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Abstract. Dry powder inhalers have attracted more interest over the years in every aspect
related to them. Interestingly, when focusing on the effects of particle morphology of the
active or carrier (excipient), it is generally regarded particle size and shape to influence drug
availability of aerosolized particles. However, to date, few studies have examined the effect
of texture, i.e., roughness, on this relationship. The main objective of the present work is to
gain a closer understanding of the influence of carrier morphology on the aerosolization
performance of dry powder inhaler formulations. Image analysis and microscopy were used
to visualize the aerosolization process. It is considered that the scale of morphological
features on the surface of the carrier particles is responsible for the dispersion of the powder
formulation, separation of the drug/carrier, and entrainment from a dry powder inhaler.
Thus, for this study, the carrier particles of different surface roughness were mixed with
micronized salbutamol sulphate. Aerosolization in vitro testing was used to evaluate the
performance. The results indicate a connection between the qualitative surface roughness of
coarse carriers and aerosolization performance during powder dispersibility. This investiga-
tion demonstrated that indeed, powder dispersion, a dynamic process, is influenced by the
scale of the carrier morphology.

KEY WORDS: dry powder inhalers; particle morphology; roughness; particle surface energy; image
analysis.

INTRODUCTION

Dry powder inhalers (DPIs) are an alternative drug delivery
method for the treatment of various lung diseases. DPIs offer
unique advantages, making them suitable for both small and large
molecules (1,2). The DPI formulations are generally composed of
dry powder blends of active pharmaceutical ingredient (API) and
a coarse carrier. Also, DPIs are widely recognized that the
morphology of the coarse carrier plays an important role in the
agglomeration/de-agglomeration properties of DPIs (3–8). Nu-
merous efforts for improving formulation performance are
focused onmanipulating the texture of the coarse carrier excipient.
The studies include changing surface roughness by spray drying

(9), recrystallization (6), precision coating (10), or mechanofusion
(11). The majority of the studies of this nature have been on trial-
and-error basis. This leads to a wide variety of roughness in which
the mechanism of dispersion is unclear. A better understanding of
the roughness effect on dry powder dispersion mechanism is
necessary to guide product design at various steps of the
formulation, processing, stability, and performance. This work
addresses the dispersion mechanism from the visualization and
qualitative perspective, whereas the functionality andperformance
from the quantitative in vitro testing.

Some studies have reported that an increase in roughness
leads to a decrease in fine particle fraction (FPF), likely due
to multiple contact points between the drug and the carrier.
An increase in contact points favors binding and conse-
quently an increase in drug adhesion to the carrier (12,13).
Similarly, increasing the interlocking propensity and frictional
forces between the particles (12,14) leads to a lower FPF.
Interestingly, conflicting results have been reported (4,7,14–
21) for lactose and for mannitol-based carriers (22) where
findings have been attributed to the existence of various
levels of roughness (23). It should be noticed that roughness
studies that have a similar adhesion force does not guarantee
a similar aerodynamic behavior of the drug in the cascade
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impactor (24), because the roughness effect on the dispersion
also depends on how particles are dispersed (6). This
explanation still does not reconcile the fact that roughness
cannot predict the in vitro performance (24). Thus, a static
measurement parameter is not capable of reflecting a
dynamic process. The dispersion phenomenon from dry
powders for inhalation devices might be attributed to the
dynamic nature of the process.

Few reports in the literature have investigated through
modeling the dynamic aspects of the powder dispersion
phenomena. Those studies propose that the drug detachment
and dispersion processes from carrier particles are due to two
major detachment mechanisms: by the flow stream (fluid
forces) and by impaction (mechanical forces) (25,26), sug-
gesting an increased incidence of collisions the aerosol
performance improves (27–29). Thus, based on the results
of modeling, this study considers experimental observation of
the forces involved in the drug detachment mechanism and
proposes shifts from flow-based to impaction-based as the
carrier roughness increases.

This study provides direct experimental observation
using image analysis to address the dispersion process and
to investigate the roughness effect on the dispersion process.
The resulting observations lead to the identification, degree
and extent of the parameters governing dispersion.

