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Abstract

Pulmonary aerosol drug delivery has several benefits over the other routes for
instance rapid onset, improve bioavailability and reduce side effects. Dry powder
inhalers (DPIs) gain interesting in drug delivery researches. Though, it is not able to
produce high fine particle fractions that reach the lower parts of lungs. DPIs device is
an important factor that determine the performance of the DPIs system. The different
in DPIs design changes the dynamic processes that the airflow interacts to the dry
powder particles and also particles - device wall interaction. The dynamic processes
in the device changes the aerosol dispersion performance. Therefore, investigation of
the processes involves the airflow and the particles impaction dynamics are important
step in the DPIs device development. The Cyclohaler® and the Inhalator® were
selected as the commercially available devices in this research. The fluid dynamics
behaviors were observed using computational fluid dynamics (CFD). Turbulence
kinetic energy (TKE) and particles - device impaction related parameters were
investigated. New inhalers devices were designed using computer aided design
(CAD). The prototypes of the proposed inhaler devices were created using rapid
prototyping machine. The model DPIs formulations were salbutamol sulfated blended

with 3 sizes of lactose carriers and a commercially available formulation, Ventolin
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Rotacaps®. It was observed that the airflow in the Cyclohaler® was a swirly flow at
the capsule chamber of the inhaler. The airflow was regulated by a grid to a straight
flow along the mouthpiece. On the other hand, the airflow in the Inhalator® was
straightened and aligned to the longitudinal length of the inhaler. The TKE was
dramatically stronger in the Inhalator® than that occurred in the Cyclohaler® because
of the Inhalator® internal geometry was narrow and generated high airflow velocity.
The most important factors that affected the DPI particles-device impaction were
swirly flow in the Cyclohaler® and the grid in the Inhalator®. These designs were
chosen as starting references for new DPIs. However the Inhalator® had very high
airflow resistance that could be an obstacle for asthmatic exacerbated patients who
have low inhalation power. Thus, the new DPIs designs were based on the
Cyclohaler® and the Rotahaler®. The Rotahaler® grid and mouthpiece parts and the
Cyclohaler® cyclonic chamber were modified to form 3 new DPIs designs. The new
designs were different in grid position and mouthpiece size. The aerosol dispersion
experiment revealed that fine particles fraction (FPF) in Cyclohaler® and the 3 DPIs
models were 35%, 23%, 36% and 50%, respectively. The proposed inhaler model 3
device generated the highest FPF among the 4 devices. The proposed inhaler model 2
device and the Cyclohaler® had no statistical difference in the FPF. Whereas the
proposed inhaler model 1 device generated the poorest FPF. In summary, the DPIs
device performance depended on the turbulence based factor and the dry powder
particles-device impaction factor. Both factors had similar significant level. The
proposed inhaler model 3 device was the best design in this research. It was chosen

for further development to optimize usability and cost effectiveness.
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GENERAL INTRODUCTION

Asthma and chronic obstructive pulmonary diseases (COPDs) are the
conventional therapeutic indications of pulmonary drug delivery system (Daniher and
Zhu, 2008). However, the respiratory drug delivery technology is advanced beyond the
conventional usage. The inhalation systemic drug delivery is a potential administration
route since lungs have large absorption area for medicine. The total surface area of the
lung is about 75 m?. In addition, it improves bioavailability for many drugs due to
bypass the hepatic first pass circulation. Recently peptides, proteins and hormones
inhalation formulations were available (Grant and Leone-Bay, 2012, Kandasam and
Chandrasekaran, 2013, Ramsey et al., 2013).

The delivery of drug formulation to lungs associates with the physiology
of human airways. The structure of human airways consists of multilevel cascade
conducting tubes that branch from trachea to alveolar sacs. Diameter of airways duct
serially decreases in each level of branching that affects to particle deposition pattern.
The large particles deposit on upper level of airways while small particles can reach to
alveolar area. From physiological limitation of airways, inhalation delivery system
needs intensively optimization.

The pulmonary delivery system is classified into 3 types that are
nebulizers, pressurized metered dose inhalers (pMDIs) and dry powder inhalers (DPIs).
The nebulizer generates small liquid droplet from liquid dosage form by adding
atomizing force into the liquid. Then the liquid droplets flow through the air stream and
are inhaled by patients. The pMDI is liquid dosage form either solution or suspension
with pressurized propellant in a canister. The pressurized propellant is an atomization

force in the system. It pushes liquid formulation through a nozzle and generates



aerosols. DPIs are energized using patient inhalation efforts to disperse dry powder
medication into fine aerosols. The DPIs have several benefits such as reliable, portable
and chemical stability. A good delivery device is a key factor to guarantee reliably
performance and patient compliance. The inhalers have to allow patients to produce
sufficient airflow through the device. The airflow then disperses and breakups the dry
powder agglomerates, and delivers a dose to the lungs as therapeutically effective fine
particles. The airflow generated by inhalation directly determines particle velocity and

hence the ease of which particle is deagglomerated.

Wall-Particle impaction

® — W

Drug agglomerate Inter-Particle impaction
—
—
s

Aerodynamic force

() Drug particle c Carrier particle

Figure 1 Dry powder aerosolization process.

The complex cascade physical aerodynamic processes were associated

with the dry powder pulmonary delivery. The major processes are aerosolization of dry



powder, detachment of active drug particles from drug-only agglomerate or drug-
carrier particle mixture, dispersion and transport of the aerosol through the target site
in the airways (Islam and Cleary, 2012). The aerosolization processes involve with
mechanical impaction either inter-particle impaction or particles — wall impaction and
airflow shear force (Figure 1) (Zhou et al., 2014). There are two approaches to
maximize dry powder lung delivery: formulation optimizations and inhaler device
design optimizations.

There are several methods for formulation optimizations such as
nanoporous microparticles, hollow particles and multicomponent particles system. The
particles are generated by spray drying, freeze drying, milling and spray freezing
techniques (Depreter et al., 2013, El-Gendy et al., 2012, Hoppentocht et al., 2014).

The DPIs formulation could be a drug powder only or a drug-carrier
blend formulation. The carrier is usually lactose powder that acts as a bulk addition or
diluent. The carrier is very large (30-110 um) and is blended with only a few milligrams
of the relatively smaller drug particles (less than 5 um) (Karner et al., 2014, Srichana
et al., 1998). The drug to carrier ratios can be varied such as 1: 67.5 (Diskhaler®,
Rotahaler® and Cyclohaler®), 1:4.6 (Pulmicort Flexhaler® 180 pg) and 1: 24
(Inhalator®) (AstraZeneca, 2010, Timsina et al., 1994). The lactose carrier was known
to improve the efficiency of drug delivery by reducing drug particle aggregations
(Daniher and Zhu, 2008). The ternary or quaternary components are added in some
formulations to optimize flow ability and dispersion efficiency. After aerosolization
process in DPI device, the large carrier particles deposit on the upper airways, whereas

the smaller drug particles reach the lower parts of the lungs (Zhou and Cheng, 2000).



The inhaler device design greatly influences the performance of the dry
powder inhaler system. Over a dozen of dry powder inhalers are commercially available
with various designs (Yang et al.). The design variation leads to differ in aerosol
delivery performance. The DPI devices can be classified into three main types that are
single unit dose, multiple unit dose and multiple dose (Cheng, 2014, Islam and Gladki,
2008). DPI formulation powder was precisely filled in individual capsule or blister pack
in the single unit dose system (Figure 2A) (Daniher and Zhu, 2008). In the multiple
unit dose system, formulation powder was also pre-fill in a blister pack, strip or wheel
(Figure 2B) (Islam and Gladki, 2008). Both unit dose system and multiple units dose
system provided protection of DPI formulation from environment moisture and reliable
dosing accuracy from precisely dosing in the production process. The multiple dose
devices incorporate bulk formulation powder reservoir and dosage metering
mechanism (Figure 2C). It has benefit in term of easy handling of device and doesn’t
require manually unit dose changing. The drawback of the multiple dose devices is
stability problem from moisture entering into the powder reservoir. Additionally, it is
quite complicated to design the accurate and precise dosage metering mechanism
(Islam and Cleary, 2012). From above information, the unit dose DPIs is simple and
easier to design. Thus, the unit dose device is feasible to develop simple DPIs.

To develop efficient inhaler device, it is essential to understand factors
affecting DPIs performance by studying from commercial available DPIs.
Computational fluid dynamics (CFD) has been extensively used in the engineering
researches. It is now increasing in popularity in aerosol delivery research (Coates et al.,
2006, Kleinstreuer and Zhang, 2003, Kleinstreuer et al., 2008, Zhang et al., 2004). CFD

numerically solves the complex set of partial differential equations to represent the fluid



dynamics laws and simulates the fluid flow (Anthony and Flynn, 2006). The trend of
dry powder inhaler device development is combination of the CFD and conventional

experiment.

Dosage Metering
Mechanism

Replaceable set
of pre-metered doses

A: single unit dose B: multiple unit dose C: multiple dose
Figure 2 Single unit dose, multiple unit dose and multiple dose dry powder inhalers

(Modified from Daniher and Zhu (2008))

There are several factors affecting the aerodynamic characteristic. A
major factor is the degree of the turbulent flow in the inhalers. The degree of the
turbulent flow and shear force in the device is directly related to the resistance of the
device (Selvam et al., 2010). An example of highly turbulence-based device is 3M
Conix™, Tt is reverse cyclone design that creates high velocity swirly flow in the
device. Previous CFD studies were described effect of air inlet size, grid structure and
mouthpiece length of Aerolizer® device on dispersion performance using drug particles
only model (Coates et al., 2007). The grid structure in Aerolizer® aimed to increase fine
particles fraction (FPF). However integral scale strain rate observation in CFD failed
to explain relationship with FPF. The integral scale strain rate is derived from turbulent

parameters. In this case, impaction potential of particles to device wall had combined



effects to integral scale strain rate on particles deagglomeration. In addition, grid
structure contributed to regulate chaotic airflow to more laminar liked flow that reduce
amount of device powder retention. In addition, the inhaler performance was scarcely
related to the length of the mouthpiece when compared to the grid due to no statistically
different in the performance of the inhaler was observed as the length of the mouthpiece
was altered (Coates et al., 2004, Coates et al., 2006, Coates et al., 2007).

Devices with high resistance usually provide a high degree of turbulence
and shear force but can cause difficulty for asthmatics patient who have a limited
inhalation force (Lee et al., 2009). Turbuhaler™ is high resistant device with narrow
spiral air flow channel to assist turbulence generation (Milenkovic et al., 2013). The
level of turbulence and particle collisions is influenced by the air inlet channel while
the design of the mouthpiece controls the outlet air velocity and flow pattern (Gac et
al., 2008). The flow pattern in the device and the outlet air velocity may cause drug loss
in the oropharyngeal region by inertial impactions (Ball et al., 2008). One study has
indicated how the dispersion capability of DPIs can be optimised by adjusting the
magnitude of the turbulence and maximising the particle impaction velocity whereas
the effect of the mechanical impaction on the dispersion of the particles is still unclear
(Voss and Finlay, 2002). An experiment revealed that the particle and device wall
impaction dominated in powder dispersion mechanism (Wong et al., 2010). The
conflict results leaded to another attempts to explain the effect of the fluid dynamics
parameters to the DPIs performance. The non-dimensional specific dissipation (NDSD)
was investigated to forecast dispersion performance in carrier-free DPI devices. The
NDSD was classified in to 3 categories, flow-based factor, turbulence based factor and

particles based factor. The flow-based factors were pressure drop and flow-rate. The



turbulence-based factors were TKE and turbulence intensity (T1). The particles based
factors were wall impaction count and average trajectory integral. The correlation
between the flow-based factor and dispersion performance was very weak. Thus, it is
not appropriate to predict the dispersion performance. The turbulence-based factors
such as TKE and particles-based factors were not well predicted MMAD (Longest et
al., 2013).

The advancement in computational analysis enabled the dynamically
simulation of particle de-agglomeration by using discrete element modelling (DEM).
The DEM provides acceptable prediction of particles aerosolization when coupling
with CFD (Thornton and Liu, 2004). Recently, a more sophisticate CFD-DEM model
was developed. The effect of impact angle on dispersion performance was found that
high angle impaction produced the higher FPF than the shallow impaction angle.
Moreover, cascading impaction on two 45-degree angles improved the FPF and
minimized throat deposition (Adi et al., 2010). Moreover, the CFD-DEM investigation
of the grid structure on the FPF generation indicated that grid plays an important role
in fine powder generation (Adi et al., 2010, Tong et al., 2013). Whereas Coates et al.
reported that the grid structure was not related to the FPF (Coates et al., 2004). These
results showed that frequency of impactions was one important factor in
deagglomeration. However, the relation of the segregated parameters to the device
geometries is still unclear and needs more investigation.

