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ABSTRAC T |

Objectives: An impactor is a standard instrument that applied for particle deposition assessment in the pharmaceutical aerosols. It provides data
comparison between inhaler formulations. However, the deposition pattern in the impactor is not clearly understood. In practice monodisperse
aerosols were employed to calibrate the impactor.

Materials and Methods: This study used polydisperse aerosols together with the computer simulation to track the particles in the impactor to
understand the deposition pattern. Particles deposited on each stage of the Andersen cascade impactor were compared with its stage cut-off
diameter using polydisperse aerosols by three particle sizing techniques. The relationship of cut-off diameter with particle size distribution was
established for each stage. Also, the computational verification was used to complement the real experiments.

Results: Projected diameters from microscope images showed that the size of particles varied on the stage’s collection plate, and the median size
of each stage decreased along the lower stages from 8.53 to 0.92 um. The median sizes measured by laser diffraction were close to the impactor's
cut-off diameters. /n silico data showed that the outlet mass fractions gradually changed in size towards the lower stages.

Conclusion: Polydisperse aerosols and in silico computer fluid dynamics may compliment to standard calibration method.
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Amag: Impactor farmasétik aerosollerde partikil birikiminin degerlendirmesi icin uygulanan standart bir aractir. inhalasyon formilasyonlar
arasinda veri karsilastirmasi saglar. Bununla birlikte, impactordeki birikim sekli tam olarak anlasilamamistir. Uygulamada, impactort kalibre etmek
igin monodispers aerosoller kullanilmistir.

Gereg ve Yontemler: Bu galismada, birikim seklini anlamak igin impactordeki partikilleri izlemek igin bilgisayar simdlasyonu ile birlikte polidispers
aerosoller kullanilmistir. Andersen cascade impactorin her kademesinde biriken partikiller, ¢ partikul boyutlandirma teknigi ile polidispers
aerosoller kullanilarak ilgili limit ¢api ile karsilastirilmistir. Limit ¢api, her kademe igin partiktl buyUkligu dagilimi ile iliskilendirilmistir. Ayrica
gergek deneyleri tamamlamak igin hesaba dayali dogrulamasi kullanilmistir.

Bulgular: Mikroskop goruntulerinden projeksiyon gapi, partikil boyutunun kademe plakasi Uzerinde degistigini ve her bir kademenin medyan
boyutunun alt kademelerde 8,53'den 0,92 um'ye dustugini gdstermistir. Lazer kirinimi ile lgtlen ortalama boyutlar, impactortn limit ¢aplarina
yakindi. In silico verileri, gikis kitle fraksiyonlarinin boyut olarak alt kademelere dogru yavas yavas degistigini gostermistir.

Sonug: Polidispers aerosoller ve in silico bilgisayar sivi dinamigi standart kalibrasyon yontemine uygun olabilir.

Anahtar kelimeler: Partikul buyukligu dagilimi, bilgisayar sivi dinamigi, andersen cascade impactor, polidispers aerosoller
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INTRODUCTION

The particle deposition pattern and air flow in the pulmonary
system are of great importance for pulmonary drug delivery. An
impactor is a standard instrument applied for particle deposition
assessment of pharmaceutical aerosols. Even if the impactor
does not perfectly represent a realistic respiratory tract, it
provides data for comparing formulations and products." The
Andersen cascade impactor (ACl) is a conventional cascade
impactor that has been used in various aerosol studies.?* The
ACI has been developed to characterize aerodynamic particle
size distribution (PSD) and particle deposition, by using an
inertial impactor so that the aerodynamic size affects the inertial
forces, and different sizes are collected on individual collection
plates.® The standard ACI has eight stages. Each stage has been
designed to collect particles in a range of inertial forces that
are affected by nozzle size and flow patterns. The impactor
stage specifically traps aerosol particles according to a cut-
off diameter, and the collected mass represents the aerosol
amount in the size range of that stage.