EXPERIMENTAL

Materials

Salbutamol sulfate (Fine drugs and chemicals, Hydera-
bad, India) was used as a model drug. Micronized salbutamol
sulfate (MSS) was obtained using a fluidized bed opposed jet
mill (AFG 100, Hosokawa, Augsburg, Germany) at a
pressure of 4 bar and a classifier wheel speed of 15,000 rpm.
Air-sieved coarse carrier (ASCC) was obtained by air jet
sieving Pharmatose 450M (DMV, Veghel, The Netherlands)
in the range of 44–63 μm, noted as ASCC. Micronized lactose
was obtained by jet milling Pharmatose 200M at a pressure of
4 bar and a classifier wheel speed of 15,000 rpm; the resulting
material was denoted as fines.

Roughness-modulated coarse carriers (RMCCs) were
obtained by first roller compacting (Hosokawa Bepex,
GmbH, Germany) Pharmatose 200M, followed by using
several unit operations in the sequence of sieving, cone
milling, air jet milling, and sieving. The roller compaction
conditions are shown in Table I. Flakes produced by roller
compaction were first sieved (1.0 mm aperture size; Retsch,

Germany) to remove fine particles. The flakes without fine
particles were placed in a cone milled (Model 197S, Quadro
Engineering, Waterloo, Canada) using a 0.045-inch aperture
size screen at impeller speed of 4000 rpm to produce
granules, which were further comminuted by jet milling
(Hosokawa, AFG 100, Augsburg, Germany) at a pressure
of 4 bars and a classifier wheel speed of 2000 rpm. The
resulting powder passed through air jet sieve in the range of
44–63 μm. The resulting material was denominated as surface
roughness-modulated coarse carrier (RMCC).

Model Formulation Systems

Three different formulation systems (total of 7 model
formulations) (Table II) were prepared: (1) neat micronized
salbutamol sulfate (MSS). Neat micronized salbutamol sulfate
(MSS) is rarely used alone as formulation. However, due to
its inexplicit and uncertain behavior, it was used as a control
group; (2) binary mixture of micronized salbutamol sulfate
(MSS) and coarse carriers in which two types of coarse
carriers ASCC and RMCCs were used; model binary
mixtures include ASCC with MSS and four different RMCCs
with MSS; and (3) ternary mixture of micronized salbutamol
sulfate (MSS) with a mixture of ASCC and 10% fines.

For the binary mixture, micronized salbutamol sulfate
(MSS) was mixed with coarse carrier (either ASCC or
RMCC) in a ratio of 1:67.5 (w/w). Four different RMCCs
with different roller compaction process conditions were
used. A portion of the coarse carrier is weighed into a
20-mL sample vial containing the MSS. The vial was closed
with a stopper and the contents blended using a Vortex mixer
for 5 s. More coarse carriers are added into the vial and
blended. This process was repeated until all the coarse
carriers have been incorporated. The whole mixture was
finally blended for another 10 min to offset any mixing order
sequence effect.

For the preparation of the ternary mixture, binary
mixture of ASCC with 10% lactose fines was first prepared
then a portion of ASCC is mixed with fines. The vial was
closed with a stopper and the contents blended using a Vortex
mixer for 5 s. More ASCC powder was added into the vial
and blended again. This process was repeated until all the
ASCC materials have been incorporated. The whole binary
mixture of ASCC and lactose fines was finally blended for
another 10 min to offset any mixing order sequence effect.
Micronized salbutamol sulfate (MSS) was then blended with

Table I. Roller Compaction Processing Condition

Group Roller
speed (rpm)

Screw
speed (rpm)

Compression force (kN)

RC 1 2.6 30 60
RC 2 2.6 40 80
RC 3 2.6 45 100
RC 4 2.6 50 125

The air jet milled powder from roller compacted granule is denoted
as RMCC1, RMCC2, RMCC3, RMCC4

Table II. Model Formulation Composition

Model formulation Carrier type Micronized salbutamol
sulfate percentage

1 – 100%
2 ASCC 1.45%
3 ASCC+10% Fines 1.45%
4 RMCC1 1.45%
5 RMCC2 1.45%
6 RMCC3 1.45%
7 RMCC4 1.45%
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the above mixture in a ratio of 1:67.5 (w/w) to obtain the final
ternary mixture.

Filling of Capsules

Hard gelatin capsules (size 3) were filled with 30.0 ±
1.5 mg each of the 7 model formulations. The capsules were
filled manually in a controlled environment at 25 °C and 50 %
relative humidity.