The first aim of this research was to investigate the effect of the dry
powder inhalers design to the fluid dynamics characteristic and drug delivery efficiency
using computational fluid dynamics. The turbulent factor and mechanical impaction

fluid dynamics parameter were taken into account. The understanding in the fluid



dynamics characteristic would allow developing new dry powder inhalers. The second
aim was to develop new dry powder inhalers by simple modification of commercially
available devices. The computer-aid design and CFD were the basis of the development

process.



OBJECTIVES

. Study factors influencing the aerodynamics and particle dispersion in DPI
device using computational fluid dynamics.

. Evaluate dry powder inhaler devices using computational fluid dynamics.

. Develop high performance DPI devices.
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Significant Results and General discussion

Two commercially available inhalers were the Cyclohaler® and the
Inhalator® (Figure 3). The bottom of the Cyclohaler® was capsule chamber. The
Cyclohaler® had two air inlet channel (red) placed in the opposite direction in
cylindrical chamber below the grid (Figure 3A and 3B). A capsule would be placed in
this chamber and the capsule spins inside the chamber when patients operate the device
(Tong et al., 2013). The upper part of the grid was the mouthpiece tube and air outlet
(green). The Inhalator® has only one inlet channel (red) connected to the inlet tube at
the bottom of the device. The capsule chamber was located between the grid and inlet
tube. Above the grid, there was the mouthpiece that connected to bell shape outlet
channel (green) (Figure 3C and 3D). The narrowest channel in flow path of the
Inhalator® was located at the inlet tube. The Inhalator® device internal geometries was
closely related to a newer generation device, the Handihaler® (Mohammed et al., 2014).

Capsules in inhaler device were pierced prior to patient’s inhalation. The
Cyclohaler® capsule was pierced with 2 sets of 4 small needles in the opposite direction.
The needles diameter was 0.6 mm. They pierced capsule on each end of capsule cap
and body, totally eight holes were created (Figure 4A). The Inhalator® had two needles
at the same side. The needles diameter was 1.5 mm. The capsule was pierced at the side
near the end of cap and body created two holes (Figure 4B). The air velocity in the
Inhalator® was initially high at inlet channel (around 148 — 152 m/s) (Figure SA). There
was a different flow pattern in the capsule chamber when the capsule is present. The
flow in the Inhalator® without capsule was straightforward along the inhaler length.
However, with the present of capsule the high velocity inlet flow pushed the capsule

toward the grid and the flow bended around the capsule (Figure 5B). The grid then
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regulated airflow straightening the flow pattern. The velocity was gradually decreased
to mouthpieces outlet channel. The flow pattern in Inhalator® mimicked a closely

design, the HandiHaler® (Donovan et al., 2011, Shur et al., 2012).

Inlet

Inlet
/

2
1] 10.000 (mm)
| L
5.000 "

0 10.000 (mm) E g

5.000

Figure 3 Internal geometries of Cyclohaler® (A and B) and Inhalator® (C and D).
The airflow pattern in the Cyclohaler® revealed that air entered the

device from two inlet channels. The encounter of opposing airflow created a whirlpool-
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like effects (Figure 5C). With the present of capsule, the swirly airflow was disrupted
and changed the pattern when capsule spun around. A part of air stream drifted down
the capsule to the lower chamber of the Cyclohaler®. This may change the degree for
turbulence in the capsule chamber. In addition, the capsule intensified airflow velocity
between the capsule and the grid. The airflow velocity at the grid part was about 19 and
20 m/s in the Cyclohaler® with and without capsule, respectively (Figure 5C, 5D and
SE). The flow pattern was similar to those of the work of Coates and coworkers (Coates

et al., 2004, Coates et al., 2005a, Coates et al., 2006, Coates et al., 2007).

> ) D Q.)

Figure 4 Pierced holes on the capsule in the Cyclohaler® and Inhalator® devices.

The Turbulent Kinetic Energy Distribution and Impaction Kinetic Energy

The turbulent kinetic energy (TKE) is a parameter that represents the
fluid shear in the air-stream. The TKE in the Inhalator® was in the range of 24-550
m?/s? depended on the longitudinal position of the device (Figure 6A). The highest
TKE was located at the lower part of the device while the lowest TKE was found at the
mouthpieces either the capsule inserted or removed. The highest TKE was around the
middle and the bottom part of the capsule chamber in the Inhalator® without a capsule
and with a capsule, respectively. The capsule largely affected the TKE around and
below the grid part of the Inhalator®. The capsule obstructed the airflow path and

created a localized peak TKE at the bottom part of the Inhalator® while it reduced the
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TKE in other parts of the device. After the airflow passed the grid region, it did not
show any variation in the TKE between the Inhalator® with and without a capsule.

The highest TKE was found in the capsule chamber of the Cyclohaler®.
The Cyclohaler® without capsule showed slightly higher TKE than that the capsule was
inserted. The difference in TKE was about 8%. The capsule disturbed the cyclonic
airflow pattern in the capsule chamber as previously discussed. However, the capsule
rotating positions do not distinctly affect the TKE level (Figure 6B).

The TKE in the Inhalator® was about 100 times higher than in the
Cyclohaler®. Although the Inhalator® without a capsule had the lower TKE than the
Inhalator® with a capsule, the TKE was still dramatically higher than in the
Cyclohaler®. The small inlet tube of the Inhalator® created the high velocity of
airstream that led to high turbulent magnitude.

The TKE directly controlled the impaction kinetic energy in both the
Inhalator® and the Cyclohaler®. The TKE was derived from the turbulent fluctuations
in a turbulent flow. The higher TKE provided more kinetic energy to particle. Thus, the
impaction kinetic energy increased when the TKE had increased. In this experiment,
the impaction kinetic energy was calculated in the devices without capsule. The peak
impaction kinetic energy was in the capsule chamber of the Inhalator® and the
Cyclohaler®. It emphasized the importance of capsule chamber design to the particles

impaction processes.
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Figure 5 The velocity streamline at 60 L/min in Inhalator® device without capsule
(A) or with capsule (B) and in Cyclohaler® device without capsule (C) or with capsule

(D and E).

The peak impaction energy in the Inhalator® was about 2 times higher
than in the Cyclohaler®, while the peak TKE of those devices was different in the
magnitude of 100. It indicated that achieving high impaction kinetic energy does not

require very strong TKE. In the Inhalator®, the lowest impaction kinetic energy was
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located at the mouthpiece tube because the airflow was straightened and aligned with
the mouthpiece. After that the impaction kinetic energy slightly increased at the

mouthpiece exit due to the increment of the TKE (Figure 6A).
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Figure 6 The TKE distribution and impaction energy (black line) in the Inhalator®
(A) (W) without capsule, (M) with capsule and the Cyclohaler® (B) (M) without

capsule, (W) with capsule and with capsule turned 90° (M).
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The impaction kinetic energy in the Cyclohaler® was continuously
decreased from the capsule chamber to the mouthpiece exit because the airflow was
governed by the grid with lowering TKE (Figure 6B). From this result, it implied that
the capsule chamber design is the most important part to improve mechanical impaction
kinetic energy of the capsule based dry powder inhaler. Further dry powder inhaler
designs in this research will follow the Cyclohaler® capsule chamber and the Inhalator®

grid design to customize and develop new dry powder inhaler.

Computer-aided Design and Computational Fluid Dynamics Evaluation of New
Dry Powder Inhaler

New dry powder inhaler designs were based on two commercially
available devices, the Cyclohaler® and the Rotahaler®. The Rotahaler® was chosen as
a basis design of new devices instead of the Inhalator® because the Inhalator® had too
high flow resistance and required high patient’s inhalation power. The cyclone-like
capsule chamber was taken from the Cyclohaler®. Whereas the grid and the mouthpiece
were lent from the Rotahaler®. Three dry powder inhalers were modeled using
computer-aided design (CAD). The models were named as model #1, #2 and #3,
respectively (Figure 7). The key differences in 3 models were grid position, inhaler
body width and capsule insertion method. The model #1 and model #2 devices have
capsule port on the side of the capsule chamber between the air inlet orifices. While the
model #3 device does not have the capsule insertion port. The capsule-piercing chamber
was incorporated into the bottom of model #3 device chamber. It allowed two needles
to pierce the capsule from the opposite side on the tip of the capsule caps and capsule

body.
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The CFD Analysis and Device Performance Assessment

The flow pattern in model #1, #2 and #3 devices were swirly flow as
occurred in the Cyclohaler®, especially at the capsule chamber (Figure 8). However
there were some differences in the flow pattern. The flow pattern in model #1 device
was swirly and had high velocity at the capsule chamber and the flow velocity slowed
down in the inhaler body. The flow then regulated by the grid led to less swirly flow
through the mouthpiece (Figure 8A). Whereas the flow in the capsule chamber of
model #2 device had higher velocity than that occurred the model #1 and #3 devices.
The narrow inhaler body of model #2 device also led to a high flow velocity. After the
flow passes through the grid it also produces lower velocity flow (Figure 8B). The
swirly flow pattern was only localized in the capsule chamber of the model #3 device
because the grid was moved to the top of capsule chamber instead of near the
mouthpiece outlet as in the model #1 and #2 devices.

The integral scaled strain rate (ISSR) was chosen to describe the
turbulent strain on the particles. The ISSR was the ratio of turbulent dissipation to the
turbulent kinetic energy (Tong et al., 2013). The CFD analysis indicated that the ISSR
ranged from 1592 — 3316 s™!, the probability of deagglomeration by impaction (Pgeage)

ranged from 0.1 — 0.7.
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Figure 8 The flow velocity pattern in mode #1 (A), #2(B) and #3(B) at 60L/min

The ISSR could be classified into two groups 1600-2000 (the model #1
and #2 devices) and 2600-3300 (the model #2 device and the Cyclohaler®).
Interestingly, the model #2 device and the Cyclohaler® had the same localized swirly

flow in the capsule chamber and had higher ISSR than the model #1 and #2 devices.
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Furthermore the aerosol dispersion experiment results showed that FPF was ranged
from 23-50% in all devices (Table 1). The model #3 device generated the highest FPF
(about 50%) among the 4 devices more superior than the Cyclohaler®. We found that
here was no relationship between the probability of impaction deagglomeration (Pgeagg)
and the FPF. The FPF was not only affected by the Pgeage but also influenced by the
turbulent force in the term of ISSR. The multiple linear regressions revealed that the
ISSR and Pgeage had good relationship to the FPF with the correlation coefficient of
0.998. The statistical analysis shows the p-value of the regression parameter of 0.04
and 0.03 (Table 2). This supported that the ISSR and the Pgeage parameters were equally
important parameters to predict the FPF in the Cyclohaler® derived inhaler. It
confirmed the result from other research groups that the turbulent and impaction factor
had important roles in deagglomeration (Coates et al., 2005a, Comer et al., 2001, Gac
et al., 2008, Selvam et al., 2010). Although the ISSR and Pgeage had a linear correlation
to the FPF, the correlation was limited to the Cyclohaler® and Rotahaler® combination

design only. It may not be able to predict the behavior of other types of DPI.

Table 1 The ISSR, probability of impaction deagglomeration and FPF in Cyclohaler®

device, model #1, model #2 and model #3 devices (mean + SD, n=5)

Model ISSR (s!) Probability of impaction deagglomeration % FPF

Cyclohaler® 3316 0.10 £ 0.01 35123
Model #1 1592 0.39 £0.06 23.1+£23
Model #2 2037 0.52 £ 0.04 36.1 £2.8
Model #3 2565 0.69 £0.13 495+1.0

The model #3 device provided well balance between the turbulence and

the mechanical impaction. The frequently particle-device impaction in the model #3
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was 2.5 - 17 time higher than those occurred in the Cyclohaler®, model #1 and model
#2 devices. This led to a high probability of impaction deagglomeration. The grid
position in the model #3 sit above the capsule chamber and was relatively similar to the
Cyclohaler®. However, the grid size was larger than that in the Cyclohaler®. The swirly
airflow suddenly changed the direction by the grid. It provided more particle-device
impaction surface. The model #3 device could be classified as mechanical impaction

dominant device.

Table 2 Multiple linear regression coefficients of the ISSR, probability of impaction

deagglomeration and FPF in Cyclohaler® device, model #1, model #2 and model #3

devices.

