.44 158.27 126.34
Olfactory Region 186.00 61.15 109.76 83.72 20.85
Vestibule 104.66 67.18 37.01 30.80 42.74
Nasopharynx 9.26 0.84 3.21 3.56 0.17
Total 1083.60 468.19 562.16 330.37 202.55

* Airflow of 30 L/min through two nostrils.
** One nostril blocked.

Table 1
Extension of the deposition area for each analysed region.

Number of Device Actuations

1 2 1 2

Left Section (mm2) Right Section (mm2)

Inferior Turbinate 6.82 ± 4.98 9.11 ± 4.49 8.22 ± 5.71 9.23 ± 5.65
Middle Turbinate 72.94 ± 7.48 108.03 ± 22.10 59.21 ± 5.37 90.91 ± 5.01
Olfactory Region 9.42 ± 4.89 13.43 ± 7.09 10.60 ± 4.78 13.10 ± 8.40
Vestibule 21.00 ± 8.40 56.20 ± 15.20 29.48 ± 6.35 73.12 ± 8.62
Nasopharynx 0.03 ± 0.03 0.18 ± 0.03 0.34 ± 0.19 0.62 ± 0.17
Total 110.21 ± 5.11 186.95 ± 14.28 107.85 ± 11.85 186.98 ± 12.23
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centrifugal force for the Stokes air friction force of the droplets,
scales linearly with the velocity of the droplets and scales square
with the size of the droplets. In order to reduce this ratio, it is nec-
essary to reduce both initial droplet velocity (ejection velocity) and
droplet size.
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Droplet velocity, droplet size and plume formation

To explain the large difference in droplet deposition for the soft
mist nozzle and the standard swirl nozzle, we used high-speed
photography to determine the initial droplet velocity and plume



Fig. 4. Droplet trajectories for the two spray nozzles (A) The Medspray soft mist
nozzle; (B) Magnification of the marked area in (A) can be observed as indicated by
the arrows. (C) The standard swirl nozzle. (D) Magnification of the marked area in
(C), Straight droplet trajectories can be observed as indicated by the arrows. See
corresponding videos for the plume dynamics.

Fig. 3. Droplet size deposition pattern of a Medspray soft mist nozzle (at 10 L/min
airflow): (A) Overview of the nasal cast deposition for one actuation; (B)–(D)
Enlargements at different locations in the upper turbinate region. There is a clear
decrease in the average drop size further down the intranasal region.
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formation (Figure S11). The spray of the swirl nozzle has an initial
velocity of about 13 m/s, spraying a total volume of 100 lL in
approximately 100 ms. However, the spray of the Medspray nozzle
has a much lower initial velocity of about 0.7 m/s, and sprays 45 lL
in 500 ms (videos available as Supplementary Materials). Further-
more, the Medspray soft mist nozzle produces much smaller dro-
plets (Dv50 15–25 lm) than the standard swirl nozzle (Dv50
60 lm) (Figures S9 and S10).

The standard swirl nozzle produces a short burst of droplets, all
travelling upwards in straight trajectories (Fig. 4C and 4D). In con-
trast, the Medspray mist nozzle produces droplets in a turbulent
droplet cloud (Fig. 4A and 4B).

The ballistic trajectories of the swirl nozzle droplets indicate
that most droplets are deposited only at the start of the nasal cav-
ity. In fact, the medium droplet size is determined by a competition
between the surface tension of the liquid and inertia [23]. In this
case the medium drop size scale is v�2=3, v being the velocity. In
practice, this means that small enough droplets for nasal adminis-
tration can only be obtained by increasing the velocity. The droplet
size of the Medspray soft mist nozzles is mostly determined by the
hole diameter and is therefore independent of the spray velocity.
This explains why the Medspray soft mist nozzle leads to better
coverage, as both droplet size and droplet velocity are smaller.
Conclusions

In this work, a method for quantifying silicone nasal cast depo-
sition of liquid formulations using nasal devices was optimised. A
formulation containing a fluorescent molecule made it possible
to accurately determine the amount of coverage on the nasal cast
in different regions using images analysis. Image quantification
was completed by fluorometric analysis. The used method allowed
for the comparison of the deposition area and regions reached by
the formulation emitted by nasal devices. We found that droplet
velocity is a critical parameter in the deposition in the nasal cavity.
Using standard swirl nozzles, many droplets are found on the
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surface of the nasal vestibule due to deposition and accumulation
of large primary droplets with a large initial velocity (>10 m/s) of
the liquid sprayed. Medspray soft mist nozzles produce smaller
droplets at a much lower initial velocity (<1 m/s), resulting in a
more uniform coverage.
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