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ABSTRACT

Purpose Effective nasal drug delivery of new-generation systemic
drugs requires efficient devices that can achieve targeted drug
delivery. It has been established that droplet size, spray plume,
and droplet velocity are major contributors to drug deposition.
Continual effort is needed to better understand and characterise
the physical mechanisms underpinning droplet formation from
nasal spray devices.

Methods High speed laser photography combined with an in-
house designed automated actuation system, and a highly precise
traversing unit, measurements and images magnified in small field-
of-view regions within the spray was performed.

Results The qualitative results showed a swirling liquid sheet at
the near-nozzle region as the liquid is discharged before ligaments
of fluid are separated off the liquid sheet. Droplets are formed and
continue to deform as they travel downstream at velocities of up
to 20 m/s. Increase in actuation pressure produces more rapid
atomization and discharge time where finer droplets are
produced.

Conclusions The results suggest that device designs should con-
sider reducing droplet inertia to penetrate the nasal valve region,
but find a way to deposit in the main nasal passage and not escape
through to the lungs.

KEY WORDS atomization - droplet size - droplet velocity -
nasal spray - spray plume
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INTRODUCTION

The need to develop new and innovative drug delivery sys-
tems is crucial for improved patient compliance, cost-
effectiveness, and reduction of systemic side effects. The nasal
route for delivery of new vaccines is an attractive proposition
due to the possibility of obtaining a systemic and local re-
sponse (1-3). However a number of spray deposition studies
wn-viwo (4,5), in-vitro (6), and computational (7,8) have found
spray droplets producing high deposition in the anterior half
of the nasal cavity. Based on the inertial property theory (9),
droplet size, and velocity are implicated for the high
deposition.

The nasal cavity is an extremely complex anatomy with its
primary function to humidify and filter foreign aerosols from
the inhaled air before it reaches the lungs, and not for deliv-
ering drugs to the main nasal passage. The nasal anatomy
exhibits narrow passageways highlighted by the anterior nasal
valve region. This triangular valve-like region has the smallest
cross-sectional area located approximately 2-3 cm from the
nostril inlet (10) and acts as a flow limiting region (3) before
expanding into the main nasal passage. The mucus lining
surfaces help to trap larger acrosols that are unable to navigate
through the narrow passageways, and mucociliary clearance
removes these acrosols via the gastrointestinal tract or by
manual forced effort. These conditions present a hostile envi-
ronment for drug delivery into the main nasal passage where
rapid absorption across the mucosa into the blood stream can
occur (Fig. 1).

The aqueous spray pump is the dominant delivery device
in the nasal drug delivery market (11) which relies on an
actuation force to atomize the drug formulation as it is
discharged from the device. The underlying objective of the
device 1s to deliver sufficient drug formulation to the target
site, attributed to many factors. Kundoor and Dalby (12)
evaluated the effect of formulation and administration-
related variables and found that the deposition area decreased
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Fig. I Schematic of nasal cavity showing region for targeted drug delivery for
absorption through the mucosa and into the blood stream.

with increasing viscosity but this was mediated by an increase
in droplet size and a narrowing of the spray plume. Foo ¢t al.
(13) found that insertion angle and plume angle are critical
factors in determining deposition efliciency and this was con-
firmed by a number of computational simulations (8,14,15).
Cheng ¢t al. (16) evaluated four nasal spray pumps and found
that spray plume and droplet size distribution were important
factors in deposition. Based on these studies if a spray device
can produce a combination of desirable spray characteristics
(e.g. spray plume, viscosity, insertion angle, droplet size distri-
bution) then more efficient drug delivery systems can be
produced.

Assessment of the different spray characteristics and factors
associated with the spray device itself is critical for a better
understanding of effective device design. Guo and Doub (17)
characterised the droplet velocity and droplet size distribution
and found that the stroke length of the internal spray device
and actuation velocity had an impact on droplet size distribu-
tion and spray plume geometry. Dayal ¢/ al. (18) measured the
droplet size distributions influenced by formulation viscosity
while Doughty et al. (19) and Kippax et al. (20) investigated the
influence of actuation force. In a series of studies by Fung ez al.
(21,22), both the external spray characteristics and droplet size
distributions were measured which revealed three main
phases of spray development (pre-stable, stable, and post-
stable), each of which produced varying droplet size
distributions.