Particle Size Determination

Particle size was determined using a laser diffraction
particle size analyzer (Coulter LS 230, Coulter Corporation,
Hialeah, FL, USA), equipped with a small volume module.
The powder sample was suspended in hexane sonicated for
30 s to break the agglomerates before measurement following
procedures as conducted in other study (30). The Dv50 of the
sample was determined.

Surface Morphology

Surface morphology was determined by SEM. The
particles were gold-sputter-coated under a vacuum before
viewing under the SEM (JSM-5200, JEOL, Japan). Photomi-
crographs of the particles were obtained using image capture
software (SemAfore, Version 4.02, Finland).

Roughness Measurement

Around 60 particles were randomly selected for each
coarse carrier system (RMCCs and ASCC). Particles were
scanned using an optical profiler (Wyko NT1100, Veeco,
USA) under a field of view of 109.7 μm× 144.1 μm. The
roughness average (Ra) was calculated for each sample using
the height profile obtained from the AFM instrument.
Therefore, Ra is the arithmetic mean of the absolute values
of the height of the surface profile. Surface roughness of
single particle was quantified using the arithmetic mean
roughness (Ra) calculated from an area of 20 μm× 20 μm
using Vision 3.0 software (Veeco, USA). Ra was calculated as

Ra ¼ 1
L ∫

L
0 f xð Þf gdx, where L is the evaluation length and f(x)

is the profile height function that measures each individual
height relative to the base line. A higher Ra value indicates a
rougher surface.

Surface Energy Measurement

Inverse gas chromatography (iGC 2000, Surface Mea-
surement Systems Ltd, UK) was used to assess the surface
energetics of the coarse carriers. Approximately 1 g of sample
was packed in a siliconized glass column using a standardized
tapping method; glass wool was placed in both ends of the
column. A linear series of alkanes (heptane, octane, nonane,
and decane) was the non-polar probes for the determination
of dispersive surface energy of the sample. The probes were
injected at infinite dilution at 303 K and measured using a
flame ionization detector (FID). The dispersive surface
energy was calculated according to the method by Schultz
et al. (31). All samples were tested in triplicates.

In Vitro Aerosolization Characterization

Formulations were aerosolized from 30 mg capsules (size
3, gelatin) using a Rotahaler at 30 L min−1 into a Next
Generation Impactor (NGI, MSP Corporation, Minnesota,
USA) with a USP throat inlet and pre-separator. The in vitro
deposition test was repeated for five capsules. Then, the
impactor was dismantled; the mouth piece, throat, pre-
separator, and individual plates were carefully washed with
the mobile phase used for the HPLC analysis. The
concentrations of salbutamol sulfate on each of the
collection plate were determined by high-performance liquid
chromatography (HPLC, Shimadzu 2010, Shimadzu, Japan).
The mobile phase was composed of 45: 55 (v/v) of methanol
and 0.2% (w/v) aqueous ammonium acetate at a flow rate of
0.5 mL/min, equipped with an ultraviolet spectrophotometry
(UV) detector set at 276 nm for the detection of the drug.
The experiments were carried out in triplicate (n = 3). A
calibration curve for salbutamol sulfate was obtained: y =
67423x − 11865 (R2 = 0.9997), where y is the integrated area
under the HPLC curve, and x is the drug content. The drug
content released from the device and deposited in different
stages in the impactor. Fine particle fraction (FPF) is defined
the mass fraction of drug particles smaller than 5 micron
recovered from stage 3 to filter (32).

Dry Powder Dispersion in Inhaler Chamber Real-Time
Visualization

A transparent tube was constructed according to the
Rotahaler’s configuration to mimic the inhaler device (Fig. 1).
Ten samples from each model formulation were used for the
dispersion visualization study. The samples were aerosolized
into the transparent model inhaler for visualization purposes
followed by using a next-generation impactor (MSP Corpo-
ration, MN, USA) at 30 L/min. The aerosolization is induced
by a vacuum pump connected to the next-generation
impactor. A camera lens was fitted to a high-speed camera
(Hotshot 512 SC, NAC Image Technology Inc, USA) for
visualization of the powder dispersion process. A light source
(Nikon Intenslight C-HGFI) illuminated the image capture
field. The aerosolization process was visualized from side
view.