Parameters Coefficients Standard Error P-value
Constant -15.19 2.86 0.12
ISSR 0.01 0.00 0.04
Pdeagg 42.68 2.64 0.03

The 3D printed prototype of the model 3

The model 3 was selected as a final prototype. The model 3 prototype
was separated into two parts; inhaler base and inhaler mouthpiece (Figure 9A). Both
parts were connected together with screw thread (Figure 9B). The dry powder
formulation capsule was pierced with 2 sets of 0.6 mm diameter needles in the opposite
direction (Figure 9B) and put in the inhaler base as shown in Figure 9A.

In summary, the key methods to create efficient Cyclohaler® and
Rotahaler® derived dry powder inhalers were to localize the swirly flow at the capsule

chamber and intensify ISSR. Moreover, the FPF could be predicted using the
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probability of impaction deagglomeration and the ISSR. The proposed model 3 is

reasonable for further development of dry powder inhalers.

Inhaler Base Inhaler Mouthpiece Complete device Pierced capsule

A B C

Figure 9 The 3D printed prototype of model 3 (A and B) and pierced capsule (C).
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CONCLUSIONS

The aerodynamic processes in the dry powder inhalers were investigated
in this study. The loose agglomerated dry powder formulations were aerosolized by two
major mechanisms; the aerodynamic turbulent shear dispersion and the mechanical
impaction deagglomeration. The aerodynamic turbulent shear forces can be expressed
by two parameters that were the TKE and the ISSR. We found that the TKE had highly
correlated with the impaction energy and the probability of deagglomeration by
impaction. The FPF and the TKE also had well correlation. Moreover the small carrier
size sharply responded to the TKE when compared to large lactose carrier formulation.
Slightly elevation of the TKE led to largely increase the FPF in the small carrier size
formulation. We also observed that the strategies to increase the TKE were by adding
a swirly flow as in the Cyclohaler® and using the narrow flow-path as in the Inhalator®.
The whirlpool-like swirly flow in the Cyclohaler® was a result of a cyclonic chamber
that created a tangential flow across the axial flow. Furthermore, a swirly flow also
increased the particle-device impactions. On the other hand, the Inhalator®had different
mechanism. It had a straight tube design with a grid. The grid rapidly changed the
airflow directions and elevated the turbulence. In addition the grid also provided
impaction surface for the agglomerated particles. The narrow airflow path in the
Inhalator® maximized the air velocity and created the energetic particle-device
impaction and the intense shear force. Nevertheless, the high velocity particle had a
drawback that it increased the inertial impaction on the upper airways and would cause
some loss of the drug. The cyclone chamber design of the Cyclohaler® and the grid
design of the Inhalator® were the basis of the proposed inhaler devices. The CAD and

CFD design pipeline was proven their potential for use as higher performance inhaler
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devices. The model 3 device had the best performance in both the CFD simulation and

the experimental result. It can generate 50% FPF and had a low MMAD when operated

at 60 LPM with the Ventolin Rotacaps®. Moreover, the inhaler that was derived from

the Cyclohaler® design was highly dependent on the grid position. Placing the grid

adjacent to the swirly airflow chamber did improve the aerosolization performance.

Recommendation and Limitation

Recommendation and limitation of this thesis are stated below.

1.

The grid in the capsule based DPI should have minimal effects on pressure drop to
ensure the performance of the device in the patients. The grid should retain its
ability to prevent capsule fragments entering the airways and straighten the airflow
in the mouthpiece. The grid size should not create overall pressure drop across
device over 10 mbar%/LPM to ensure a comfortable operation of the patients (Clark
and Hollingworth, 1993).

For practical use of the model #3 device, the screw connection between the chamber
and the mouthpiece of the model #3 device should be modified. A snap locking
mechanism may replace the screw connection for convenience. In addition, a
simpler capsule piercing mechanism has to be developed.

The CFD simulation in this research was performed without capsule due to
limitation of the computaional power. However, there were several evidences from
previous works that the capsule had a minimimal effect on the aerosolization
process (Coates et al., 2005b).

The airflow velocity directly affected the FPF. Increment of airflow velocity creates

more drag force on the particles (Equation 1). The particle-device impaction
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increases with a high particle velocity resulting in a better drug deagglomeration

and FPF.

F; = %pszdA Equation 1

p is the particle density,

v is the speed of the object relative to the fluid
Cq is the drag coefficient,

A is the cross section area
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experiments, thus computational fluid dynamics were used to investigate the turbulence kinetic energy and
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1. Introduction

Dry powder inhalers (DPIs) have been extensively used for delivering
medication to the lungs. This is a good choice, especially for delivering
bronchodilator and corticosteroids to asthmatic patients [1]. Many re-
search works have extended DPI applications for systemic drug delivery
such as for insulin. Currently available DPI devices have various designs
such as for their mouthpieces, air inlet channels and the aerosolization
chambers each leading to differences in the aerodynamic characteristics
[2-4] of the air flows. The different designs of the device greatly affect
the DPI performance such as the Fine Particle Fraction (FPF) and the
Mass Median Aerodynamic Diameter (MMAD) [5].

1.1. DPI formulations

The formulation of DPIs usually employs lactose as a bulk carrier
with only a few milligrams of the drug. The drug to carrier ratios can
be varied such as 1:67.5 (Diskhaler®, Rotahaler® and Cyclohaler®),
1:4.6 (Pulmicort Flexhaler 180 pg®) and 1:24 (Inhalator®) [6,7]. The
mixing of lactose and drug particles also improves the efficiency of
drug delivery by reducing drug particle aggregations [1]. After aerosoli-
zation process in a DPI device, the large carrier particles deposit on the

* Corresponding author.
E-mail address: teerapol.s@psu.ac.th (T. Srichana).

http://dx.doi.org/10.1016/j.powtec.2014.07.044
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upper airways, whereas the smaller drug particles reach the lower
parts of the lungs [8].

1.2. Interparticulate force and aerodynamic force

Drug particles loosely attach to the surface of the lactose carrier with
inter-particle force such as Van der Waals force, capillary force and elec-
trostatic force. The Van der Waals force is a molecular attraction and
repulsive interaction on the surface of particles. For ideal system with
smooth spherical particles, Van der Waals force is a function of particle
radius and separation distance. The Van der Waals separation radius of
particles is affected by the surface roughness and shape of particles that
controlled the contact areas between particles. High surface roughness
reduces the contact area (increases separation distance) while a flat
surface of particles increases the contact area (decreases separation
distance). The surface asperities having effective separation distances
above 1 um remove the Van der Waals force [9]. The Van der Waals
force becomes more significant as the particle size decreases [10]. The
Van der Waals attraction dominates in particles of less than 20 um as
the pick-up of velocity from the powder bed was significantly increased,
while the 40-100 pm particle pick up of velocity was not much different
[11]. In this manner, micrometer domain particles were not significantly
affected by the Van der Waals forces [12]. The capillary force and elec-
trostatic force are briefly two times weaker than the Van der Waals in
a moderate humidity [10]. However, if the humidity increases the
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capillary force will become dominant and as electrostatic forces weaken
the Van der Waals force becomes insignificant [13]. The carrier particle
in the DPI formulation is usually in the range of 50-100 um so that the
fluid force in the DPI device is strong enough to overcome the adhesion
force [1,14].

During the aerosolization process, the drug particles are detached
from the carrier surface if the energy from either the fluid shear or
mechanical impaction overcomes the adhesion forces between the
drug-carrier particles [15,16]. The viscous force acting on particles is a
drag force (Farag) that is related to particle cross-sectional area (d?)
(Eq. (1)). For particle collision the inertial force is the kinetic energy
function (E) that is proportional to the particle volume (d®) (Eq. (2)).

i

Forg = Ca g PodV? )
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Cq drag coefficient

d diameter of the particles (m)

\Y fluid velocity (m/s)

Ppr Pa Particle density, fluid density (kg/m3), respectively.

1.3. The computational assisted DPI research

Computational fluid dynamics (CFD) is used in engineering fields
and is now also gaining in popularity in some areas of pharmaceutical
research [3,17-19]. It is useful for investigating aerodynamic parame-
ters such as the turbulence kinetic energy (TKE), pressure and aerody-
namic shear force and the trajectory of particles. These parameters
allow us to better understand the aerosolization processes in the DPI
devices than any in vitro experiments. There was an attempt to use
the non-dimensional specific dissipation (NDSD) parameter to predict
dispersion performance in carrier-free DPI devices. The NDSD was
classified into 3 categories, flow-based factor, turbulence based factor
and particle based factor. The flow-based factor such as pressure drop
and flow-rate had a weak correlation to dispersion performance. The
turbulence-based factors such as TKE and turbulence intensity (TI)
and particle-based factors such as wall impaction count and average tra-
jectory integral were fairly to weakly predict MMAD [20]. However,
some research indicated that particle-wall impaction dominated in
powder dispersion mechanism [21]. The level of turbulence and particle
collisions is influenced by the air inlet channel while the design of the
mouthpiece controls the outlet air velocity and flow pattern [22]. The
flow pattern in the device and the outlet air velocity may cause drug
loss in the oropharyngeal region by inertial impactions [23]. In addition
to the experimental approach of Voss and Finley, they found that turbu-
lence was also an important mechanism by adjusting the magnitude
of the turbulence thus maximizing the particle impaction velocity.
Whereas, the effect of the mechanical impaction on the dispersion of
the particles was still unclear in the salbutamol sulfate-lactose carrier
DPI dispersion [24]. Recently, discrete element modeling (DEM) was
used to dynamically simulate particle de-agglomeration. It provided
acceptable prediction of particle aerosolization when coupled with
CFD [25]. The CFD-DEM coupling could analyze the interaction collision
between particles-particles and particle-wall. The investigation in the
Aerolizer® device indicated that the particle-wall impaction had a
major role in deagglomeration especially in the dispersion chamber of
the inhaler [26]. Although the DEM method offers a sophisticated compu-
tational analysis, this method needs high computational power and the
coupling scheme is still limited to small numbers of large particles [27].

In this research, the carrier particle-wall impaction using only the
CFD discrete particle model without DEM would be simpler and less
computational intensive than that of the CFD-DEM. The aims of this

research were to investigate the TKE, particle impaction and device per-
formances for delivery of the drug during the aerosolization processes
in the DPI devices using simple CFD particle tracking.

2. Materials and methods
2.1. Preparation of the lactose carrier

The particle size of the lactose carrier in the range of 10-100 um was
prepared by the use of a Ball mill (Planetary MonoMill pulverisette 6,
Fritsch GmbH, Idar-Oberstein, Germany) operating at 350 rpm for 1 h.
Milled carrier particles were separated by size with a sieve series having
open diameters of 90, 71, 30 and 20 pm. The separated size ranges of the
carrier in this study were from 71-90, 30-71 and 20-30 pm. These three
size fractions of lactose carrier were used to prepare formulations #1,
#2 and #3 respectively to investigate their different drug delivery
efficiencies.

2.2. Particle size distribution measurement and fitting

Carrier sizes were determined using a laser diffraction technique
(Beckman Coulter LS 230, CA, USA). In this study, the dispersion medi-
um was prepared by suspending lactose in methanol overnight and
the lactose saturated methanol was filtered through a 0.22 ym mem-
brane. Lactose particles were suspended in a dispersion medium.
Ultrasonication was used for 15 s to reduce lactose particle aggregation
(Ultrasonicator, Elma, Germany). A background measurement was
taken first and then the sample was added and mixed homogeneously
with the medium until the percentage obscuration was about 10. The
particle size distribution was calculated as the volume median diameter
and its associated geometric standard deviation. Five measurements
were carried out for each sample. The particle size distribution was
fitted to the Rosin-Rammler equation to obtain the distribution param-
eter for the computational simulation (Eq. (3)). The fitting was solved
using the Microsoft Excel® GRG nonlinear solver optimizing k and A
for minimal root mean square error between fitted and raw data.

—(x—N\)¥
Fikn) = 1€ *7 x=0 ©)
0 ,x<0
F(x; k; \) is the fraction of particles with diameter <x.
\ is the mean particle size.
k is a particle size spread.

2.3. Formulation of the salbutamol dry powder inhaler

The formulations were prepared by mixing micronized salbutamol
sulfate (DDSA Pharmaceutical, London, UK) with lactose carrier at
a ratio of 1:67.5 w/w. Each formulation contained 40 mg of drug and
2.7 g of each carrier in a vial. Hand mixing was carried out for 10 min,
and then mixed using a Turbula® mixer for 30 min (Willy A. Bachofen
AG Maschinenfabrik, Switzerland). The uniformity of powder blends in
each formulation was determined by five random samplings from differ-
ent positions of the formulation powder for an assay of salbutamol sulfate
content. The sampled powder was dissolved with water, diluted to an
appropriate concentration and analyzed using a spectrofluoroscopic
technique with an excitation wavelength of 218 nm and an emission
wavelength of 309 nm [28]. The powder mix was filled into no. 3 capsules
(1 dose = 27.4 mg, consisting of 400 pg drug), for use with two commer-
cial inhaler devices (Cyclohaler® Pharbita, Netherlands and Inhalator®
Boerhinger Ingelheim, Germany).

