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Abstract
The aim of this study was to evaluate and modify commercial dry powder inhalers (DPIs) for the
aerosolization of a submicrometer excipient enhanced growth (EEG) formulation. The optimized
device and formulation combination was then tested in a realistic in vitro mouth-throat -
tracheobronchial (MT-TB) model. An optimized EEG submicrometer powder formulation,
consisting of albuterol sulfate (drug), mannitol (hygroscopic excipient), L-leucine (dispersion
enhancer) and poloxamer 188 (surfactant) in a ratio of 30:48:20:2 was prepared using a Büchi
Nano spray dryer. The aerosolization performance of the EEG formulation was evaluated with 5
conventional DPIs: Aerolizer, Novolizer, HandiHaler, Exubera and Spiros. To improve powder
dispersion, the HandiHaler was modified with novel mouth piece (MP) designs. The aerosol
performance of each device was assessed using a next generation impactor (NGI) at airflow rates
generating a pressure drop of 4 kPa across the DPI. In silico and in vitro deposition and
hygroscopic growth of formulations was studied using a MT-TB airway geometry model. Both
Handihaler and Aerolizer produced high emitted doses (ED) together with a significant
submicrometer aerosol fraction. A modified HandiHaler with a MP including a three-dimensional
(3D) array of rods (HH-3D) produced a submicrometer particle fraction of 38.8% with a
conventional fine particle fraction (% <5µm) of 97.3%. The mass median diameter (MMD) of the
aerosol was reduced below 1 µm using this HH-3D DPI. The aerosol generated from the modified
HandiHaler increased to micrometer size (2.8 µm) suitable for pulmonary deposition, when
exposed to simulated respiratory conditions, with negligible mouth-throat (MT) deposition (2.6
%).
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1. Introduction
The dry powder inhaler (DPI) has become widely known as a very attractive platform for
drug delivery by virtue of its propellant-free nature, high patient compliance and improved
formulation stability (Ashurst et al., 2000; Sumby et al., 1997; Timsina et al., 1994). The
current market for DPIs has over 20 passive and active dispersion devices presently in use,
and many devices under development for delivering a variety of therapeutic agents (Ashurst
et al., 2000; Islam and Gladki, 2008; Son and McConville, 2008). Conventionally, these DPI
devices have been designed for powder formulations containing drug particles in the 2–5 µm
range and tailored to maximize respirable (% <5µm) particle generation from the powder
formulation (Islam and Cleary, 2012; Son and McConville, 2008). The aerosol performance
of a DPI is known to be governed by a combination of factors including the physicochemical
properties of the powder formulation, the power-deagglomeration mechanisms used to
aerosolize the powders, and the patient’s inspiratory effort (Son and McConville, 2008).

While much effort has been expended in designing novel DPIs with efficient powder
dispersion mechanisms, these new devices have not dramatically increased drug delivery
efficiency to the lung. The lung deposition of aerosolized drug from currently available
devices varies from 5% to 40% (Ashurst et al., 2000; Newman and Busse, 2002) with a
significant fraction of the drug depositing in the patients mouth-throat (MT) region (about
40–70%) due to incomplete drug detachment from carriers or other particles (i.e.,
deaggregation) during inhalation (Borgstrom et al., 1994; Brand et al., 2007; Geller et al.,
2011; Newman et al., 2000). High MT drug deposition also contributes to the large inter-
and intra-subject variability observed in the dose delivered to the lungs for DPIs (Borgstrom
et al., 2006).

There has been an increased interest in research focusing on inhaled nanoparticle delivery
systems due to advantages of nanoscale particles, such as targeting specific cells/organs and
rapid drug absorption due to the small size with a large surface area (Yang et al., 2008). In
particular, inhaled nanoparticle delivery systems have high potential to significantly reduce
extrathoracic depositional drug losses since particles in the range of 40–900 nm are known
to achieve near zero deposition in the MT region (Cheng, 2003; Xi and Longest, 2008).
However, nanoparticle delivery to the lungs has many challenges including formulation
instability due to particle–particle interactions and poor deposition efficiency due to
exhalation of low-inertia nanoparticles (Jaques and Kim, 2000). Attempts to overcome these
issues have led to most inhalation dry powder nanoparticle formulations being designed as
micron-sized collections of nanoparticles, or aggregated nanoparticles (Yang et al., 2008).
However, as the nanoparticles are now presented as conventionally sized inhalation aerosols,
most of the potential drug delivery advantages are negated and they have MT deposition
losses consistent with conventional inhaled products.