The video recording started when the vacuum pump was
switched on. The images were captured and analyzed using a
self-written software (EDPIV). At least 1000 particles were
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Fig. 1. Schematic diagram of the inhaler device
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analyzed on each image. Particles were identified and tracked
manually. Both software analysis data and manual tracking
data were used for further analysis. Manual particle tracking
was used to validate the data calculated by the software. The
collision number, particle velocities, velocity difference,
median velocity, velocity change after collision, and total
energy exchange during collisions were calculated. The
collision number is the cumulative number of occurrence for
particle-particle and particle-device collision at a certain
period. Particle velocities were determined based on the
distance the particles have to travel in consequential images
and the time interval. A pool of velocities at each time point
for each model formulation was then established. The
velocity difference is the difference between the largest
velocity and smallest velocity; the median velocity is the
50th percentile of the cumulative velocity plot; the velocity

change is the absolute difference before and after collision
and the total energy exchange during collision is calculated
according to the following equation:

Energy ¼ collision number � 1
2
mΔv2;m ¼ ρ

1
6
πd3 ð1Þ

where m is the mass, ρ is the density (1.55 g/cm3 for
lactose as reported (33)), d is the particle’s diameter, ,Δv is
the velocity change, and 1

2mΔv2 is the energy input for each
collision.

Particle Image Velocimetry Measurement Validation

Particle image velocimetry measurement was firstly
validated prior to the analysis of the images captured. The
validation consisted in comparing the velocities calculated by
the software and the manual particle tracking and by
calculating the root-mean-square deviation (RMSD) where
a smaller RMSD indicates a good fit.

RESULTS AND DISCUSSION

Particle Size and Surface Morphology of the Materials

Table III displays the particle size (p.s.) of materials;
micronized salbutamol sulfate (MSS) and fines are all in the
range of 1–5 μm, a typical particle size range obtained by air jet
milling for pulmonary drug delivery. The mixture of ASCC with
10% of fines has larger size (48.2 μm) compared to that of ASCC

Table III. Particle Size

Sample Dv(50) (μm)

Micronized salbutamol sulfate (MSS) 1.8 ± 0.9
Fines 3.6 ± 0.9
Air sieved coarse carrier (ASCC) 42.6 ± 3.3
Air sieved coarse carrier+10% fines 48.2 ± 1.2
RMCC1 39.5 ± 6.3
RMCC2 36.5 ± 4.1
RMCC3 34.4 ± 10.9
RMCC4 42.3 ± 4.9

Values after ± represent standard deviation

dc

a b

Fig. 2. SEM photomicrographs. a Micronized salbutamol sulfate (MSS). b Air jet sieved coarse lactose
carrier (ASCC). c Binary mixture of air jet sieved coarse carrier (ASCC) with 10% fines. d Roughness-
modulated coarse carrier 3 (RMCC3)
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alone (42.6 μm). This suggests that the particles denominated as
fines adhere to the outer layer of ASCC as displayed in Fig. 2c,
which seems to indicate that the particle size is larger. On the
other hand, the coarse carriers (RMCCs) with modulated
roughness are in the range of 20–45 μm.

Neat micronized salbutamol sulfate (MSS) formed ag-
glomerates due to its smaller size (Fig. 2a) whereas air jet-
sieved coarse carrier (ASCC) seemed to have a smoother-like
surface with few smaller particles left on its surface (Fig. 2b).
The SEM images depicted in Fig. 2c and d indicated that fines
led to agglomeration or clusters when covering the surface of
ASCC in the binary mixture of ASCC and fines while the
surface of RMCC seems to have some rugosity (Fig. 2d).

Roughness Measurement

The images for the surface morphology are displayed in Fig.
3. The air-sieved coarse carrier (ASCC) (Fig. 3a) looks smoother
compared to the other two images (Fig. 3b and c). The particles in
the binary mixture of ASCC and 10% fines appear to make
changes on the surface as observed in Fig. 3b. Some lumps or
protrusions are obvious, and it seems those are the agglomerated
fines spotted in Fig. 2c. The images suggested that all the RMCC
surfaces have uneven morphology surfaces, and this may be
attributed to the lump-like appearance which may have been
resulted in roughness (Fig. 3c).

The Ra values for roughness allow obtaining descriptors of
powder behavior. TheRa numbers for the various carrier systems
(from Table II) suggested that some samples are rougher than
others. The images from Figs. 2c and 3b support the results
obtained in Fig. 4 for these systems. Furthermore, the roller
compaction processes, at various operating conditions, resulted
on diverse roughness for the RMCC samples as revealed in Fig. 4.
A total of 60 particles for each carrier system were used; 10 spots

on each particle were tested. Thus, a total of 60 * 10 = 600
individual testing results were generated.