In a continuing effort to better understand and characterise
the physical behaviour of nasal spray development, this paper
presents for the first time, high resolution images of spray
atomization, and detailed velocity and droplet size distribu-
tions. Measurements are taken at different moments during

atomization and at 11 locations given that the parameters
vary spatially and temporally. Unlike previous studies that
use Laser Doppler Anemometry, high speed laser image pho-
tography is used to capture the fast moving spray in high
resolution to reveal the mechanisms in nasal spray
development.

METHODS

An in automated actuation system was developed by the
authors, that used a pneumatic actuator with a two-way
solenoid valve controlled by a programmable logic control
(PLC) (Fig. 2). The spray bottle used is a commercially avail-
able nasal spray device kindly provided by Glaxo Smith Kline,
capable of delivering 200 sprays per bottle with 50 mcg of
formulation per actuation claimed by the pharmaceutical
company for normal operation. A back pressure is supplied
by the pressure mains and is adjustable by a pressure regula-
tor. In the experiment, the pressure was set as 2.05, 2.45 and
2.65 bar, representing a typical range of hand operation by
adults. The whole system is placed on a traverse unit, so it can
be manoeuvred with high precision (+/—17 pm) to a desired
location for measurement.

The high speed photography used a Particle/Droplet Im-
age Analyser (PDIA) system that included a New Wave
120 mJ double-pulsed Nd:YAG laser with a SensiCam 12-
bit digital charge-coupled device (CCD) camera (1,280 X%
1,024 pixels). The spray images were captured with long-
distance micro-scope lens with magnification of 2.23 to
achieve a physical size field-of-view (FOV) of 3.85 mmXx
3.08 mm with resolution of 3.01 pm/pixel. This means that
to capture the complete spray plume in the near nozzle region,

11 FOV regions are required. Figure 3 shows the FOVs where
cach row (R)islabelled, from R1 (closest to the spray orifice) to

Fig. 2 Experimental setup of the high speed photography using a Particle/
Droplet Image Analyser system.
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Fig. 3 Field of View (FOV) regions used for analysis of the spray in the near
nozzle region.

R4 (furthest distance from the spray orifice), while each col-
umn (C) is labelled from C1 to C5 from left to right for rows
R3S, and R4.
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The PDIA system captures two images sequentially sepa-
rated by 6 pus. Velocities are calculated based on the displace-
ment of each droplet from the paired images, divided by 6 ps.
To achieve sufficient statistical average a set of 100 image
pairs for each FOV region and at three different moments in
time was obtained. The PDIA system detects each droplet and
its diameter by an automated segmentation threshold algo-
rithm located on the focal plane (23). Further details of the
image processing and droplet analysis has been reported by
the authors earlier in Inthavong et al. (24).

RESULTS
Spray Plume Development

The spray plume development within the first 3 mm of the
spray nozzle during one actuation cycle for a 2.05Bar case is
shown in Fig. 4. In this region the spray first develops into a
tulip shape before expanding into a cone as a liquid sheet and
no droplets are formed at all. This implies that droplet for-
mation occurs further downstream and that this has influence
on a user’s insertion angle and depth as to where the droplets
will first form inside the nasal cavity. The liquid sheet swirls

Fig. 4 Spray atomization development at 2.05Bar taken at region R1. The timing first begins from the moment actuation begins.
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Fig. 5 Spray atomization
development profiles at (a) 2.45Bar
and (b) 2.65Bar taken at region R1.
The timing first begins from the
moment actuation begins.
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Fig. 6 Spray images in each of the FOV regions within (@) Row 3 and (b) Row 2.
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violently from the actuation force before collapsing as the
liquid finishes discharging. For actuation pressures of 2.45
and 2.65 Bar the images showed qualitatively similar liquid
sheet development but the actuation cycle 1s completed in
successively quicker time with increasing pressure (Fig. 5).
Spray atomization duration for each pressure case are
2.05Bar—229 ms, 2.45Bar—170 ms, 2.65—150 ms. There is a
slight delay between the beginning of actuation and the in-
stance at which the liquid formulation first discharges because
of the force required to overcome the internal atomizer. The
total spray discharge times are: 2.05Bar—144 ms, 2.45Bar—
129 ms, 2.65—-127 ms.

