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Abstract

Background: Experimental deposition was studied using three different mouth-throat models: (1) the standard
United States Pharmacopeia induction port (IP), (2) the idealized human mouth and throat replica developed by
the University of Alberta (UofA replica), and (3) the conductive rubber mouth—throat cast from a human subject
developed by Lovelace Respiratory Research Institute (LRRI cast).

Methods: Both solid and liquid monodispersed fluorescent particles in the size range of 2-30 um in diameter
were delivered into the devices at flow rates of 15, 30, and 60 L min '. For solid particles, the study was
conducted with and without grease coating inside the devices to investigate the effects of particle bounce.
Conclusions: Large amounts of rebounded particles were found for the IP and UofA replica without the coating
treatment, while particle bounce was only observed at the large particle size for the LRRI cast. The UofA replica
and LRRI cast agreed well for solid particles with coating treatments and liquid particles. The deposition results
from this study were also compared to data of in vivo deposition studies from the literature. The deposition
efficiencies in the UofA replica and LRRI cast were within the range of in vivo data, which showed a large scatter.
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Introduction

LOCAL DEPOSITION of pharmaceutical aerosols is an effi-
cacious way to treat respiratory disease. Inhalation
drug administration has two main routes: nasal and oral.
Nasal administration is limited to delivery to the nasal airway
in order to treat allergies, congestion, inflammation, and other
symptoms.” There oral inhalation is the general route for
drug delivery past the extrathoracic airways. Delivery of
aerosolized medication into a human lung depends on many
factors such as aerosol size and material, airway geometry,
and breathing flow rate.®* In general, deposition in the
oropharyngeal airways from the drug delivery device makes
up a substantial portion of the emitted dose, which affects the
lung dose.®*®) The goal of this research is to study how dif-
ferent drug formulations effectively end up in the lung. The
outcome of this research will increase success rates for pa-
tients suffering from cancer, cystic fibrosis, asthma, and
chronic obstructive pulmonary disease. Mouth-throat models
are generally used to account for the oral deposition of inhaled
drugs. A United States Pharmacopeia (USP) induction port
(IP) is intended to provide a common standard to compare
different formulations of an inhaler.”’ The IP collects most of

the fast moving large particles, which likely deposit in the
oropharynx region. Because of this, USP IP is also called USP
throat in many publications. However, it is important to point
out that USP IP cannot be a mouth-throat mimic.

Many studies used realistic mouth-throat models to conduct
studies of particle deposition. Mouth—throat replicas have been
used to determine the deposition mechanism in the oropha-
ryngeal region. Particle sizes from ultrafine (<0.1 um) to course
(around 30 um) were tested in an airway cast developed b
Lovelace Respiratory Research Institute (LRRI).®1 These
studies illustrated the dominant deposition mechanisms for
different particle size ranges, and the experimental results are in
good agreement with in vivo deposition data."® Numerous
authors have used this oral airway geometry in the computa-
tional fluid dynamics (CFD) simulation to study the flow and
particle transport."'*™'® Deposition efficiency obtained from the
CFD simulation agreed well with the experimental data.
Mouth-throat replicas were also used to determine the drug
delivery for the development of inhalation drugs or devices. Lin
et al.’ studied how the size of the mouth pieces affected par-
ticle deposition. Ali et al.*® and Dunn et al.?" tested metered
dose inhalers, dry powder inhalers, and nebulizers for specific
medicines with mouth-throat replicas.

Lovelace Respiratory Research Institute, Albuquerque, New Mexico.
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Stapleton et al.”? developed an idealized mouth-throat
replica at the University of Alberta. This model is an average
geometrical mouth-throat based on data from a computer
tomography scan, magnetic resonance imaging scan, and
living subjects. This idealized model has been the basis of
many studies, including in vivo, in vitro, and theoretical cal-
culations.®*”. These studies provide detailed information
of particle deposition in the mouth—throat region. Other in-
vestigators including Jayaraju et al.,® Longest et al.,®
Takano et al.®® and Xi and Longest(sn conducted studied
deposition of particles also with different geometries. The
CFD calculation was the basis for most of these studies.