The variability of roughness could be attributed to the
attrition and fragmentation during the roller compaction
process (34,35). The data suggested that the highest rough-
ness was obtained when the screw speed and compression
force were at the highest values.

It is worth to note that the height is not the only
parameter that influences the adhesion but also the contact
points which are related to the spacing between nanoscale
asperities. However, the scale assumed herein is at the
microscale, such that it is possible to bring particle scale
properties into descriptors of powder flow behavior. In this
regard, a number of mechanisms have been proposed and
reported wherein the complexities of real powder systems are
treated as ideal powder systems comprised of round particles
adhered into a flat surface; this has been done solely in an
effort to simplify and start understanding powder systems.
Likewise, in this study, in order to have insights of how the
changes in rugosity affected the dispersion upon fluidization
from a dynamic point of view using the visualization
approach, roughness height is used. It is not suggested that

a

c

b

Fig. 3. Surface morphology of carriers. aAir sieved coarse carrier (ASCC). b Binary mixture of ASCC with
10% lactose fines. c Roughness-modulated coarse carrier 3 (RMCC3)

Fig. 4. Roughness of different carrier systems. The mean and
standard deviation are calculated based on n = 600
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the roughness height is the only factor that influences
adhesion, but due to limited evidence on deconvolution of
all the confounding factors that influence an adhesion system,
we propose a dynamic visualization approach and start
building from there.

Surface Energetics Determination

Surface energetics has proven to be a good predictor of
the interactions involved in the dispersion of powders for
inhalation (36). It is conceivable to relate the dispersive
component of the surface energy with the roughness of the
powder systems as shown in Fig. 5 which suggests that for the
contact geometry of the equivalent roughness between 400
and 600 nm, the surface energetics reaches a maximum. The
data suggests that adding fine content to the coarse ASCC
increases the cohesivity of the powders compared to the
ASCC alone.

In Vitro Aerosolization Characterization

The in vitro results are plotted in Fig. 6. Neat micronized
salbutamol sulfate (MSS) has very low FPF (formulation 1).
This could be due to the cohesive nature of the MSS particles
(37). MSS forms large and hard agglomerates that are difficult
to break. In an effort to separate the very cohesive MSS
particles, lactose is used improving the FPF as shown for

formulations 2 (binary mixture of ASCC with MSS) and 3
(ternary mixture of ASCC, 10% lactose fines with MSS);
these findings are in agreement with previous reports (38). As
shown in the images collected during the fluidization exper-
iments, formulations 2 and 3 can be dispersed by collision and
drag forces (Fig. 7b). This leads to better in vitro results
compared to formulation 1. Detailed dispersion process
visualization and analysis for formulations 2 and 3 can be
found elsewhere (39). The model formulations that consisted
of RMCCs with MSS (Fig. 6, formulations 4–7) have an
increase of FPF.

The in vitro results for different model formulations
suggest that the effect of roughness on FPF cannot be
explained solely by surface area change (40). The current
notion is that a rougher surface is accompanied with fewer
contact area points which leads to reduced inter-particulate
adhesion forces. This enables easier detachment of drug from
carrier surfaces during inhalation. Therefore, the formulation
consisted of carrier excipients with rougher surfaces should
have higher FPF and ED. However, this was not the case for
model formulation 7 (binary mixture of MSS with the
roughest RMCC) which has rougher carrier, with slightly
declined FPF and ED. A higher roughness did not guarantee
a higher FPF as reported elsewhere (24). The FPF results
suggest that powder behavior (fluidization, dispersion or
elutriation) is a complex dynamic process and cannot solely
be explained due to roughness or presence of fines. Thus,
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dispersion should be investigated from a dynamic perspective.
It is reasonable to believe that the energy exchange during
collision and drag force are the major factors governing
dispersion process.