Downstream from the nozzle in row R2, the liquid sheet
breaks up into ligaments before atomizing into droplets.
Figure 6b shows the droplets forming around the rim of the
liquid sheet as it begins to disintegrate into droplets. The
swirling nature can also be visualized in the ripples along the
surface of the liquid sheet. Established droplets found in Row
R3 (Fig. 6a) show that the shapes are not necessarily spherical
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given the continual deformation as the droplets move through
the quiescent surrounding air. The FOV, R3 is at a distance of
6.16 mm to 9.24 mm from the nozzle, while its width is 1 1 mm
from the spray centre, which is of similar order to the dimen-
sions of the anterior nasal cavity. The continual droplet de-
formation can lead to secondary breakup where the droplets
breakup into subsequent smaller droplets (25). The images
found in row R4 are similar to that of row R3, and therefore
are not shown for brevity.

Droplet Size Distribution

Droplet size distribution measurements, by volume mean
diameter, are taken at two different times during actuation,
;=126 ms, t,= 168 ms for 2.05Bar case and #,=88 ms and t,=
134 ms for 2.65Bar case (Fig. 7) and these instances of time
can be referenced with spray development by the images in
Figs. 4 and 5. The central FOV columns, C2, C3, and C4
along rows R3 and R4 are given. The general shape of the
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Fig. 7 Droplet size distributions of the volume mean diameters obtained for six FOVs along the rows R3, and R4 at (a) 2.05Bar, t;= 126 ms (b) 2.05Bar, t,=

168 ms, (c) 2.65Bar, t;=88 ms and (d) 2.65Bar, t,= 134 ms.
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droplet size distribution is a skewed distribution with a peak
ranging between 50 pm and 110 pm. Comparisons between
each of the FOVs shows some disparities. A larger percentage
of finer droplets are found in row R4 and this is particularly
more significant for the higher actuation pressure case. Over-
all the 2.65Bar case produced a skewed distribution towards
the left which means that a larger percentage of finer droplets
are produced.

Droplet Velocity

Droplet velocities were obtained from two sequential snap-
shots separated by 6 ps in time. Two sample image pairs in
Fig. 8 with grid spacing of 337 um show the droplets’ trajec-
tory and its velocity determined through the distance of its
trajectory over the period of time. The droplets in subregion
R2-right contain streaks of liquid ligaments, which are present
due to the liquid separating from the liquid sheet as it forms
droplets for the first time. Subsequently droplets can be seen
deforming and rotating as it moves further downstream. This

suggests the droplet size is dynamic and has potential to
further atomize or shatter upon deposition on the mucosal
surface of the nasal cavity.

The average droplet velocity across the spray width for
each of the FOV regions along rows R3 and R4 are shown
in Fig. 9. For a low actuation pressure of 2.05Bar, a parabolic
velocity profile is found with peak velocities occurring in the
middle regions of the spray while at the spray periphery, low
velocities occur. In contrast the velocity profile remains rela-
tively constant around 21 m/s across the width of the spray,
for an actuation pressure of 2.65Bar.

DISCUSSION

An understanding of the physical mechanisms underlying the
atomization process from a nasal spray device can reveal
important information leading to more effective device design.
The atomization period is in the order of 150200 ms, ap-
proximately 10% of a light inhalation breath with period of 2 s

Fig. 8 Spray images in sub-regions
within the FOV regions (a) R3C4
and (b) R2-right. Each image is
separated by 6 us in time. The initial
image is brighter than the latter as
the influence of the flash diminishes
over the short period of time. Each
square grid is 337 Um microns in
size. The highlighted circle is an
example of tracking individual
droplets and its trajectory between
the paired images.

(a) Sub;region within the FOV regio 3C4

£

(b) Sub—egion within the FOV region2—right
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Fig. 9 Averaged droplet velocity across the rows R3 and R4, taken at (a)
2.05Bar for t;= 126 ms and, t,= 168 ms, (b) 2.65Bar, t; =88 ms, t,= 134 ms.

(26). This means that unless the inhalation is quite extreme,
then a user’s breathing profile is insufficient to have an influ-
ence on the droplets. This is reinforced by the average droplet
velocity reaching up to 20 m/s, which compares with a steady
inhalation breathing at 20 L./min achieving velocities in the
order of 0—4 m/s (14).