Other particle assessment techniques include laser diffraction,
time of flight, and microscopy, giving PSD. De Boer et al.®
successfully developed a laser diffraction technique to measure
micronized powder aerosols. Laser diffraction has been used
to determine the size of deposited particles either prior to
or subsequent to entering through the impactor.”® Haynes et
al’ showed a good correlation between the volume median
diameter and the mass median aerodynamic diameter (MMAD)
obtained by Spraytec® and the ACI, respectively, with R2=0.8037.
The particle deposition is reproducible and there is a strict
correlation with the impactor in the case of liquid formulations.®
Microscopy can allow direct particle size measurement and
observation of particle morphology. This technique provides
both qualitative and quantitative data for characterizing aerosols
from dry powder inhalers. The projected area diameter is used
to describe the particle size in its most stable plane.®

Monodisperse aerosols are defined as those with narrow PSD,
and they are widely used in many applications, including aerosol
sizing apparatus calibration, medical delivery systems, and
experimental testing of models.”"* Monodisperse aerosols are
applied in the calibration of aerosol sizing apparatuses, and for
example fluorescent dye monodisperse aerosols are generated
in specific calibration particle sizes by a vibrating orifice
aerosol generator and are immediately fed to the impactor.”
Polydisperse aerosols are more common in pharmaceutical
formulations as defined by a broader PSD, specifically having
a geometric standard deviation (GSD) higher than 1.25151
Polydisperse aerosols are rarely used as calibrants, although
there are some studies using polydisperse aerosols to compare
two impactors!®” However, the well-known calibration
procedures use monodisperse aerosols. Srichana et al”
published a calibration method using spherical silica for the ACI;
the monodisperse particle sizes were separately introduced to
determine the collection efficiency curve of the preseparator
and stages O to stage 4. In addition, dry powder polydisperse
aerosols from blends of monodisperse silica powders have been
employed for calibration.® Computational fluid dynamics (CFD)

has been employed in the simulation of fluid flow and in particle
tracking in the impactor. In our previous study, a preseparator-
equipped ACI showed airflow smoothing to the next stage.®
Moreover, the single jet model and the quarter ACI model
have been validated in the sense that the particle collection
efficiency showed excellent correlation with experiments."
However, prior information on polydisperse particle deposition
in the ACI is lacking. The aim of the current research was to
study the particle paths and deposition using polydisperse
aerosols in an ACIl and assess the behavior of polydisperse
aerosols regarding deposition in the impactor. The particles on
the collection plates were collected and analyzed by particle
sizing techniques, namely by laser diffraction and microscopy.
The research was conducted by observation of the PSD using
actual experiments and by particle tracking simulations of each
stage using CFD.

MATERIALS AND METHODS

Farticle production

Polydisperse mannitol particles were obtained by spray drying
mannitol solution using a mini spray dryer (Buchi B-290,
Switzerland) with a high-performance cyclone and nano spray
dryer (Buchi B-90, Switzerland) under different conditions until
5 size ranges of particles were obtained (1-10 um). Three size
ranges of silica microspheres were prepared by dispersing
in 3 mL of methanol and adjusting the volume with HFA-134a
to make a 10 mL pressurized silica suspension (0.2-1.2 um).
These mannitol and silica particles were first characterized by
scanning electron microscopy (SEM) before being subjected to
the ACI for particle deposition.

ACI operation

The eight stages of the ACI include the preseparator and stage
-1 to stage 6, and the filter and base stage were operated to
monitor particle deposition. First, 20 mg of spray-dried mannitol
was placed in the in-house dry powder inhaler device?® or the
pressurized silica suspension, and the sources were coupled
with the ACI by a metal inlet. Then the ACI was first tested at
60 L/min for 10 s to ensure all aerosol particles were delivered
completely into the ACI. The trapped particles on each stage
were analyzed for their deposition pattern by laser diffraction
and microscopy. For spray-dried mannitol, the collection plates
were separately rinsed with de-ionized water and the dissolved
mannitol contents for each stage were analyzed using HPLC.?
Samples (100 pL) were injected into a resolved C-18 column
(5 pym, 150 mmx3.9 mm, Waters, Milford, MA, USA) using
de-ionized water as a mobile phase, at a flow rate of 1 mL/
min. The retention time was about 4 min. A refractive index
detector (Model RID-10A; Shimadzu, Kyoto, Japan) was used.
A calibration curve was constructed using standard solutions
of mannitol from 10 to 400 pg/mL. The MMAD and GSD were
calculated simultaneously.