Aerosolization Visualization

The aerosolization video captured the fluidization be-
havior as shown in Fig. 7. MSS formed large and hard
agglomerates making it difficult to entrain the airstream; the

drag force or collision was not high enough to break the
agglomerates (Fig. 7a). Model formulations 2 and 3 were
dispersed by both drag force and collision. A collision
moment of model formulation 3 with obstacle is captured
and shown in Fig. 7b. A detailed description of model
formulations 1–3 aerosolization process is reported elsewhere
(39). The powder in model formulations 4–7 forms loose
agglomerates with good flowability. When the air is intro-
duced, the agglomerates will be purged layer by layer. The
number of particles suspended for RMCC model formulation
in the air (Fig. 7c and d) is much more than other powder

1 2

3 4

Fig. 7. Images of aerosolization process of a model formulation 1, b model formulation 3, and c, d model
formulation 6. Time sequence is indicated by the label
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systems (Fig. 7b). The loose agglomerates formed in RMCC
formulations can be dispersed by drag force (Fig. 7c and d).
During aerosolization, the powder is suspended within the
device causing the particles to impact on the device. Single
particles can also collide with each other due to its high
population suspended in the air. Consequently, the existing
mechanisms such as drag force, particle-obstacle impact, and
particle-particle collisions contribute to affect the dispersion
of the model RMCC formulations. The results suggest that
the formulations consisted of RMCC have better in vitro
results (Fig. 6) because the dispersion process was more
efficient.

Particle Image Velocimetry Validation

The PIV system is validated by comparing the automatic
and manual calculation (Fig. 8). The velocity values for
automatic and manual calculations are equivalent. The
RMSD is 0.02, which is 5% of the median velocity calculated
using particle image velocimetry technique. This demon-
strates that the automatic particle image velocimetry tech-
nique is accurate, reproducible, and robust for the particle
velocity calculation in this study.

The following sections explain the phenomena through
energy exchange perspective. Energy exchange is related to the
total number of collisions and velocity change. It is worth to
mention that in the following figures (Figs. 9, 10, 11, 12, and 13),
approximately 1000 particles were analyzed for each of the image
and roughly 15,000 images were collected per second for each
model formulation to generate the data points.

Collision and Collision Number

The collision number and collision frequency are impor-
tant factors in particle detachment and deagglomeration (41).
Collisions in the dispersion of dry powders have two types:
particle-particle collision and particle-obstacle collision. The
collision number is one of the parameters to assess the
collision process. The collision number for each model
formulation was studied by tracking at least 1000 particles in
each sample (10 samples per model formulation, ~ 70
samples). The collision number for the first 1 s for each
sample was recorded as displayed in Fig. 9. Formulation 1
(MSS) had the lowest collision number. This could be
attributed to the cohesiveness leading to the formation of
strong agglomerates which do not follow the air stream and
likely that the only collision is the impact of the large
agglomerate with an obstacle within the device. In contrast,
formulations 2 and 3 seem to have more collisions in the first
1 s. This is supported by Fig. 7b which shows that the number
density of particles is higher with formulations 2 and 3 leading
to higher probability of interparticle collisions when the
particles are suspended in the air, allowing a better entrain-
ment into the airstream. Higher collision numbers were
obtained for model formulations 4–7. An increase in surface
roughness on RMCCs led to an increase on the collision
number. This observation is similar as reported (42). The
presence of various levels of roughness denoted as protru-
sions and ridges may therefore allow air to be free to
permeate through the powder. As a result, it is reasonable
to consider that the airflow permeates through channels and
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lifts the powder more easily. This leads to an increase in the
number of particles above the powder bed and to a more
frequent collision, reflected on a higher value of collision
numbers. However, if a high concentration of particles with
excessive surface roughness (Fig. 9, model formulation 7) is
present, a drop in collision numbers was observed; thus, the
advantage of roughness contribution to dispersibility by
minimizing the points of contact seems to vanish and other
mechanisms start taking over such as particle entrapment.

Collision is due to particle velocity differences (43). To
further understand the collision process and collision number
difference in different model formulations, it would be
necessary to investigate the particle velocity difference.
Particle velocity difference is defined in “Dry Powder
Dispersion in Inhaler Chamber Real-Time Visualization.”
The particle velocity difference for different model formula-
tions at 0.05 s is calculated and shown in Fig. 10. The velocity
difference was the lowest for the MSS material. It might be
because MSS moved slowly; hence, the velocity is generally
low leading to a low velocity difference. Model formulations 2
and 3 had low velocity difference. This indicates that particles
in model formulations 2 and 3 are more responsive to entrain
into the airstream compared to the particles in the MSS
formulation. It is possible that the velocity difference reflects
the interfacial interactions influenced by the fluidization
which in turn results in the generation of aerodynamic drag
forces within the device.