2.4. Drug deposition studies

The drug deposition was evaluated using the 8-stage Andersen
Cascade Impactor (ACI; Copley Scientific Limited, Nottingham, UK),
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which was operated at 30, 60 and 90 L/min for 20, 10 and 6.7 s, respec-
tively. The operating relative humidity was controlled at 50 4 5%. The
ACI stages were varied depending upon the flow-rate, and in these ex-
periments we used stages 0 to 7, — 1 to 6 and — 2 to 5 for a flow-rate
of 30, 60 and 90 L/min, respectively. The amount of drug deposited on
each collection plate in each stage was eluted with water to obtain its
concentration. Quantitative analysis was carried out by a fluorescence
technique [28]. The percent deposition was calculated on each stage.
The percentage Fine Particle Fraction (%FPF) and the Mass Median Aero-
dynamic Diameter (MMAD) were used to determine the performance
of the drug delivery. The percent Emission (¥EM) was calculated from
the percentage of the drug emitted from the device. ¥FPF was calculated
from a summation of the amount of drug retained on the stage at a cut-
off diameter of below 5 pm.

2.5. Computational simulation

The dimensions of the Cyclohaler® and Inhalator® devices were
precisely measured using a Vernier caliper. A 3D model of the DPI de-
vices was created using Gambit® software (ANSYS, Inc., USA). The 3D
models were meshed to create computational nodes. The mesh quality
was controlled using the equiskewness parameter that determined the
deviation of the mesh shape from the hexagonal to the tetrahedral
shape. CFD problems were solved using the finite volume method of
the Fluent® software package (ANSYS, Inc., USA). The solving of the
fluid dynamic was based on the momentum, mass and energy conserva-
tion (Navier-Stoke equation). The turbulence model was the k-& where
kand € describe the turbulence kinetic energy and turbulent dissipation
rate, respectively. The second-order upwind schemes were applied to
discretize the partial differential equations of a momentum, TKE and
turbulent dissipation rate. A semi-implicit method for pressure linked
equation (SIMPLE) algorithm was used for the coupling of the mass
and momentum equations [29]. The CFD iteration was repeated until
the residual error was less than 1 x 10~3. Simulation condition was
set as standard ambient temperature and pressure (SATP) condition.
The boundary conditions used for an inhaler outlet equal to a velocity
inlet (volume flow-rate was converted to the velocity flow-rate) and a
0 bar relative pressure of an inhaler inlet. For simulation of the disper-
sion of the particles, only carrier particles were simulated because the
mass of the drug particles was very small when compared to that of
the carrier particles. Therefore, the dispersion efficiency was controlled
mainly by the properties of the carrier [30]. Post-processing of the CFD
simulation was analyzed for the following properties.

2.5.1. Velocity contour and turbulence kinetic energy (TKE)
The velocity contour and turbulence kinetic energy were plotted to
visualize the flow characteristics in the inhaler devices.
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Table 1
Discrete phase model parameters.

DPM parameters

Max tracking step 500,000

Drag law Spherical

Stochastic tracking 5 tries with discrete random walk

Injected particles 200

Particle size distribution Rosin-Rammler

Injection type Group

2.5.2. Particle trajectory and particle interactions

The assumptions made for the tracking of particles were no particle-
particle interactions and no particle breakups. The particle-particle in-
teraction was negligible because the carrier particle occupied a fairly
low volume fraction [31]. This was due to the fact that the ratio of the
particle mass to the total system volume was very low (dilute system).
Therefore, we considered only the particle-wall interaction and focused
on the impaction of the lactose carrier on the wall of the devices. A dis-
crete phase model (DPM) was used to simulate the particle trajectory.
The particles were injected from the points where powder aerosoliza-
tion occurred in either the Cyclohaler® or the Inhalator®. The DPM
parameters are described in Table 1. The maximum tracking step is
500,000 so it was a large population enough to ensure that all particles
could escape from the system. In this simulation we assumed that all
particles were spherical in shape. A group of 200 particles was injected
into the system and 5 tries of stochastic tracking were used to mimic
real randomness in the particle trajectory. The particle size distribution
was by a Rosin-Rammler or Weibull distribution. The outlet of each
device was set as an escape boundary for particle tracking. The particle-
wall impaction was assumed as fully bounced by using the restitution
coefficient of 1 [20].

The particle-wall impaction data were obtained from the particle
impaction counts. The impaction velocity was collected and converted
to the probability of an agglomerated particle breakup. The particle-
wall impaction count described the frequency of the impaction. In
a similar manner, the impaction velocity estimated the kinetic energy
of impaction which was calculated to the kinetic energy per unit
mass. The kinetic energy of impaction was calculated using the velocity
(u, vand w) in three axes (x, y and z axes) (Eq. (4)).

Ke/m = u? + v* + w? (4)

where K¢/m is the kinetic energy per unit mass, and u, v and w are the
particle velocities in the x, y and z axis, respectively. In this study, the
drug-carrier particle agglomerate was assumed as a single large particle
equivalence and because mass of carrier was much larger than drug car-
rier that adhered on, only carrier particle can be used for simulation.
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Fig. 1. Commulative log-under size plot of fine (A), medium (B) and coarse (C) lactose carriers. Solid line is the raw data and dash line is the fitting curve.
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Table 2 (Table 2) [33]. The span of the carrier particle size was larger than 1.
Lactose carrier particle size distribution. This means that the size distribution is not monodisperse.

Sample Sieve size Mean (um) Span

Lactose fine 20-30 um 33.0 1.27 . 3

Lactose medium 30-71 pm 68.0 146 3.2. Drug deposition studies

Lactose coarse 71-90 um 729 1.47

Upon impaction, the impaction energy creates stress on particles and
drug detachment from carrier particles like particle breakup. The prob-
ability of an agglomerated particle breakup by impaction depended on
the frequency of the impaction, the impaction energy, particle sizes,
threshold energy of break-up and a break-up resistance of the parame-
ter for each material (Eq. (5)) [32].

P— 1_e—fm,dk(wm7wm‘m) )
Wmmin threshold energy of break-up

W impact energy

d particle diameter

fmar break-up resistance parameter

k impact frequency.

Since the material parameters Wi min and fma in this simulation are
constant, Eq. (4) is simplified by neglecting the threshold energy of
break-up and the break-up resistance parameters (Eq. (6)).

P 1—e 6)

Electrostatic charges occur during the aerosolization process from a
triboelectric effect. The triboelectric effect is caused by two different
materials contacting together through friction and surface charge trans-
fer from one material surface to another material surface. During the
aerosolization process electrostatic charges had a linear increment
with aerosolization air flow [13]. Measurement of the electrostatic
charges during aerosolization was conducted using a Faraday's pail
and a NanoCoulomb electrometer Model 284 (Monroe Electronics Inc.,
NY, USA). An inhaler device with dry powder formulation was placed
in the center of the Faraday's pail and connected to a vacuum pump.

3. Results and discussion
3.1. Lactose carrier particle size distribution

The Rosin-Rammler fitting shows that the span of particle sizes was
around 1.2-1.5 pm (Fig. 1). The mean particle sizes of the fine, medium
and coarse lactose carrier were 33.0, 68.0 and 72.9 um, respectively
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Salbutamol sulfate and lactose formulations showed good uniformi-
ty. The FPF varied from 7 to 30% and the overall trend increased with
flow-rate. The FPF of the Cyclohaler® device (Fig. 2A) was quite low
at a flow rate of 30 L/min (7-15%). At a flow-rate of 60 L/min, the
FPF sharply increased when compared to the 30 L/min whereas at
90 L/min FPF was slightly higher than 60 L/min. The carrier size has
an effect on the FPF in some conditions. The medium sized lactose
carrier had the highest FPF at all flow-rates. The small and large lactose
carriers did not have much difference in their FPF values. This result indi-
cated that the Cyclohaler® operated well at flow rates of over 60 L/min
and the formulation with the medium sized lactose carrier had the best
performance.

The Inhalator® device at 30 L/min had a low FPF (7-16%) (Fig. 2B).
The formulation with the small size lactose carrier had the smallest
FPF while there was little difference between the medium and large
carriers. At a flow-rate of 60 L/min the FPF of the formulation with the
medium sized lactose carrier had a slightly higher FPF than with the
small and large carriers and overall the FPF was also higher than for
the 30 L/min. The FPF at 90 L/min with the formulation of small and
large size carriers was slightly higher when compared to the 60 L/min.
The FPF with the medium sized carrier greatly increased at 90 L/min.

The small, medium and large lactose carrier formulations were
different in their sieve size range (median): 20-30(21), 30-71(58)
and 71-90(76) pum, respectively. It was of interest that, the medium
sized lactose carrier formulation tended to provide the best performance
formulation. It had the widest sieve size range of 30-71(58) um. The wide
size range of the carrier size might have some effect on the aerosolization
performance. The smaller particles in the wide size range of the dispersion
carrier could modify the surface properties of the larger carrier and loosen
adhesion of the agglomerate formulation. It was reported that the fine
lactose portion improved the efficacy of the formulation [34]. However,
the mechanism of this observation was not provided, hence it needs
more investigation.

The MMAD was in the range of 4-6 um and when the flow-rate in-
creased in both devices, the MMAD was slightly lower. The Inhalator®
is a high resistance device and gave a smaller MMAD than that for the
Cyclohaler® which is a medium resistance device at all flow-rates.
The MMAD for the Cyclohaler® was slightly larger at a flow-rate of
30 L/min and decreased when the flow-rate was increased from 30
to 90 L/min (Fig. 3A). The Inhalator® operated at 30 and 60 L/min
had a comparable MMAD with all carrier sizes whereas the MMAD at
90 L/min was slightly lower and with the medium sized carrier had
the lowest MMAD (Fig. 3B).
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Fig. 2. The percentage Fine Particle Fraction (%FPF) of the Cyclohaler® (A) and the Inhalator® (B) at flow-rates of 30, 60 and 90 L/min with the small (g3), medium (@) and large (;7)

lactose carriers.
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Fig. 3. MMAD (um) of the Cyclohaler® (A) and the Inhalator® (B) at flow-rates of 30, 60 and 90 L/min with the small (3 ), medium (m) and large (¢7) lactose carriers.

3.3. Computational simulation

Fig. 4A shows that the Cyclohaler® is a unit-dose dry powder inhaler
device. The Cyclohaler® consists of a three part mouthpiece tube
(A), cyclone chamber (B) and capsule holder (C). The dry powder for-
mulation was filled into no. 3 capsules and the capsule was placed in a
capsule holder. The press button on the device was used to release
needles to pierce holes on the capsule. The dry powder was then re-
leased through the holes. After that the patient inhaled the medication
through the mouthpiece. During inhalation the medication powder
was dispersed and aerosolized along the device.

The Inhalator® (Fig. 4B) is also a unit-dose device which has a rela-
tively simple design being a straight tube with an eclipse bell-shaped
mouthpiece (part A). The medication capsule holder is in the lower
part (part C) of the device. The needles are released to pierce the capsule
on the middle of the capsule. The grid is in part B that is located between
the straight tube part and the conical part. Hence the medication pow-
der is released and deagglomerated to produce a fine particle of aerosols
along the device. Total mesh node in the Cyclohaler® and Inhalator®
was 739,377 and 581,917 nodes, respectively. The mesh independent
was tested using variation of integral strain rate. The mesh node in the
Cyclohaler® increased from 739,377 to 837,519, 948,590, 985,855 and
1,474,015 from the decrease of the maximum element size at 10~% m
on each step. The Inhalator® mesh increased from 581,917 to 797,514,
835,645, 972,237 and 1,345,437 nodes from a similar methodology. It
was found that the integral strain rate changed less than 5% which indi-
cated independency from the mesh [35]. The velocity streamlines of the
airflow in the Cyclohaler® and Inhalator® are shown in Fig. 5. In the
Cyclohaler®, the flow had input from two inlets on the side of the cy-
clone chamber (Fig. 5A). The air inlet channels are configured in a tan-
gent form to create a cyclone like effect and make a swirly flow in the
cyclone chamber with a velocity of 4-5.5 m/s. The airflow was
transitioned to the mouthpiece tube, which decreased the velocity to
1.37-2.8 m/s. On the other hand, the flow that entered the Inhalator®
device had a smaller inlet tube and changed direction when passing
the cross grid (1 mm thick and 1 mm width) (Fig. 5B). The airflow veloc-
ity was very high initially (around 44 m/s) at 90 L/min. It related to inlet

A

B:Grid 20{0

channel cross-sectional area. The airflow velocity then decreased dra-
matically along the device to the mouthpiece (4-7 m/s). Moreover,
the grid in the Cyclohaler® and Inhalator® showed similar effects to
the flow pattern. It changed the airflow from a swirly or chaotic flow
into a linear stream along the mouthpiece. Previous research had also
demonstrated that the role of the grid was to fix the flow in the
Cyclohaler® [36].