Laser diffraction
Pre-ACl: A Spraytec® (Malvern, Worcestershire, UK) equipped
with a USP inlet was used in place of the inhalation cell. The
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equipment was connected directly to a particle-collecting filter
and vacuum pump. The PSDs of spray-dried mannitol particles
were characterized by suspending in air using the laser
diffraction technique via the Spraytec®. The flow rate was set
at 60 L/min in the measurement zone and 2% obscuration was
set as a trigger for all measurements. Post-ACl: The collected
mannitol particles were gently removed from the collection
plates. The Spraytec® was then used to characterize the particle
size deposition on each stage. Second, the silica particles on
the last three stages (S4-S6) were rinsed individually using
methanol and particle samples were allowed to equilibrate at
25°C for 2 min. Then size distribution was determined by the
Zetasizer Nano ZS (Malvern, UK). Dynamic light scattering
measurements were carried out at 173° scattering angle
(backscatter detection) using the Malvern Zetasizer Nano ZS.
Three measurements were made for 10 runs for each sample.
The viscosity and refractive index of the dispersant were set
at 0.5476 cP and 1.326, respectively. For the silica particles,
the refractive index (1.458) and absorption (0.001) were used to
calculate the size distributions by volume and by particle count.
The Z-average, polydisperse index, and median values were
used for comparison of the different techniques.

Microscopic analysis

Double adhesive discs (3M, Bangkok, Thailand) were prepared
and placed on each collection plate to trap the particles that
lost their momentum. Five hundred particles were examined
by light microscopy using particle sizing analysis software
(cell®P, Olympus Soft Imaging Solutions GmbH, Mdinster,
Germany). After the number count based size distribution had
been determined by microscopy this PSD was compared with
those from other techniques. The Hatch-Choate transformation
equation was used to convert the by number distribution to
the by weight distribution. The logarithm of the particle size
(x-axis) was plotted against the cumulative percent frequency
on a probability scale (y-axis).

Experimentally, spray-dried mannitol was continuously
introduced into the ACI, where the Spraytec® was operated
at 60 L/min with the assistance of a dry powder device to
deagglomerate the dry powder into single particles.??2®> Then
the projected diameters of trapped particles were analyzed by
microscopy.

Computational simulation

Figure 1 shows the ACI model developed from previous work
including face sizing for continuation of the face to completely
transfer to the mathematical model’® One-third of the model
was used instead of the whole cascade impactor to simplify
the complex calculation. The Navier-stokes equations were
solved by the finite volume method. The turbulence model used
was realizable k-¢ and standard wall functions were selected to
solve the fluid flow equations as a good fit was given with the
empirical data.

Particle motion equation: model description

The particle tracking employed the discrete phase simulation
in Fluent by Lagrangian discrete phase model based on one-

Figure 1. Divided Andersen cascade impactor stage dimensions A) and the
computation model of impactor B)

way coupling. The discrete phase simulation was based on
the assumption that the discrete phase occupies a low volume
fraction (Vp((Vair) with a high loading mass (mpsmair). The
original particle condition is gravitation and the initial velocity
was specified as a constant with a fully turbulent profile, and
no-slip conditions were applied at the walls.?* The spherical
particle model was employed for particles larger than 1 um,
whereas those in the size range 0.1-0.9 um were treated with
the Stokes-cunningham model, which provides a slip correction
factor. The stochastic tracking approach was used to predict the
turbulent dispersion of the particles to mimic the real situation
as the particles were traveling in the air (Equation 1).

v =0+ 0,

p~ Yo Equation 1

U, is the mean air velocity

v, is the particle velocity

U isthe turbulent velocity fluctuation

Impaction parameter and particle kinetic energy

Kinetic energy (K) is employed in trapping particles on the
collection plate. The regular trap boundary condition leads
to underestimation of the collection plate cut-off diameter.?®
Therefore, a user defined function (UDF) was developed
following the kinetic Equations 2-4. The density of silica
particles was 1.8 g/mL and mannitol had density 1.5 g/mL.