The images show the presence of a liquid sheet in the near
nozzle, up to 6.5 mm from the nozzle. Droplets are therefore
produced at a short distance from the nozzle, referred to as the
break-up length, in an annulus structure or hollow cone rather
than a solid spray cone. At this break-up length the droplets
are at its largest diameters (along with streaks of liquid liga-
ments), since further downstream it secondary break-up oc-
curs and finer droplets are formed. This suggests that spray
nozzle orientation and location within the nasal cavity is
important as the large droplets with high velocities exhibit
greater momentum and tend to move in a trajectory aligned

@ Springer

with the spay device orientation. The narrow passageway of
the nasal cavity makes impaction a high probability for inertial
dominant droplets.

Interestingly there is a variation in the droplet velocities
across the radial distance in the spray plume for the 2.05Bar
actuation pressure, while the increased actuation effort for the
2.65Bar produces greater velocities but overall smaller droplet
sizes. Swirl chambers inside atomizers can be reconfigured to
produce greater swirl thereby reducing the inertial property in
the aligned velocity direction (e.g. its axial coordinate), and at
the same time produce finer droplets. The nebulizer pumps
traditionally used for oral delivery is well known to produce
lower velocities and finer droplets and it 1s these properties
that may be the primary cause for deposition beyond the
anterior nasal cavity by nebulizers compared with spray
(6)—although these finer droplets increase lung deposition,
and are ideal for pulmonary drug delivery, not nasal drug
delivery.

Given the high velocities and large droplet formation in the
near nozzle from hand actuated spray pumps, new device
designs are needed to overcome these barriers to reduce
droplet deposition by inertial impaction in the anterior nasal
cavity. The reduction of droplet inertia is most sensitive to
droplet diameter since the inertia is proportional to the square
of droplet size multiplied by the air flow velocity, o¢ & U This
reduction causes the droplets to trace or follow the air flow
streamlines more readily enhancing the transport through the
nasal valve. On the downside, if the droplets become too
small, then the droplets follow the airflow paths too faithfully,
leading to deep lung deposition—ineffective for nasal drug
delivery but critically important for pulmonary drug delivery
of powder formulations.

To overcome the problem of low inertial droplets entering
the lungs, a recent design called the Optinose Bi-
Directional™ nasal spray device requires the user to exhale
into a mouthpiece which causes the soft palate to elevate and
close off the nasal cavity from the pharynx, thereby producing
a closed loop between one nasal chamber and the other (3).
Atomized droplets that penetrate the nasal valve region then
have to navigate through both chambers thereby increasing
the exposure to the nasal walls for deposition.

In summary, traditional mechanical nasal spray devices
deliver drug droplets that need to penetrate the narrow
triangular-shaped nasal valve region to target sites of the nasal
mucosa or the olfactory nerves. An optimum design would
deliver droplets through the narrow nasal valve region, and
then induce disturbances in the flow streamlines to enable
these droplets to deposit in the main nasal passage surfaces.
This remains a challenging prospect for the industry. A novel
design in the Optinose Bi-Directional™ device (3) provides
one solution; while CFD studies have shown that droplet
diameters in the order of nanoparticles can induce more
dispersed droplet deposition throughout the entire nasal
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cavity, due to the increased Brownian diffusion behavior (27).
At this stage atomization of a liquid spray by mechanical
means cannot produce such fine droplets. Further complicat-
ing this 1s the agglomeration of nanoparticles, which tend to
increase the droplet sizes back up to 100 nm to 1 um. A
further alternative is to decrease droplet size through in-
creased actuation effort but this comes with higher droplet
velocities—however if the liquid swirl could be increased then
the droplet inertia energy can be transferred from its linear
component into the radial and tangential components.

CONCLUSION

Using high speed laser photography this paper presents high
resolution imaging of the spray formation from a nasal spray
device to provide greater insight into the physical mechanisms
of spray atomization. Increasing actuation pressure produces
more rapid atomization and discharge time where finer drop-
lets are produced. The qualitative results showed that device
designs should consider reducing droplet inertia to penetrate
the nasal valve region, but find a way to deposit in the main
nasal passage and not escape through to the lungs.
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