The electrostatic charges during the aerosolization ranged from 0.1
to 0.3 nC/mg from a 30-90 L/min flow-rate. Thus electrostatic charge
effects can be omitted due to the magnitude of the electrostatic charges
being very low and it does not have any significant role in the aerosoli-
zation performance [37].

The impaction counts per injected particle varied with the flow-rate.
Increasing the flow-rate led to a higher impaction count per injected
particle. In the Cyclohaler® the impaction events were higher when
the flow-rate increased, whereas the impaction showed little difference
at the same flow-rate with the small, medium and large carriers
(Table 4). The impaction of the device particles in the Inhalator® did
not relate well to the flow-rate and carrier sizes. However the probabil-
ity of the analysis for the variance (ANOVA) of deagglomeration for the
small, medium and large carriers with 30 L/min flow-rates indicated
that the carrier size had a minimal effect on the probability of
deagglomeration at a low flow-rate (Table 4). At the 60 and 90 L/min
flow-rate carrier sizes had dramatic effects on the probability of
deagglomeration especially for the Inhalator® device. The explanation is
that at 30 L/min the momentum carried by the different particle size
was not significantly distinct. Thus the probability of deagglomeration
was not significantly different. However, there was a fluid shear force
that could affect the magnitude of deagglomeration.

The probability of deagglomeration by the z-position in the
Cyclohaler® is shown in Fig. 6. The probability of deagglomeration is
high in the mixing chamber and transitional zone. Most impaction oc-
curred near the pierced holes on the capsules (release point) and the
mixing chamber whereas there was a lowering of impaction in the
mouthpiece zone. It supported the finding of Zhou et al. that changing
mouthpiece length doesn't show any significant effect on the aerosoli-
zation of Foradil from the Aerolizer® [26]. This evidence supported

B

B:Grid Zone

C: Inhaler Base

Fig. 4. Cyclohaler® (A) and Inhalator® (B) geometry and reference position.
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Fig. 5. Velocity streamline of the Cyclohaler® (A) and the Inhalator® (B) at 90 L/min.

the probability that particle deagglomeration not only depended on the
particle impaction count but also on the impaction energy. One key fac-
tor to design a high performance dry powder inhaler device is to in-
crease the frequency of impaction. A higher flow-rate leads to a higher
degree of particle deagglomeration because the high flow-rate provides
more input of energy to the particle system. The relative standard devi-
ations of impaction per particle were around 0.6-1 and this implied that
the particle-wall impaction distribution was better than in the Inhala-
tor® due to the swirling flow in the device. The particle size showed
no statistically significant effect on the degree of deagglomeration at
the flow rate of 30 L/min in the Cyclohaler® and Inhalator® (Table 4).
However at 60 and 90 L/min the carrier particle size played an impor-
tant role on the degree of deagglomeration with the medium and
large carriers and gave a better dispersion performance than the small
carrier. One explanation could be that at a low flow-rate, the energy
from impaction was not high enough to create any significant break-
up of drug-carrier agglomerate. This can be further clarified using an
atomic force microscope to directly measure the adhesive force be-
tween the drug and carrier [16,38]. However, when the probability of
deagglomeration was compared to the %FPF it did not show any corre-
lation because the simulation was done only in the DPI device. Yet the
induction port of the ACI from the USP may introduce deagglomeration
of the powder and lead to a higher breakup potential [39].

Table 3
The impaction count from a stochastic simulation of the Cyclohaler® and Inhalator®.

The Inhalator® with a cross sectional grid area that was used under
the assumption that the grid would provide more impaction by chang-
ing the air flow pattern in the Inhalator®. The impaction of particles in
the Inhalator® with a cross grid occurred at around 13,000 to 17,000
impactions per 200 injected particles. This is similar to that of the
Cyclohaler® that has a cyclone-like design (Table 3). This result sup-
ports the assumption that the grid is a key element to improve wall-
particle impaction in the low vorticity inhaler device. The probability
of the particle deagglomeration in the Inhalator® device is high at all
flow-rates and with all the three carrier sizes. The probability of impac-
tion almost reaches 1.00 due to the high impaction energy (Fig. 6A).
However, the relative standard deviations of the impaction per particle
were extremely large (around 1.8 to 6.6). It means that some particles
impacted more frequently than some others because the simulation in
the grid of the Inhalator® has a large void space and the air-flow is
almost straight forward along the device, so some particles passed
through the void space and faced fewer impactions than the particles
that went straight to the grid.

The TKE is the mean kinetic energy per unit mass associated with
eddies in the turbulent flow. Physically, the TKE is characterized
by the measured root-mean-square (RMS) velocity fluctuations. TKE
is directly related to the magnitude of the turbulence [40]. The
TKE in the Cyclohaler® ranges (mean) from 1-30 (2.56) J kg1,

Parameters Small carrier Medium carrier Large carrier

30 L/min 60 L/min 90 L/min 30 L/min 60 L/min 90 L/min 30 L/min 60 L/min 90 L/min
Cyclohaler®
Total impaction” 10,299 13,651 18,588 10,110 13,594 17,491 10,502 13,881 17,384
Average I/P* 21 27 37 20 27 35 21 28 35
SD 13 23 24 13 23 22 15 28 21
Inhalator®
Total impaction® 13,575 13,919 16,174 13,786 16,035 16,995 13,045 13,671 15,927
Average I/P* 27 28 32 26 32 34 28 27 26
SD 48 88 104 53 197 225 80 77 58

2 I/P = impactions/particle.
b Count per 200 particles.
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Table 4

Analysis of variance (ANOVA) of deagglomeration probability in the Cyclohaler® and
Inhalator® for the small, medium and large carriers at 30, 60 and 90 L/min flow-rates,
respectively.

Flow-rate group P-value
Cyclohaler® Inhalator®
30 L/min 0.28945 0.8633
60 L/min 0.02079 0.0033
90 L/min 0.02282 0.0090

Significant level a = 0.05.

2-110(9.7) J kg~ " and 5-220 (22.4) ] kg~ at the flow-rates of 30, 60
and 90 L/min, respectively. At the flow-rate of 30 L/min, the TKE is rel-
atively low compared to that at 60 and 90 L/min. The TKE occurs mostly
at the inlet and cyclone part of the Cyclohaler® due to the rapid change
of airflow direction and airflow velocity as visualized in the velocity
streamline and contour plot of the TKE (Fig. 7A). In this case an increase
of the TKE elevated the level of particle impaction because of the rapid
swirling of the airflow in the cyclone part of the device that introduced
a greater probability of impaction-deagglomeration of the particles on
the wall. Linear regression between FPF and TKE showed a strong corre-
lation at all carrier sizes (R? = 0.735-0.998). The relationship between
TKE and FPF was a direct variation; i.e., as TKE increases, FPF proportion-
ally increases (Fig. 8A). The large carrier formulation gave the lowest
correlation coefficient (0.735) because %FPF reaches plateau from
60 L/min to 90 L/min. The slope of FPF and TKE linear curve in
Cyclohaler® for fine, medium and large lactose carriers was 1.0076,
0.7858 and 0.604, respectively. The fine and medium lactose carrier
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formulations sharply responded to the TKE when compared to a large
lactose carrier formulation. This indicated that the FPF in the small
carrier size formulation reacted more strongly to the TKE than that
occurred with the larger carrier formulation. MMAD also showed a
moderate correlation with TKE (0.559-0.862) (Fig. 8B). The MMAD
and TKE had an inverse relationship; i.e., when TKE increased, MMAD
proportionally decreased.

For the Inhalator® the TKE range (mean) values varied from
0.5-263.6 (23.4) J kg1, 1.3-1009.0 (87.3) ] kg~ ! and 2.3-2236.0
(190.1) J kg~ at the flow-rates of 30, 60 and 90 L/min, respectively.
The magnitude of the TKE in the Inhalator® was about 10 times higher
than in the Cyclohaler®. The TKE mainly occurred around the capsule
chamber and the grid where the air-flow changed its direction (Fig. 7B).
When we considered the probability of particle deagglomeration it al-
most reached 1 in all positions of the device (Fig. 6A). This was related
to the high kinetic energy of the particles in the system and was also
correlated with the MMAD (Fig. 3A) that decreased as the probability of
particle deagglomeration increased. The relationship between FPF and
TKE was observed (Fig. 8C). FPF and TKE have a linear correlation with
R? between 0.692 and 0.998. The slope of FPF and TKE linear curve in
the Inhalator® for fine, medium and large lactose carriers was 0.2316,
0.2334 and 0.0689, respectively. This indicated that the %FPF in the fine
and medium sized carriers also sharply responded to TKE than that of
the large lactose carrier. The response of FPF to TKE in the Inhalator®
was lower than in the Cyclohaler® because the initial TKE at 30 L/min
in the Inhalator® was significantly higher than the Cyclohaler®. Linear
correlation between MMAD and TKE has R? around 0.577-0.894.

It showed fair to medium-high correlation between TKE and MMAD.
The MMAD and TKE also had a reverse relationship. The relation trends
were similar in the Cyclohaler® device.

B Probability of Deagglomeration by Impaction (Fine Lactose)
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Fig. 7. Contour plot of TKE in the Cyclohaler® (A) and the Inhalator® (B) at 30, 60 and 90 L/min (flow direction is upward).

There is an assumption that %FPF in the fine and medium sized
carriers also highly responded more to the TKE than that in the large
lactose carrier. The larger size carrier formulation of the drug particles
was readily released from the carrier surface of a lower TKE. Thus, an in-
crease of the TKE had a little effect on the improvement of the FPF in the
larger carrier. Whereas, the smaller carrier formulation initially yielded
a lower FPF than the larger carrier at a low TKE. The increment of the
TKE in the small carrier at the same rate as in the larger carrier steeply
improved the FPF. Nevertheless the turbulence kinetic energy, impac-
tion frequency and impaction kinetic energy had to be taken into
consideration simultaneously [41].

The TKE also indicated the amount of energy used when the fluid in-
teracts with the particles and causes fluid dynamic shearing of the par-
ticles. More energetic particle impaction means an increase of particle

deagglomeration and more fluid shearing on the carrier-drug particle
agglomerates so increases the probability of drug particles detaching
from the carrier surface. According to the work of Voss and Finlay,
turbulence also plays a key role in the aerosolization process [24].
Thus, the Inhalator® has a higher probability of detachment of the
drug particles from the carrier surface than the Cyclohaler® as deter-
mined by fluid dynamic shearing.

Probability of deagglomeration directly related TKE; i.e., as TKE in-
creased, probability of deagglomeration proportionally increased. Both
the Cyclohaler device (Fig. 9A) and the Inhalator® device (Fig. 9B)
showed a good linear correlation with R? > 0.8. The TKE was probed
along the longitudinal length of the Cyclohaler® device. It was found
that the TKE at a constant flow rate of 60 L/min varied with the longitu-
dinal position of the Cyclohaler® (Fig. 10A). TKE was the highest around



40

T. Suwandecha et al. / Powder Technology 267 (2014) 381-391 389
A 35 B 6.5
30
2 E 55
g 2 27
& 15 2
(T
2 4.5
10 =
5
0 ] 3.5 T T )
0 30 10 20 30
TKE (J/kg)
c 30 D 5i5
25
— 5
s 1200 g
S =
o 15 Q as
a
[T 2
10 s
4
5
N
0 : ; ; ; ‘ 3.5+ : : - L 2 ,
0 20 40 60 80 100 0 20 40 60 80 100

TKE (J/kg)

TKE (J/kg)

Fig. 8. Correlation of FPF to TKE and MMAD in Cyclohaler device (A, B) and Inhalator® device (C, D) with fine (#, dotted line), medium (M, dash line) and large (®, solid line) lactose carrier

formulations.

aposition of 1.875 mm in the upper part of the device chamber and grid.
The TKE had a good correlation (R? = 0.999) with the impaction energy
and the probability of deagglomeration by impaction (Fig. 10B). It can
be explained that the TKE was converted to a particle-wall impaction
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Fig. 9. Correlation of TKE and probability of deagglomeration in Cyclohaler device (A) and
Inhalator® device (B) with fine (#, dotted line), medium (M, dash line) and large (®, solid
line) lactose carrier formulations.

energy in combination with the particle-wall impaction frequency
and the probability of deagglomeration.