K =1Mass xv? Equation 2
e E p p
Mass = Volume x Density ~ Equation 3

Volume of sphhere = 4 ntr®, Equation 4
3

K is the particle’s kinetic energy

e

where Massp is the mass of the particle in kilograms

v, is the particle's velocity in meters per second

Farticle deposition simulation

The deposition factor was the total deposition within the stage
of interest and could be explained by the Lagrangian model
simulations as the number of discrete particles that were
deposited on the collection plate. The deposition efficiency (DE)
was defined by Equation 5.
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DE = number of particles depositing in region Equation 5

number of particles entering region

Particle size distribution model for tracking a group of particles
The chosen PSD was Rosin-Rammler. The Rosin-Rammler
distribution function gives an exponential relationship between
the particle diameter (d) and the mean particle diameter® as
shown in Equation 6.

Yp=e-(d/d)n, Equation 6

Yp is the retained weight fraction of
particles with a diameter greater than d

where d is the mean particle diameter
d is the particle diameter
n is the spread of PSD

In this case, the spread parameter was 2.071 and the maximum
diameter was 8.71 um, while the minimum diameter was 0.21
gm and the number-average mean diameter of the Rosin-
rammler distribution was 3.36 um with 28 segments of particle
size. The trajectory of the sample histograms was used to
describe the PSDs on each collection plate and at the outlet of
each stage. The diameter of the particles was set as a variable.
In the present study, the particle deposition efficiency of each
stage was calculated by the number of particles trapped on
the collection plate divided by the number of particles entering
each stage. The simulated PSD from the outlet of the upper
stage was used as an inlet PSD of particles of the following
stage. The PSD was introduced into a computer simulation
and the particle distributions on each stage of the ACI were
computationally modeled.

The submitted protocol entitled “Deposition pattern of
polydisperse dry powders in Andersen cascade impactor”
including all related documents has been reviewed by the
Health Science Human Research Ethics Committee, Prince of
Songkla University (ref:161/2760).

RESULTS AND DISCUSSION

Particle morphology and surface characteristics

Figures 2 and 3 show the morphology and surface of spray-
dried mannitol and silica microspheres, viewed under SEM. The
mannitol prepared using a spray dryer and nano spray dryer
presented perfectly spherical shapes with smooth surfaces.
All silica microspheres were perfectly spherical with smooth
surfaces.

Particle size distribution of spray-dried mannitol and silica
microspheres

The median size (Dv,, + SD) was 3.53£0.09 pym with size
at 90% cumulative (Dv ;) of 8.62+0.66 ym and size at 10%
cumulative (Dv,,) of 0.92+0.47 pym. The spray-dried mannitol
had polydisperse PSD with a span of 2.18. The span is the
measurement of the width of the size distribution. The smaller
the value the narrower the distribution. The width is calculated

by (Dv,,-Dv,,)/Dv,.. The PSDs revealed a spread of particle
sizes in spray-dried mannitol. The specific sizes of silica were
0.261, 0.690, and 1.18 um with narrow distribution.

Depositions of mannitol and silica particles on each ACI stage

The mean diameters of mannitol and silica particles from
microscopy are shown in Table 1. Microscopy also confirmed
the spherical shape of particles captured on the adhesive film
(Figure 4). Large particles were mostly isolated and had been
collected on an early stage of the impactor, while agglomeration
of some primary particles may have occurred during ACI
processing. The spray-dried mannitol particles exhibited some
agglomeration of small particles. The agglomerates behaved like
larger particles and were trapped by the early stages of the ACI.
However, individual particles did not change their sizes when
viewed under the microscope. From the microscopy results, the
particle size of deposited particles decreased along the stages,
for example the particle mean diameter of deposited particles
on stage 6 was 0.92 um, which was close to the limits of optical
microscopy. Particle deposition depends on the stage cut-off
diameter and on the inertial forces of the particles, which relate
directly to particle morphology and size. Most of the particle
population stayed under the stage nozzle of similar sizes,
where the smaller particles escaped to the next stage via the air