Information on particle deposition in the USP IP is rare.
Longest et al.*” compared CFD calculations with some ex-
perimental data on particle deposition efficiency in the USP
IP; the theoretical calculation and experimental data agreed
well. Verseeg et al.®? reported a CFD calculation for particle
trajectory. However, no deposition data were presented.
Shrubb® studied drug delivery comparisons with and
without coating in the USP IP; only he presented the active
mass of the drug deposited in the IP. Zhang et al.®* pre-
sented experimental data of particle deposition in the IP with
coating, but they did not test the deposition without coating,
which is actually the standard practice with inhaler testing.
There are many publications regarding particle character-
izations with cascade impactors and USP IP; however, the
particle deposition efficiencies in the USP IP were not re-
ported as a function of particle size and flow rate. The
present study evaluated particle deposition in the USP IP, the
mouth-throat region of the human cast from LRRI (LRRI
cast), and the idealized mouth-throat replica developed by
the University of Alberta (UofA replica). The main purpose
of this study was to compare regional deposition of the three
models under the same test conditions. We also investigated
deposition patterns for solid and liquid particles to provide
more detailed information on the performance of the USP IP
under different conditions.

Materials and Methods

United States Pharmacopeia and physical
mouth—-throat models

The United States Pharmacopeia” defined a straight 90°
bend as a mouth—throat model or IP for impactors that are
used to evaluate inhalation drugs (Fig. 1A). The IP is the
current pharmaceutical industry standard apparatus for
impaction measurement of the aerosol size distribution.
Another mouth-throat model used in the present study, was
an “idealized” mouth-throat replica, the UofA replica, de-
veloped at the University of Alberta® (Fig. 1B). The ge-
ometry of the UofA replica was determined by averaged
data based on computer tomography scans, magnetic reso-
nance imaging scans, and living subjects. The last mouth—
throat model we used is a LRRI rubber cast (Fig. 1C).M The
oral portion of the cast was molded from a dental impression
of the oral cavity from a human volunteer. The mold of the
other portion of the replica was from a cadaver. The methods
for making the cast have been published.”” In order to
compare particle deposition behavior with and without
coating, sometimes, the test models were coated by filling in
and drawing off silicone lubricating fluids (550, Dow Corn-
ing Co. Midland, MI).
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FIG. 1. Photographs of three test models: (A) USP IP; (B)
UofA replica; (C) LRRI cast.

Particle generation and size measurement

Monodisperse sodium-fluorescein-tagged oleic acid parti-
cles were generated by a vibrating orifice monodisperse
aerosol generator (VOAG, Model 3050, TSI Inc., St. Paul MN)
as liquid test particles. Particles in the diameter range of 2 to
30 um were used. A pressurized tank was used in the liquid
feeding system to provide a steady, continuous liquid solu-
tion to the generator.®® This modified system can generate
particles for several hours. An aerodynamic particle sizer
(TSI Inc.) was used to monitor and adjust the aerosol size
distribution. Only aerosols with a geometric standard devi-
ation <1.1 were considered as monodispersed. In terms of
solid particles, seven different sizes of polystyrene latex
(PSL) fluorescent aerosols (Duke Scientific, Palo Alto, CA)
were used. Particles with a diameter of >5um were gener-
ated as dry powders by a small-scale powder disperser
(Model 3433, TSI Inc.), and particles with a diameter of
<5 um were generated from a medical nebulizer (Hospitak,
Lindenhurst, NY). Figure 2 shows the experimental setup for
the test. Monodisperse aerosols were generated and neu-
tralized by a Kr-85 source before entering the chamber.
When the nebulizer or small-scale powder disperser was
used as an aerosol generator, the vibrating orifice monodis-
perse aerosol generator was used as an air dilutor to provide
enough air to the chamber. Three test throats were placed at
the end of the chamber. Each throat was connected with a
47-mm glass fiber filter to collect penetrated particles. The
sample flow rates were set at 15, 30, and 60 L/min.

Aerosol uniformity at sampling points

The locations of models were placed at sampling points 1,
2, and 3 (Fig. 2). This was done in order to determine whe-
ther test particles were well mixed in the chamber. The
uniformity of the particle concentration at the three different
sampling points was tested by generating salt particles,
which are easily generated from the Hospitak nebulizer. The
aerosol number concentration, count median diameter
(CMD) and geometric standard deviation (GSD) were mea-
sured with the aerodynamic particle sizer.

Sample and statistic analysis

After each test, particles deposited in the surface of the
throats were rinsed out by using a solution consisting of 50%
isopropyl and 50% distilled water for oleic acid particles, and
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FIG. 2. Schematic of experimental setup and locations of
three sampling points.