4. Conclusion

The particles deagglomerated in two different ways; by aerodynam-
ic shear dispersion and mechanical impaction deagglomeration, in that
respective order. The aerodynamic shear force creates stress on particle
agglomeration and separates them. We found that the TKE was a key
parameter that can describe the aerodynamic shear force. If the TKE
overcomes the interparticulate force, it will break the agglomerated
particles. The TKE can be increased by adding a swirly flow as in the
Cyclohaler® and using the narrow flow-path as in the Inhalator®. The
Cyclohaler® used its cyclone-like design that consists of a tangential
flow across the axial flow. It changes the particle trajectory by a swirly
movement and many particles impact on the wall of the device. In addi-
tion, a swirly flow generates a more turbulent kinetic energy in the flow.
In contrast, the Inhalator® has a straight tube design and grid. The grid
obstructs some airflow, so the air and particle rapidly change their di-
rections. The high resistance of the Inhalator® maximizes the air veloc-
ity and is the cause of the energetic impaction and shear force. However,
the inertial impaction on the airways of a high velocity particle will
cause some loss of the drug. A high performance dry powder inhaler
device can be designed based on the cyclone chamber design of the
Cyclohaler® and the grid design of the Inhalator® as a guideline because
it provides a balance between the resistance of the device and the
dispersion performance of the deagglomerated particles. The TKE
plays a significant role in the particle deagglomeration and the FPF.
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Abstract

Keywords

Dry powder inhalers (DPIs) are gaining popularity for the delivery of drugs. A cost effective and
efficient delivery device is necessary. Developing new DPIs by modifying an existing device may
be the simplest way to improve the performance of the devices. The aim of this research was to
produce a new DPIs using computational fluid dynamics (CFD). The new DPIs took advantages
of the Cyclohaler® and the Rotahaler®. We chose a combination of the capsule chamber of the
Cyclohaler® and the mouthpiece and grid of the Rotahaler®. Computer-aided design models of
the devices were created and evaluated using CFD. Prototype models were created and tested
with the DPI dispersion experiments. The proposed model 3 device had a high turbulence with
a good degree of deagglomeration in the CFD and the experiment data. The %fine particle
fraction (FPF) was around 50% at 60L/min. The mass median aerodynamic diameter was
around 2.8-4 um. The FPF were strongly correlated to the CFD-predicted turbulence and the
mechanical impaction parameters. The drug retention in the capsule was only 5-7%. In
summary, a simple modification of the Cyclohaler® and Rotahaler® could produce a better
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performing inhaler using the CFD-assisted design.

Introduction

Pharmaceutical inhalers have the potential to treat not only lung
diseases such as asthma, they are also excellent devices for the
systemic delivery of drugs. The insulin dry powder inhaler (DPI)
is an example of a systemic drug delivery device that avoids
injection'. At present there are three major types of inhalers used
to disperse and aerosolize drugs: nebulizers, pressurized metered-
dose inhalers (pMDIs) and DPIs. The most important aspect for
efficient pulmonary drug delivery is to produce particles that are
aerodynamically smaller than 5 um so they can reach the lower
parts of the lungs®’. DPI formulations usually consist of a
micronized drug alone or as a blend. Relatively larger coarse
carrier particles may be added either as a diluent or carrier. It is
very important to optimize the flow properties, dispersibility and
aerosolization performance to achieve a desired dose to the target
organ®. When patients operate an inhaler device, their inspiratory
flow is the primary energy source needed to detach the drug and
to disperse any agglomerated carrier particles®. Because of their
size the larger carrier particles themselves deposit in the
oropharyngeal regions, whereas the drug particles flow with the
air stream and are deposited in the lower parts of the lungs. The
efficiency of a DPI is measured by assessing the distribution of
the aerodynamic sizes of the particles using multistage impaction

Address for correspondence: Teerapol Srichana, Faculty of
Pharmaceutical Sciences, Drug Delivery System Excellent Center,
Prince of Songkla Univesity, Songkhla, Thailand. E-mail:
teerapol.s@psu.ac.th

equipment (Andersen cascade impactor) or multistage liquid
impingement equipment (multistage liquid impinger). Two main
efficiency parameters are obtained from the aerodynamic size
distribution: the mass median aerodynamic diameter (MMAD)
(i.e. is the effective size of the particles in the air flow) and the
fine particle fraction (FPF) (i.e. the fraction of particles that has
an aerodynamic size of less than 5 microns)®. The MMAD is
calculated by linear regression of the log-normal aerodynamic
size distribution, as shown in Figure 1. In addition, the geometric
standard deviation also describes the span of the size distribution.
There are three main types of DPIs that can be differentiated by
their method of dosing. The simplest type is a single-unit dose
device in which the DPI formulation is filled into a capsule and
the patient manually loads the capsule into the device®. Some
devices now allow patients to preload several capsules in the
inhaler for convenience. The second type delivers a multiple unit
dose in which an accurately weighed powder formulation is pre-
filled into a blister or disk pack’. When the patient operates the
device, the mechanical processes break the blister or disk once per
use. The third type has a bulk reservoir with a built-in metering
apparatus. A large amount of powder is filled into a bulk reservoir
container and the metering mechanism portions out a dose for
each actuation. This multiple dose type inhaler has an inferior
stability and consistency of dosage compared to the single-unit
dose or multiple unit dose inhalers'.

The three main factors governing the efficiency of the DPIs
are: the formulation of the dry powder, the inspired flow rate
and the design of the device. The dry powder formulation deter-
mines the strength of the agglomeration between the drug—drug,
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Figure 1. Plot of cumulative percentage of mass less than stated
aerodynamic diameter (probability scale) versus aerodynamic diameter
(log scale) (Redrawn from USP 34/NF 29, 2011).

drug—carrier and carrier—carrier particles. Lowering the particle
adhesion force leads to an easier dispersion'!. The DPIs are
passive devices that lack an internal energy source to aerosolize
the powder. They rely on the inhalation airflow as the primary
force to overcome the inter-particle force of a dry power
formulation. Increasing the inhalation flow rate adds more
energy to the system and increases the dispersion performance!?.

The design of a device is also an important factor that impacts
on its aerosolization performance'®. Recent commercial and
research devices are able to produce a FPF in the range of 10—
70%"°. Several research groups have worked on the design of the
Aerolizer® using computational fluid dynamics (CFD) in con-
junction with experiments using various mouthpiece geometries,
air inlet sizes and grid structures. The results have indicated that
only small modifications to the geometry of the device can have a
large effect on the aerosolization performance'“™'¢. The geometry
of the device controls the air flow dynamics within the device that
affects the airflow resistance, distribution of turbulent flow, fluid
drag forces that act on the particles, particle trajectory and
impaction patterns'’. The deagglomeration magnitude increases
with the aerodynamic shear, the collision frequency and the
impaction energy of the particles. A variety of device designs
have been adapted to improve these parameters™'®. Previously
some DPIs had a high airflow resistance design that increases the
deagglomeration force of the particles that emerge from the
mouthpiece in the hope that they will improve the deposition in
the lower lungslg. However, a device with a high resistance
requires a high inhalation effort that is practically difficult for
patients with impaired lung function to achieve®. There has been
some evidence that a high air flow resistance is not necessary to
improve the performance of the DPIs*'. Some early low-resistant
device designs, such as the Spinhaler® and the Rotahaler®,
employed a grid to intensify the turbulence but lowered the device
resistance'®. However, both devices still produced a low %FPF of
around 9-10%%%>%3, Another approach was to design a cyclone
chamber with a mesh that created a swirly turbulent flow inside
the device that enhanced the dispersion of the powder. The
Turbuhaler® is a multiple-dose device that produces an FPF of up
to 27% with an air-flow of 57 LPM?*. In some capsule-based
single-dose device, a capsule chamber was designed that
produced a rotation of the capsule or developed sufficient
vibrations to assist the deagglomeration of the powder such as
the Cyclohaler®. A FPF of up to 25% at 60 LPM was achieved
using the Cyclohaler®. From the above information, designing a
high-performance DPI requires a careful optimization of many
variables. Computational-assisted design has proved to be a very
useful tool for investigating dynamic processes in the device.
Recently, discrete element modeling (DEM) has been used to

dynamically simulate the particle de-agglomeration processes. It
has provided an acceptable prediction of particle aerosolization
when coupled with CFD?. However, this method requires a high
computational power?®. Tong et al. used CFD to demonstrate that
narrowing the air inlet channel of the Aerolizer® device
significantly improved FPF?".

The aim of this research was to develop new inhaler devices
based on the currently commercially available devices. The
development process employed a computer-aided design together
with an investigation on the particle aerodynamics, and the
behavior of the particles during the aerosolization process.

Materials and methods

Computational modeling and rapid prototyping of
inhaler devices

The inhalers were sketched and modeled using the CAD program
Autodesk® Inventor® (Autodesk, Inc, San Rafael, CA). The
internal geometries of the devices were exported for further
computational fluid dynamic processing. The prototype devices
were created by extending a wall from the internal geometry. The
wall thickness was set at 2 mm. The prototypes were printed using
a fuse deposit rapid prototyping machine, MakerBot® Replicator®
2 (MakerBot Industries, Brooklyn, NY). The printing material
was white acrylonitrile butadiene styrene (ABS) plastic. The
prototypes were sanded to smooth their surfaces.

CFD analysis
Computational fluid dynamics

The CFD simulation was solved using Ansys Fluent® 14 (ANSYS,
Inc.; Cecil Township, PA). All inhaler device models were
meshed to generate the computational elements. The mesh
convergence test was performed until the turbulent kinetic
energy (TKE) deviated of less than 5%. The fluid dynamic
simulation was based on the momentum, mass and energy
conservation (Navier—Stoke equation). Due to the tracking of
complex particles the CFD computations required high-compu-
tational powder, so only the simple flow analysis and par-
ticles tracking were calculated®®. The turbulence model was the
RNG k-¢ where k and ¢ described the TKE and the turbulent
dissipation rate, respectively. Second-order upwind schemes were
applied to discretize the partial differential equations of a
momentum, TKE and turbulent dissipation rates. A semi-implicit
method for a pressure linked equation (SIMPLE) algorithm was
used for the coupling of the mass and momentum equations®’.
The mouthpiece was set as the velocity inlet boundary condition
and the air inlet orifice was set as the pressure inlet boundary
condition. Simulation condition was set as standard ambient
temperature and pressure (SATP) condition. The calculation was
iterated until the residual error was less than 107>,

Calculation of the probability of an agglomerated particle
breakup by impaction

The probability of breakup of the agglomerated particles by
impaction depended on the frequency of the impaction, the
impaction energy, particle sizes, the threshold energy of the
break-up and the break-up resistance of the parameter for each
material (Equation (1))30.

P =1— ¢ raudk(Wn—Wn,min) (1)

Win,min = Threshold energy of break-up
W,, =Impact energy
d = particles diameter

s oem oas W o



Jinar = break-up resistance parameter

k =1impact frequency

Since the material parameters; W, min and f,, in this
simulation were constant, Equation (1)was simplified by neglect-
ing the threshold energy of the break-up and the break-up
resistance parameters (Equation (2)).

P=1—¢ %W (2)

The aerosol dispersion experiment

Ventolin Rotacaps® (GlaxoSmithKline plc., Brentford, England)
was used as it had been for the commercially available model
drug. Each capsule of Ventolin Rotacaps® consisted of 200 pig of
salbutamol sulfate with 25 mg of lactose®. The salbutamol sulfate
to lactose ratio was 1:50 w/w. The Ventolin Rotacaps® were
placed in the capsule chamber or the capsule port of the device
and pierced with a needle making holes or a separate capsule
body from the cap as in the Rotahaler®. The drug deposition was
evaluated using the 8-stage Andersen Cascade Impactor (ACI;
Copley Scientific Limited, Nottingham, UK). The particle
collection plates were coated with silicone oil. The dispersion
was operated at 60 LPM for 10 s to ensure that all the powder was
released from the capsule. The evaluation of the dispersion at 60
LPM was for 10 s. This was due to the low resistance of the device
(about 3 (mbar)"?/(LPM))"°. If the device was performed for 4s,
a high variation of the data was obtained. The operating relative
humidity was controlled at 50 +5%. The ACI stages in this
experiment were stages —1 to 6. The amount of drug deposited on
each collection plate in each stage was eluted with water and
diluted with an appropriate volume of mobile phase. The
salbutamol sulfate content was analyzed using the HPLC
technique as explained in the next subheading.