Sum

(

S5um

Figure 2. Morphology and surface characteristics of spray-dried mannitol
by scanning electron microscopy imaging: mannitol spray-dried using a
mini spray dryer A) and mannitol spraydried using a nano spray dryer B)
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stream because of their lower inertial forces.® Each collection
plate trapped the particles with sufficient inertial force.

The spray-dried mannitol had median diameters of 3.02, 3.91,
7.02, and 9.59 um. Therefore, the particle size range covered the
cut-off diameters of stage -1 to stage 3 at a flow rate of 60 L/
min. The spray-dried mannitol was introduced into the ACI. The
comparison between the manufacture’s nominal cut-off and the
actual deposition of particles (spray-dried mannitol) is shown
in Figure 5. The median particle size deposition on each stage’s
collection plate matched reasonably well with the nominal cut-
off diameters. The cut-off diameters usually were obtained
by the amount of specific trapped particle size on the stage
of interest compared with the whole impactor using individual
monodisperse particle size. The results for spray-dried
mannitol showed a good match of the median size of deposited
spray-dried mannitol and the manufacturer's nominal data on

& S =~ - o

Figure 3. Morphology and surface characteristics of monodisperse silica
microspheres:monodisperse silica microspheres of sizes 0.261, 0.690, and
118 um, respectively

impactor stages. However, it was not possible to evaluate with
this spray-dried mannitol the particle deposition in the lower
stages (stage 4 or lower) because the cut-off diameters are too
small relative to the prepared particle sizes.

Silica microsphere deposition on each ACI stage

The mean particle size trapped by each collection plate is shown
in Figure 5. For stages 4 to 6, the spherical silica particles
were in the appropriate size range. Three size ranges of silica
particles (0.261, 0.690, and 1.180 um) were introduced into the
ACI (n=5). Three cases of silica microspheres clearly escaped
through the nozzle of stage 4, with mean size of trapped
silica particles close to the manufacturer’s cut-off data with
relative accuracies from 71.4% to 127.6%. The higher error of
the correlation could be explained by particle aggregation. The
mean particle size of trapped particles on stage 5's collection
plate showed good agreement with the stage cut-off using

Table 1. The geometric mean diameter (um) on weight basis,

obtained using the Hatch-Choate equation with microscopy data

Stage dg og Log d|p d'g

S, 779 0.84 0.90 8.53
S, 5.57 0.82 0.75 6.27
S, 3.96 0.89 0.60 412
S, 217 0.81 0.45 316
S, 1.89 0.83 0.28 210
S, 1.40 0.78 0.16 1.68
S, 1.06 0.78 0.04 1.28
S 0.78 0.79 -0.10 0.92

d, is a geometric mean diameter, ¢ is a geometric standard deviation, d|, is a
length-number mean diameter, d’ is H geometric mean diameter on a weight basis
g

.

s

Figure 4. Deposition pattern of spray-dried mannitol on stage O collection
plate observed with optical microscope: 50x magnification
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Logarithmic mean size deposition (pm)
\
\

0.1

Logarithmic ideal cut-off diameter (pm)

Figure 5. The correlation between logarithmic ideal size cut-off and
logarithmic mean size deposition of spray dried mannitol: 3.02 um (<), 391
pm (0), 7.02 pm (A), 9.59 pm (O), and microsphere silica: 0.26 pm (®),
0.69 pm (4), and 118 um (@) on each stage

silica microspheres within 94.4% and 106.3% relative accuracy.
For the trapped particles on stage 6's collection plate, the data
showed good correlation between the microsphere deposition
and the stage's cut-off diameter with 90.85%-106.90%
correlation. In brief, the particle depositions on the collection
plate show the aggregated particles could form a larger
diameter clump and be prematurely trapped on the earlier stage
of the impactor. Moreover, the laser diffraction results showed
good correlation of deposition on each collection plate with
the respective nominal cut-off diameters!*?"?® The mean size
of trapped particles on each stage could be representative of
the stage cut-off diameter, while the PSD allowed estimation of
collection efficiency curves.