With regard to particles with rougher surface (formu-
lations 4–7), they showed higher velocity differences and
more responsive to the air stream. A small portion of the
particles are quickly accelerated when the rest of the
particles are still in the powder bed. This creates a larger
difference in particle’s velocity, leading to wider velocity
range. However, both the velocity (Fig. 11, formulation 4)
and the portion of particles that can be accelerated are

relatively low when the particle contains an overload of
surface roughness (RMCC4). Furthermore, the velocity
difference between particles dropped compared to the
moderately rough particles. The results of the velocity
difference support the fact that collisions occur due to high
velocity heterogeneity. This finding agrees with the obser-
vation for collision numbers.

Particle Velocity and Velocity Change Due to Impact and
Collision

Particle median velocity for the various model formula-
tions is displayed in Fig. 11 where the median velocity is the
50th percentile of velocity plot. Figure 10 shows that the
overall velocity difference observed in formulations 4–7 does
not necessarily correspond to a high median velocity in Fig.
11. Model formulations 4–7 have particles with lower median
velocity compared to those particles of formulations 2 and 3.
Thus, the particles with rougher surfaces collide with each
other more frequently as indicated by the higher collision
numbers (Fig. 9). One explanation could be that more
frequent collisions resulted in a homogenization of the
velocity distribution causing the reduction of the median
particle velocity.

Figure 12 displays the particle median velocity changes
(Δv) for the model formulations. The MSS displayed smaller
change due to its low velocity. The strong agglomerates
formed by MSS, as evidenced by the low FPF, are difficult to
disperse. Previous studies have suggested that powders that
are difficult to fluidize lift as plugs, due to their adhesion and
aerodynamic forces, and that may not entrain into the air
stream as easily due to the elutriation behavior (27,42). It is
suggested that the impact with other agglomerates or obstacle
may paralyze the particles making the velocity change to be
at their minimal. In contrast, Fig. 11 for model formulations 2
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Fig. 11. Median velocity of model formulation at 0.5 s, n = 10
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Fig. 12. Overall median velocity change after collision, n = 10
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and 3 has relatively higher velocity before collision and a
huge velocity change is observed for these two model
formulations. Model formulations 4–7 have relatively low
velocity change due to relatively low velocity. The low
velocity for model formulations 4–7 is due to extensive
collision, suggesting particle-obstacle impact and particle-
particle collisions.

Energy Dissipation and FPF

As discussed in an earlier publication (39), it was
found that powder dispersion was due to the drag force,
collision, and impact. The impact/collision intensity and
frequency are the main parameters governing particle
dispersion (41). The combined effect of impact/collision
intensity and frequency can be reflected by the energy
dissipation during collision process (26) according to Eq.
(1) in “Dry Powder Dispersion in Inhaler Chamber Real-
Time Visualization.” The results are plotted in Fig. 13. The
energy exchange due to collision for MSS is very low. The
model formulations 4–7 have higher energy exchange
during collisions. The trend corresponds well with in vitro
performance of the model formulations. A higher energy
exchange during collisions leads to a better in vitro
performance. The energy exchange due to collisions is
only one of the factors governing dispersion. RMCCs can
also be well-dispersed by drag force and collisions as
shown in Fig. 7. Figure 13 only considers collisions,
whereas in vitro performance in Fig. 6 is reflecting the
combined effect of both drag forces and collisions. This
study demonstrates the potential of the visualization
approach of a dynamic process such as powder dispersion.
Thus, a better insight of the dispersion mechanisms can be
elucidated with the combined effect of the drag force and
the collisions are considered.

CONCLUSION

The effect of surface roughness on dry powder dispersion
has been investigated using visualization and image analysis
techniques. Images of different model formulations composed
of different carriers were captured. Carrier excipients with

rougher surfaces can be dispersed and explained based on
both by the drag force and the collisions. The tendency of
having higher number of particles suspended in the air stream
brings as a consequence higher collision numbers for a certain
period of time. The combined effect of drag force and
collisions results in better in vitro performance. This investi-
gation also confirms that powder dispersion is a dynamic
process; the approach proposed herein may be utilized as
analytical tool along with FPF to predict the powder inhaler
performance during powder dispersibility and entrainment
tendencies. The recommendation is to analyze powder
dispersibility from a dynamic perspective.
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