The FPF and the MMAD were calculated according to the
United States Pharmacopeia’. The MMAD and %FPF were used
to determine the performance of the drug delivery. The percent
Emission (%EM) was calculated from the percentage of the drug
emitted from the device.

Analysis of the salbutamol sulfate content

The salbutamol sulfate was analyzed by the high-performance
liquid chromatography (Waters Corporation; Milford, MA)
equipped with a fluorescence detector. The stationary phase was
a CI8 ACE 5 CI8-AR 150 x4.6mm column (Advanced
Chromatography Technologies Ltd; Aberdeen, Scotland). The
mobile phase was 75:25 methanol:water with 1g/L sodium
dodecyl sulfate mobile phase using a flow-rate of 1 mL/min. The
analytical excitation wavelength was 218 nm and the emission
wavelength was 309 nm.

Result and discussion
The inhaler device model

The designed DPI was based on a single unit dose device, in
which the dry powder medication was prefilled in a capsule. The
design was based on commercially available devices, such as
Rotahaler® and Cyclohaler®. The Rotahaler® was a low pressure
drop device that a patient could operate with little effort but this
suffered from having a low performance and a high variation in
the dosage®. The Cyclohaler® was a medium pressure drop
device. It generated a moderate dose of fine particles but had a
comparatively low performance when compared to the new
generation inhalers such as the Easyha.ler®, Neohaler®,
Breezehaler®334, Thus, a design that was a combination of the
Rotahaler® and Cyclohaler® was proposed with a low-pressure
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drop and a high-performance device. Figure 2(A) illustrates the
Cyclohaler®, a commercially available inhaler device.
Figure 2(B-D) shows the newly designed inhaler devices,
namely models 1-3, respectively. The DPI consisted of 4 major
parts; a mouthpiece (1), grid (2), inhaler body (3) and inhaler base
(4) (Figure 2A-D). The air inlet orifices were on the side of the
inhaler base (Figure 2A-D, 5,6). The capsule introduction port in
the model 2 and model 3 devices (Figure 2B, C-7) was placed
between two air inlet orifices. The Cyclohaler® and model 3
device had a capsule chamber at the bottom (Figure 2A, D-7)
where the capsule was pierced by sharp needles. The grid was
placed near to the cyclone aerosol dispersion chamber in the
Cyclohaler® and in the model 3 device. For the model 1 and 2
devices, the grid was placed near to the mouthpieces opening
orifice. The reason for keeping the grid in the inhalers was to
increase the turbulence and fine particle fractions'®.

Computational fluid dynamics

The airflow velocity in all models was in the range of 15-60 m/s.
Every model produced a similar cyclonic flow pattern like in the
Cyclohaler®, as shown in Figure 3. The cyclonic flow was mainly
localized in the inhaler base of the Cyclohaler®. The cyclonic
flow was regulated by the grid to provide a more straight flow
pattern along the mouthpiece (Figure 3A). The model 1 device
generated a swirly flow around the inhaler base and body with a
lower velocity than that obtained in the Cyclohaler®, the model 2
and the model 3 devices. The outlet flow was slightly swirling
after passing the grid (Figure 3B). The cyclonic flow was quite
strong in both the inhaler base and the body in the model 2 device
(Figure 3C). When the model 1 device was compared to the
model 2 device, there was only one difference in the model 2
device that it had a narrower inhaler body than model 1 device
and this led to a higher airflow rate and more swirling. The flow
in the model 2 device mouthpieces was nearly identical to that of
the model 1 device due to both having a similar grid design and
position. The model 3 device also produced a swirly flow at the
inhaler base (Figure 3D). However the gird in the model 3 device,
still produced turbulence. This phenomenon confirmed the
previous investigation that the grid structure straightened the
airflow before exiting the inhaler mouthpiece'®. The grid area in
the Cyclohaler“'m was 52mm> and 128 mm? in model 1,2 and 3
devices. The inhaler body cross sectional area in the Cyclohaler®
and model 2 device was 95 mm? while in the model 1 and model 3
devices it was 452mm?, respectively. The grid void space had a
direct effect on the flow velocity that was passing through the grid
and as the grid area decreased the flow velocity increased. It was
observed that a small grid area had a stronger flow straightening
effect than a large grid area.

The pressure drop across the Cyclohaler® and the model 2
device was around 16-19 mbar while the model 1 and model 3
devices had a relatively low-pressure drop of about 4 mbar at
60LPM. The pressure drop characteristics of the model 2 device
and the Cyclohaler®™ were not much different because they had the
same design. The model 1 and 3 devices had a larger inhaler body
than the Cyclohaler® and the model 1 device had a lower pressure
drop and showed the same pressure drop as the Rotahaler® at 60
LPM'". It also indicated that all the proposed designs would not
require too much patient’s inhalation effort to operate. The
model 2 device was modified to a narrower inhaler body than the
model 1 device while the inhaler base, grid and mouthpiece were
not changed and this resulted in a substantial increase in the
pressure drop from 4 to 16 mbar at 60 LPM. The model 3 device
had the same base design as the model 1 device except for the grid
position and an additional capsule chamber. The auxiliary capsule
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Figure 2. Internal dimension of the Cyclohaler® (A), model 1 (B), model 2 (C) and model 3(D).

Both models expressed the same pressure drop because the
capsule chamber attachment was not involved in the flow path and
the grid had the same void area.

The aerosol dispersion depended on both the impaction on the
particle-device wall and the fluid dynamic shear force. The
deagglomeration that occurred on the particle-device wall was
based on the impaction frequency and the impaction Kkinetic
energy (derived from the velocity of the particles upon impac-
tion). The impaction events per particle of model 1, 2 and 3
devices were significantly higher than for the Cyclohaler®
(p=0.000) while there was no statistical difference between
model 1 and model 2 devices (p>0.05). The model 3 device
produced the highest impaction events per particle (Table 2). This
indicated that all the new designs created more frequent
impactions on the device wall. The impaction energy in the
Cyclohaler® was slightly higher than for the model 2 and model 3
devices but both were higher than for the model 1 device
(Table 1). The model 1 device had the lowest impaction kinetic
energy of the three new design models while the model 2 and 3
devices had the same impaction energy. It was observed that the
narrowest channel in the flow path and the grid position had some
relation to the impaction kinetic energy. The impaction kinetic
energy and particle-wall impaction event were higher when the
grid was placed near to the inhaler base. This was due to a high
swirly airflow and a rapid change of direction. A narrow flow path
also increased the impaction kinetic energy as it accelerated the
particle velocity. This emphasized the importance of the grid in
the inhaler design as previously discussed by Coates et al'®.

The breakup of the particle agglomerates by impaction was
determined by the impaction frequency and the impaction
energy>. The probability of deagglomeration by impaction was
significantly different in each of inhaler designs. The model 3
device had the best deagglomeration potential compared to the
Cyclohaler®, the model 1 and the model 2 devices. When a device
with a similar kinetic energy was considered, it was found that the
impaction frequency played an important role in the probability of
deagglomeration.

The integral scale strain rate (ISSR) was chosen to represent
the fluid dynamic shear force parameter. The ISSR is a ratio of the
rate of dissipation of the turbulence and the rate and turbulence of
the kinetic energy®’. It was a measure of the velocity gradient
across the integral scale eddies. The ISSR ranged from 1500 to
33005~ and was dependent on the grid position. As the grid was
placed nearer the mouthpiece the ISSR ranged from 1500 to 2000
in the model 1 and 2 devices. The grid was placed on top of the
inhaler base in the Cyclohaler® and the model 3 device, in both
cases the ISSR ranged from 2500 to 3300 and the grid area in the
model 3 device was larger than the Cyclohaler® therefore the
increase in the grid area reduced the ISSR. The Cyclohaler®
exhibited the highest ISSR among the 4 inhalers. The peaks for
the ISSR were 86586, 59521, 28368 and 46383 for the
Cyclohaler®, and the model 1, 2 and 3 devices, respectively.
Although the Cyclohaler® cannot produce much particle-wall
impaction events and the probability of deagglomeration by
impaction, the turbulent effect was high with either an average or
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Figure 3. Velocity streamline of the Cyclohaler® (A), CAD model 1 (B), model 2 (C) and model 3 (D) at 60 LPM.

Table 1. Integral scale strain rate, impaction event per particle and peak impaction energy on the Cyclohaler® and models

1-3 at a flow rate of 60 LPM (mean + SD, n=75).

Pressure drop Mean ISSR Impaction event Impaction Probability of impaction
Model (mbar) [peak] s7h per particle Energy (m%s~2) deagglomeration
Cyclohaler® 19 3316 [86586] 107 +10 33,334 3,63 0.10+0.01
Model 1 4 1592 [59521] 752+122 18.80+2.69 0.39 +0.06
Model 2 16 2037 [28 368] 760 + 123 28.13+2.07 0.52+0.04
Model 3 4 2565 [46 383] 1723 + 107 26.02+1.23 0.69+0.13

magnitude than that of the Cyclohaler® although it had the highest
probability of generating the highest deagglomeration by impac-
tion. These results supported the previous investigation that used
CFD-DEM coupling to investigate the aerosolization mechanism
and concluded that particle-wall impactions inside the inhaler
chamber was a major breakage mechanism in the aerosolization
process while interactions of the fluid particles in term of the
ISSR may also have an effect on the generation of the fine aerosol
particles in a carrier-based system®’. In this case, there is a need
to be a further investigation on the ISSR threshold that can detach
drug particles from the carrier surface.

Performance of in vitro aerosol dispersion

Assessment of the in vitro aerosol dispersion indicated that all
devices generated suitable respirable particles sizes with MMADs
of around 2.8-3.9 um (Figure 4B). The model 3 device produced
the smallest MMAD (2.8 um) and this was correlated with a
relatively high in silico probability to predict the deagglomeration
by impaction. This indicated that the model 3 device had a high
ability to deagglomerate the dry powder formulations. The FPFs
were 35.1+2.3, 23.1+2.3, 36.1+2.8 and 49.5+1.0 for the
Cyclohaler®, the model 1, model 2 and model 3 devices,
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Table 2. ANOVA with Tukey’s honest significant difference test of an
impaction event per particle.

Table 3. Drug retentions in the capsule of the Cyclohaler®
and model 1, 2 and 3 devices (mean + SD, n=23).

p Value
Impaction Probability of
events per Impaction impaction
Device particle kinetic energy deagglomeration
Cyclohaler®
Model 1 0.000 0.006 0.000
Model 2 0.000 0.000 0.000
Model 3 0.000 0.000 0.000
Model 1
Cyclohaler® 0.000 0.006 0.000
Model 2 0.999 0.000 0.031
Model 3 0.000 0.000 0.000
Model 2
Cyclohaler® 0.000 0.000 0.000
Model 1 0.999 0.000 0.031
Model 3 0.000 0.365 0.007
Model 3 R
Cyclohaler® 0.000 0.000 0.000
Model 1 0.000 0.000 0.000
Model 2 0.000 0.365 0.007
The mean difference was significant at the 0.05 level.
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Figure 4. %FPF (A) and MMAD (B) of the Cyclohaler®, and model 1, 2
and 3 devices. Data are presented as a mean + SD, n =3.

confirmed the work of Parisini el al. and was about 33% FPF>.
The %FPF was highest in the model 3 device and that was the
same trend as for the prediction of the probability of
deagglomeration by impaction. The Cyclohaler® and the
model 2 devices had a similar %FPF due to the base design that
was closely related even though the capsule insertion method and
grid position were different. The %FPF in the model 1 device was
only about 23%, the lowest of the 4 devices while it had a higher
probability of predicted deagglomeration by impaction than the

Device Capsule retention (pg)
Cyclohaler® 19.74 +0.05
Model 1 27.07+1.92
Model 2 27.40+2.27
Model 3 17.82+0.26

Cyclohaler®. The poor relationship of the Cyclohaler® to the
%FPF and the probability of predicted deagglomeration by
impaction may be caused by the effect of the related deagglo-
meration in the capsule that was not included in the computational
simulation and the strong turbulence in the Cyclohaler® that was
observed in both the average and peak ISSR that could assist
deagglomeration of the particles. The peak ISSR in the
Cyclohaler® was far higher than occurred in the model 1, 2
and 3 devices. Although previous findings in a carrier free DPI
system had indicated that the turbulent flow was not strong
enough to overcome the strength of agglomeration, in the carrier-
based system it would be different®’. It was highly dependent on
the design of the inhalers®”. The turbulence played some roles in
the dispersion of the aerosol in the experimental rigs. In this case,
in the Cyclohaler® the turbulence was more dominant than in the
other inhalers tested in this study. The multiple regressions of the
ISSR and the probability of deagglomeration by impaction
(Pgeage) revealed that the both parameters had a similar significant
level on the %FPF at p value 0.041 and 0.039, respectively. The
linear equation from the multiple regressions is in Equation (3)
with correlation coefficient of 0.9985. This evidence supported
the importance of the turbulent factor and the mechanical
impaction factor on the generation of fine particles. The
Equation (3) could be used as a guideline to develop further
Cyclohaler® derived DPIs.