Computational particle tracking and deposition

The particles were tracked along the computational ACI model
(60 L/min) to study particle paths in the impactor. The validation
of the computational model had been confirmed using the
collection efficiency curves of the computational simulation
obtained by injecting individual particles from 0.3 pm to 11 ypm
in size. The simulated capture rate curves at 50% collection
efficiency gave cut-off diameter estimates matching the
manufacturer’'s nominal values well. The experimental particle
deposition results were comparable to the simulation results
for the ACI. The particle deposition in the ACI was expressed
as percent by mass across the distribution of particle sizes
in the aerosol. The amounts of spray-dried mannitol on each
collection plate were analyzed by LC with an Rl detector as
shown in Figure 6. The MMAD of spray-dried mannitol was
4,08 um with a GSD of 1.75 for 60 L/min. Figure 7 shows the
simulated PSDs at outlets of each stage, by mass fractions of
spray-dried mannitol following injection with Rosin-Rammler
PSD. These simulations at the outlet of stage -1 showed
that 50% of particles were around 4 um. The MMAD of the
simulated particles at the outlet exhibited decreasing size
when they passed through the impactor stage with the smaller
cut-off diameter. The simulated PSD had an MMAD at 4.08 pm,
whereas the experimental particle size was 4.15 pm. PSD was
not significantly distorted until stage 3, which has a cut-off

0.9 7
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Figure 6. PSD by mass across particle sizes at the outlet of each individual
stage as simulated outlet: Stage 1 ([), Stage 1 (1), Stage 3 ([1), Stage 4
() and experimental data (O), spraydried mannitol
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A 02 o B .
408 [Q o '
- OOO Q O, %P, l’ Air I{pw
\
~om 0O Q00000 \
| Stage-1: Cut-off 9.0 um ‘ Ky

0200 0°0 NI oy
0o @ O, ooo‘

4.08
pm VA AV A A v
A4 C
-4 z x -
M 00000000 5 [ i
Stage 1: Cut-off 4.7 um ‘ ] Y P
- ' ) —
° o § h i /\ : 7 3
2w %o o° l i [ ¥
. © 5 0 o o 3 l \ 4
Q
] \
o ]

Particle size

Figure 7. Illustrations of polydisperse particles passing by impactors A)
and B), and particle distribution on each stage of a polydisperse mixture
in impactor C)

diameter below the MMAD. For example, the diameter was close
to 1.20 pm at the outlet of stage 3, while the cut-off diameter of
stage 4 is 1.10 ym. The simulations provided an explanation of
how spray-dried mannitol was deposited and traveled across
the ACI. Even if the aerosol particles were polydisperse, they
were trapped by specific collection plates. In the present study,
the particle deposition simulation gave for each particle size a
capture probability and it confirmed that monodisperse aerosols
are ideal for calibrating the ACI3?82° However, the simulation of
polydisperse spray-dried mannitol explained the particle flow
behavior by mass fraction captured of each particle size. In the
case of polydisperse aerosols, the impactor should separate the
polydisperse samples as they were fed into the impactor.
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CONCLUSION

Polydisperse aerosols were characterized and used to test an
ACI successfully. This study assessed particle deposition in a
cascade impactor using both experiments and computational
simulations of dry particulate powder. Polydisperse dry
powders behaved in accordance with the computational
simulation based on inertial and aerodynamic drag forces one
particle at a time. The tested particle sizing techniques, based
on laser diffraction and optical microscopy, showed results
comparable with the impactor manufacturer’s nominal cut-off
data with polydisperse dry powders. The use of polydisperse
dry powders in determining separation characteristics of the
ACI was demonstrated using particle travelling path.
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