100% ethyl acetate for PSL particles. All filters were also
placed in the solutions for 24 h. The relative concentrations of
fluorescent tracers in the solutions were measured with a
fluorometer (Model 450, Sequoia-Turner Corp., Mountain
View, CA). One drop (3540 uL) of 1N NaOH was applied
into each glass tube, which contains around 6 mL of sample
to stabilize the fluorescence. The relative concentration of the
fluorescent tracer in the solution was calculated by taking
account of the sampling flow rate, sampling time, and dilu-
tion factor. The deposition efficiency of the each device was
obtained by dividing the relative concentration of the fluo-
rescent tracer in the device by relative concentration of the
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TaBLE 1. AEROSOL UNIFORMITY IN THE TEST CHAMBER

Sampling point #1 #2 #3

Total concentration 5.01+0.06 5.014+0.07 5.20+0.11
(1000 x#/cc)

CMD (um) 099+0.01 1.004+0.01 0.97+0.01

GSD 1.60+0.01 1.60£0.00 1.60=+0.00

CMD, count median diameter; GSD, geometric standard devia-
tion.

fluorescent tracer in the device and filter. Each data point
was an average value of triplicate tests and all error bars in
the figure were standard deviations of the triplicates.

Results

Particle concentrations, count median diameters, and
geometric standard deviations at three sampling points (see
Fig. 2) are listed in Table 1. Results indicated no significant
differences for all parameters among these three points.

Liquid particle deposition

Liquid particle deposition in these three models was
also conducted. As shown in Figure 3, no particle bounce
was found. The LRRI cast and the UofA replica showed
very similar results at each flow rate. The USP IP appeared
to have lower a deposition efficiency than the other two
models.

Solid particle deposition

Figure 4 shows the comparison of PSL particle deposition
in three models without inside grease coating at different
flow rates. Deposition efficiency increased with the increase
of the particle size and reached a maximum of around 20 ym,
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FIG. 3. Deposition of oleic acid particles in three models at three flow rates.
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FIG. 4. Deposition of PSL particles in three models without inside grease coating at three flow rates.

and then decreased with the increase of the particle size. This
result indicates that the particle bounce occurred when par-
ticles were larger than a critical size. In general, higher flow
rates result in higher deposition efficiencies. The LRRI cast
showed less bounce than the other two models especially at a
high flow rate. As a comparison, the grease coating was
provided inside each model during the experiments. The
deposition results are shown in Figure 5. The particle bounce
still occurred for particles larger than 30 um in diameter, al-
though it was not significant as the ones without grease

coating. The deposition efficiency curves of the LRRI cast
and the UofA replica were very similar.

Deposition of liquid particles versus solid particles

Because inhalation drug delivery involves liquid and solid
formulations, it is important to know the deposition behavior
of liquid and solid particles. Figure 6 compares the deposi-
tion efficiencies of oleic acid and PSL (devices were coated)
particles in those three models with the inhalable particles
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FIG. 5. Deposition of PSL particles in three models with inside grease coating at three flow rates.
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FIG. 6. Deposition efficiencies of liquid (oleic acid, filled
symbols) and solid (PSL, open symbols) particles as a func-
tion of impaction parameter for inhalable particle size
(<10 ym in diameter).

(diameter <10 um), in which the deposition efficiencies are
very close to each other. This result indicates that both liquid
and solid formulations can be evaluated in these devices
without considering the effect of bounce as long as the de-
vices are coated.

Comparison with other studies

There is much oral deposition data available in the liter-
ature including in vivo data, LRRI cast data, UofA replica
data, and the semiempirical equation. As each experiment
used a different flow rate, it is difficult to compare the results
at the same flow rate. Therefore, an impaction parameter
(pd*Q) was introduced for comparison of all results obtained
from the literature(!*3*3¢-42) (Fig. 7). To eliminate the re-
bounce of the particles, the data in Figure 7 from our current
study was only for particles with sizes below 10 um. This
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FIG.7. Comparison of mouth-throat deposition efficiencies
from this study (both liquid and solid particles below 10 yum
in diameter) with other in vitro and in vivo studies from the
literature as a function of impaction parameter.
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FIG. 8. Deposition for the LRRI cast plotted with Stokes
number with Reynolds number correction compared to the
empirical model developed by Grgic et al.?¥

included liquid and solid (with coating) particles. The LRRI
cast and UofA replica were within the deposition area.