%FPF = 0.014(ISSR) + 42.681(Pgeage) — 15.194
28

W
—

The retention of salbutamol sulfate in the capsule by all
devices was 18-27 pg (5-7%) of the nominal dose. This indicated
that there was no problem in the process of emptying the capsule
in the model 1 and 2 devices and each of them showed a slightly
higher drug retention in the capsule than the Cyclohaler® and the
model 3 devices. There were no significant differences in the
%FPF between the Cyclohaler® and the model 2 devices
(Table 3). The model 1 and model 2 devices had the same
capsule introduction method. The capsule cap and body would be
pulled apart and only the capsule body with the powder was put in
the inhaler while the cap was still in the capsule port. The air
stream caused vigorously shaking the capsule body, while
emptying the drug content.

Conclusion

®

In conclusion, three modifications of the Cyclohaler” were
designed and tested by CFD simulation to examine their potential
for use as higher performance inhaler devices. Modification of the
Cyclohaler® did produce differences in the performance of the
devices. The model 3 device had a good performance that allowed
for prediction of the probability of deagglomeration. The
experimental result indicated that the model 3 device had a
good aerosolization performance and this was confirmed by the
CFD result. It can generate up to 50% FPF and had a low MMAD
when operated at 60 LPM with the Ventolin Rotacaps®. Further
mechanical modifications, such as to the capsule piercing



mechanism and for the inhaler base-body connection had to be
refined for practical use. The inhaler design in the Cyclohaler®-
type device was highly dependent on the grid position. Placing the
grid near to the turbulence-generating chamber did improve the
aerosolization performance. The pressure drop of the device had
little effect on the dispersal of the aerosol.
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Abstract- Dry powder inhalers (DPIs) have been extensively used for delivering medication to the lungs. The
different designs of DPI device affect the particles aerosolization processes. The processes are not observable in
experiment thus computational fluid dynamics can allow us to investigate air-flow field, turbulence kinetics energy
and the device resistance. In this research, we used the Cyclohaler® and Inhalator® devices as models for
computational simulation. The device resistant, the velocity vector, velocity contour and the turbulence kinetic
energy (TKE) were observed. The Cyclohaler® was a medium resistance device while the Inhalator® had high
resistance related to their geometries. The TKE directly relates to the flow-rate. The TKE in the Cyclohaler® is
lower than that in the Inhalator® due to narrow geometry resulting in a high velocity air-flow. In short, maximizing
the turbulence and the kinetic energy by adding a grid and a cyclone-like design were key factors to achieve high
deagglomeration of the particles.

Introduction

Dry powder inhalers (DPIs) have been extensively used for delivering medication to the lungs. Available DPI
devices have various designs for such as mouthpieces, air inlet channels and design of chambers that lead to
differences in the aerodynamic characteristics [1-3]. A major aerodynamic characteristic is the resistance of the
device that affects the degree of turbulence and shear force in the device [4]. In this case, high resistant devices
usually provide a high degree of turbulence and shear force but can cause difficulty for asthmatic patients who have
a limited inhalation force [5]. The level of turbulence is influenced by air inlet channel while the design of the
mouthpieces controls the outlet air velocity and flow pattern [6]. The velocity of the outlet air and flow pattern from
the device to oral cavity can cause drug loss in the oropharyngeal region by inertial impactions. One study has
indicated that the optimization of how the magnitude of the turbulence maximized the dispersion capability of DPIs,
whereas the in-deep mechanism is still unclear.

The formulation of DPIs usually employs lactose as the bulk carrier with only a few milligrams of drug[7]. Drug
particles loosely attach on the surface of lactose carrier. During the aerosolization process, the drug particles are
detaches from the carrier surface if energy from fluid shear overcomes the adhesion forces between drug-carrier
particles [8, 9]. The large carrier particles deposit on the upper airways, whereas the smaller drug particles reach the
lower part of the lungs [10].

Computational fluid dynamics (CFD) is used in engineering fields and is now also gaining popularity in
pharmaceutical research. It is useful for investigating aerodynamic parameters such as tge turbulence kinetics
energy, pressure and aerodynamics shear force and the trajectory of particles. These parameters allow us to better
understand the aerosolization processes in the DPI devices than any in vitro experiment.

The aims of this research were to investigate the turbulence kinetic energy and device resistance during the
aerosolization processes in DPI devices.

Materials and Methods

1) Measurements of the dimensions and pressure drop of the devices: The inhaler device dimensions were
measured using a Vernier caliper and the obtained data were used to compare between devices. The internal
resistance of the DPI device was determined using an in house designed apparatus. The apparatus consisted of a
metal box, approximately 10 cm? with a Perspex cover housing the device (Fig. 1). The device was held between
two Teflon ring seals. One side of the box was connected to a pump. Air flow was drawn through the apparatus at
various flow-rates by adjusting a rotameter (Fig. 1). The pressure drop across the apparatus containing device was
recorded by a digital manometer (Extech®, Waltham, MA, USA). The difference in the pressure drop, was
determined with and without the device in place and was defined as the specific pressure drop of that device at a
particular flow rate. The device resistance was calculated using the pressure drop and the flow-rate as shown in
Equation 1. The square root of the pressure drop versus the flow rate on the x-axis was plotted; the slope from the
graph is the specific resistance of the device (Rp).
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Figure 1 Resistance device measurement apparatus

AP, = R, 0 Equation 1

Pp = the pressure drop across the device (mbar)
Ry, = the specific resistance of the device (mbar)"?/(Lpm)
Q = flow rate (Lpm)

2) Computational Simulation: The dimensions of the Cyclohaler® and Inhlalator® devices were precisely measured
using a Vernier caliper. A 3D model of the DPIs devices was created using Gambit® software (ANSYS, Inc., USA).
The 3D models were meshed to create computational nodes. Mesh quality was controlled using the equiskewness
parameter that determines the deviation of the mesh shape from the hexagonal or tetrahedral shape. CFD problems
were solved using the finite volume method and the Fluent® software package (ANSYS, Inc., USA). The fluid
dynamic solving was based on momentum, mass and energy conservation (Navier-Stoke equation) and CFD is
repeated until the residue error was less than 1x10°. Post-processing of CFD simulation was analyzed in the
following properties.

2.1. Pressure drop across device and device resistance: The simulation setup for the pressure drop was carried out
at 20-90 Lpm for both inhaler models and the pressure drop was calculated to obtain the resistance of the device
using equation 1. The resistance of the device was validated with an experimental result to ensure that the inhaler
models and simulation parameters were set appropriately.

2.2. Velocity vector and velocity contour and turbulence kinetic energy (TKE): The velocity vector and velocity
contour and turbulence kinetic energy were plotted to visualize the flow characteristics in the inhalers device.

Results and discussion

1) Measurement of device resizstant: The device resistance from the experiment and the CFD simulation of the
Inhalator® and Cyclohaler® was well correlated. The Cyclohaler® was a medium resistance device while the
Inhalator® had high resistance [11]. From fluid the dynamics theory resistance to the flow in the tube directly related
to the channel cross sectional area [12]. The device resistances of the Inhalator® and Cyclohaler® from the
experiment were 0.1837 and 0.0753 units, respectively (Table 1). The Inhalator® had a 3.1x10™ m® narrowest
channel cross sectional area at the inlet while Cyclohaler® had a 6.7x10”° m® narrowest cross sectional area at inlet.
The narrowest cross sectional area largely affects the device resistance. It confirmed that the Cyclohaler® had a
lower resistance than that of the Inhalator® due to the Cyclohaler total inlet cross sectional being about 5-times
larger than the Inhalator®.

Table 1 Inhalator® and Cyclohaler® device dimension and device resistance

Total inlet surface  Total outlet surface Device resistance (mbar'>min /L)

Device area (m’) area (m’) CFD Experiment
Inhalator® 7.3x10° 3.1x10™ 0.1837 0.1975
Cyclohaler® 6.7x10° 8.0x10° 0.0753 0.0801
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Figure 2 Geometry and Velocity streamline of Cyclohaler® (A) and Inhalator® (B) at 90Lpm

Figure 2 A shows that the Cyclohaler® is a unit-dose dry powder inhaler device. The Cyclohaler® consists of three
parts that were mouthpiece tube, cyclone chamber and capsule holder. Medication powder was filled into a capsule
and put in the capsule holder at the bottom of the device. The press button on the device was used to release needles
to pierce holes on the capsule. Dry powder was then released through the holes. After that the patient inhaled the
medication through the mouthpiece. During inhalation the medication powder is dispersed and aerosolized along the
device.

The Inhalator® (Figure 2B) is also a unit-dose device which has a relatively simple design being a straight tube with
an eclipse bell-shape mouthpiece. The medication capsule holder is in the lower part of the device. The grid is
located between the straight tube part and the conical part.

The velocity streamline of the Cyclohaler® and Inhalator® were a visualized air-flow profile in the Cyclohaler and
Inhalator (Figure 2). In the Cyclohaler®, the flow had input from eight small holes at the rear of the device and two
auxiliary inlets on the side of the cyclone chamber (Figure 2A). The auxiliary inlet is configured in a tangent from to
create a cyclone like effect and make a swirly flow in the cyclone chamber with velocity of 4-5.5 m/s. The airflow
was transitioned to the mouthpiece tube that decreased the velocity to 1.37 — 2.8 m/s. The flow entered the
Inhalator® device at a small inlet tube and changed direction when passing the cross grid (Figure 2B). The air-flow
velocity was very high at the beginning (206 - 212 m/s) then decreased along the device to mouthpiece (4 - 5 m/s).
The turbulence kinetic energy (TKE) is the mean kinetic energy per unit mass associated with eddies in the turbulent
flow. Physically, the TKE is characterized by the measured root-mean-square (RMS) velocity fluctuations. TKE is
directly related to the magnitude of the turbulence [13] . The TKE in the Cyclohaler® ranges from 4-17 m%s% 12-85
m?/s* and 27-220 m?/s* at a flow-rate 30, 60 and 90 LPM, respectively. At the flow-rate of 30 LPM, TKE is quite
low compared to that at 60 and 90 LPM. TKE occurs mostly at the inlet and cyclone part of the Cyclohaler® due to
the rapid change of airflow direction and airflow velocity as visualized in the velocity streamline and contour plot of
the TKE. In this case an increasing of the TKE elevates the level of particle impaction because of the rapidly
swirling of the airflow in the cyclone part of the device that introduces a greater probability of impaction of the on
the-wall.

For the Inhalator® the TKE were 2-242 m?/s?, 7.3-969 m%s” and 1.45 — 2123 m%s? at the flow-rates of 30, 60 and 90
LPM, respectively. The magnitude of the TKE in the Inhalator® was about 10 times higher than in the Cyclohaler®.
The TKE mainly occurred around the cross grid where the air-flow changed its direction. The TKE also indicates
the amount of energy that fluid interacts with the particles and causes fluid dynamic shearing on the particles. More
fluid shearing on the carrier-drug particle agglomerates so increase the probability of drug particles detachment from
carrier surface. According to work of Voss et.al. 2002, turbulence plays a key role in the aerosolization process [14].
Thus, the Inhalator® has a higher probability of detachment of the drug particles from the carrier surface than the
Cyclohaler® as determined by fluid dynamic shearing.

Conclusion

In summary, the Cyclohaler® and Inhalator® are medium and low resistant device. Cyclohaler® used cyclone-like
design that consists of tangential flow cross the axial flow. It leads to swirly airflow that means more turbulence
kinetic energy in the flow. TKE can shear up particle agglomerate apart. In contrast, Inhalator® has straight tube
design and grid. The grid obstructs some air-flow, so the air and particle rapidly change it direction. The high
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resistance of the Inhalator® maximizes the air velocity is the cause of energetic shear. However, the inertial impact
to airways of high velocity particles will cause drug loss. The device performance needs experimental evaluation to
verify relationship with CFD in future work.
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