The scatter in Figure 7 is due to the different oral geometry
of subjects and casts. As the traditional independent variable
presenting mouth and throat deposition, the impaction pa-
rameter dose not account for the influence of the geometry
and inlet condition.®” The LRRI cast data was also plotted as
a function of the Stokes number with a Reynolds number
correction introduced by Grgic et al.*” and compared to
their empirical equation (1 —1/(11.5(Stk ReP)12 4 1) as
shown in Figure 8. The calculation of Stokes number and
Reynolds number are derived in Equations 4 and 5 of Grgic
et al.®¥

The experimental data was also compared to published
CFD calculations. Some calculations were based on the oral
replica used in this study,®?>?**® while others used dif-
ferent geometries.”’*” Figure 9 shows the results of CFD
calculations compared with the current experimental data for
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FIG. 9. Computational fluid dynamics numerical simula-
tions from the literature for mouth-throat and USP IP ge-
ometries compared to the present study (only liquid particles
with all sizes).
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all sizes of oleic acid particles as a function of impaction
parameter. Good agreement was obtained between experi-
mental data and the CFD calculation for mouth-throat
models for most calculations although different numerical
methods were used. Only one calculation®® overestimated
the deposition. The USP IP calculation was slightly lower
than experimental data.

Cut point of the United States Pharmacopeia throat

As the induction port of a pharmaceutical impactor, the
USP IP has not had a cut-point diameter. However, in some
cases, a cut-point diameter of the USP IP is necessary to
calculate the inhalation drug distribution. Figure 10 shows
the particle deposition data in the USP IP and fitting curves
listed below at the flow rates of 30 and 60 L/min:

1

Deposition Fraction=1— Ata-d)

@

where d, is the particle aerodynamic diameter, a =2.26 x 1074
b=2.80 for 30 LPM and a=1.68 x 1076; b=4.98 for 60 LPM.
The cut-point diameter for 15 L/min could not be obtained, as
the particle deposition efficiency was below 50% at the highest
particle size in this study. From the equations of the fitting
curves, the cut-point diameters of the USP IP are calculated as
20.2 and 14.4 um, respectively, at 30 and 60 L/min.

Discussion

Particle bounce occurred at all flow rates for solid parti-
cles, even the devices coated with grease. Liquid particles are
preferred for calibrating devices used for dispersing large
particles. Solid particles <10 um in diameter should not
bounce if the device is coated with grease. For particles
<10 um in diameter, the deposition efficiencies in the LRRI
cast were very close for solid and liquid particles with and
without coating. Therefore, the LRRI cast is a good model
that evaluates the dry powder inhaler especially when the
coating materials are considered to affect the assay result.

Flow rate is an important issue for particle deposition in
the devices. Basically, low flow rate reflected low deposition
efficiency in any case. The deposition of solid particles in a
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FIG. 10. The fitting curves and experimental data of the
USP IP deposition for the cut-point diameter calculation.
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coated device agreed well with that of liquid particles at the
flow rates of 30 and 60 L/min. However, at a low flow rate of
15 L/min the difference of deposition differed widely be-
tween solid and liquid particles when particles were >10 ym
in diameter. This phenomenon only happened at 15 L/min.
It is possible that solid particles still bounced in the devices at
a high flow rate but deposited on the wall upon contacting it
the second time. However, for low flow rates, there was not a
second contact made with the wall and the particles passed
through the replicas after the first bounce.

This study showed that the particle deposition in the UofA
replica agreed with that of the LRRI cast in most cases. To
investigate particle deposition behaviors in the oral-throat
region, the UofA replica is a good simulator.

The United States Pharmacopeia induction port was con-
sidered as a simulation of the human throat in some reports.
However, according to this study, the particle deposition
behavior in the USP IP did not agree with the other two
casts. Similar observations were also reported when com-
paring deposition in the IP and oral cast for aerosols from
several pMDIs."® We would only recommend its use as a
preseparator for large particles for inhaled drug character-
ization. In the case of pMDIs, deposition in the IP would be
difficult to be included in the overall size distribution be-
cause deposition in this case is a result of both size and
velocity from the pMDL

Conclusions

Both latex and oleic acid monodisperse particles were
used to investigate the deposition behavior of three mouth—
throat models. Experimental results showed good agreement
between the LRRI cast and the UofA replica at test flow rates
with all size ranges of oleic acid particles and latex particles,
if the UofA replica was coated with grease. However, results
varied widely for latex particles between these two models
without the coating. It is suggested that the UofA replica be
coated when the dry powder inhaler is tested. This study
only compared total deposition efficiency of the models; no
local deposition information was provided.

Deposition results of the UPS IP were not in the mouth—
throat deposition range obtained from a human volunteer
study. This indicates that the UPS IP is not a good model for
the simulation of the mouth-throat region, but can be used
as a preseparator with a cascade impactor for pharmaceutical
aerosol characterization. The cut-point diameters of the USP
IP at 30 and 60 L/min were obtained in this study to help
determine the largest particle size setting from the size dis-
tribution calculation.
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