One solution to improve aerosol delivery efficiency and nearly eliminate unwanted
extrathoracic aerosol deposition adopts a dynamic aerosol particle size approach rather than
the conventional static particle size used for current DPIs. Excipient enhanced growth (EEG)
is a newly proposed respiratory delivery strategy which delivers an inhaled submicrometer
particle formulation to minimize MT depositional losses. The aerosol increases to
micrometer size during inhalation in order to maximize lung retention (Hindle and Longest,
2012; Longest and Hindle, 2011). In the EEG approach, combination drug and hygroscopic
excipient dry powder particles are produced in the size range of 100–900 nm in order to
minimize MT deposition during inhalation. After bypassing the MT region, the natural
humidity in the lungs causes the particles containing the hygroscopic excipient to
accumulate water, increasing the size and weight of the particles. The addition of the
hygroscopic excipient (eg mannitol) enhances the aerosol particle growth compared to drug
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only formulations (Hindle and Longest, 2012). Increasing the aerodynamic particle size to
2–4 µm then ensures near complete lung deposition. In a previous study, (Longest and
Hindle, 2011) developed correlations based on an experimentally validated model to predict
the size increase of initially submicrometer combination drug and hygroscopic excipient
particles in the airways and demonstrated diameter growth ratios of up to 4.6 at excipient
mass loadings of 50% and below (Longest and Hindle, 2011). Longest et al., (2012b) also
reported less than 1% MT deposition using the EEG application in combination with liquid
EEG formulations aerosolized using the Respimat inhaler, based on in vitro experiments and
computation fluid dynamics (CFD) simulations (Longest et al., 2012b). The development of
a submicrometer spray-dried EEG formulation for use in DPI devices was described by Son
et al. (Son et al., 2013; Son et al., 2012c). In this previous work, an optimized EEG powder
formulation exhibited a fine particle fraction (% <5µm) of 95.3% with negligible in vitro
MT deposition (4.1%) when aerosolized using the Aerolizer (Son et al., 2012b).

The aim of this study was to evaluate the ability of commercially available and modified
DPIs to aerosolize an optimized dry powder formulation to maximize the submicrometer
particle fraction for the EEG application. Five active and passive dispersion commercial
DPIs were evaluated, along with aerosolizing the formulation using a modified HandiHaler
DPI that employed novel mouthpiece (MP) designs and a unique capsule piercing approach.
A combination of computational fluid dynamics (CFD) analysis and in vitro experiments
were employed to develop and evaluate the design modifications to the HandiHaler.
Performance of the optimal DPI is then evaluated in a geometrically realistic MT and lung
model in terms of extrathoracic deposition and aerosol size increase over an inhalation cycle
time period using both CFD simulations and in vitro experiments. Previous studies using
this model have shown a good in vitro-in vivo correlation of MT deposition (Delvadia et al.,
2012)

2. Materials and Methods
2.1. Materials

Albuterol sulfate (AS) USP was purchased from Spectrum Chemical Co. (Gardena, CA).
Pearlitol® PF-Mannitol was donated from Roquette Pharma (Lestrem, France). Poloxamer
188 (Leutrol F68) was donated from BASF Corporation (Florham Park, NJ). L-leucine and
all other reagents were purchased from Sigma Chemical Co. (St. Louis, MO). Size 3
hydroxypropylmethyl cellulose (HPMC) capsules were donated from Capsugel
(Morristown, NJ). The following DPIs were employed in this study: Aerolizer® (Novartis;
Basel, Switzerland), HandiHaler® (Boehringer Ingelheim GmbH; Rhein, Germany),
Novolizer® (Meda Pharma; Bruxelles, Belgium), Exubera® (Pfizer; New York, NY) and
Spiros® (Dura Pharmaceuticals; San Diego, CA). A Vortex® non-electrostatic holding
chamber was purchased from PARI Respiratory Equipment, Inc. (Midlothian, VA).
Molykote®316 silicone release spray was purchased from Dow Corning Corporation
(Midland, MI).

2.2. Preparation of spray-dried EEG particles
A dry powder EEG formulation consisting of AS (drug), mannitol (hygroscopic excipient),
L-leucine (dispersion enhancer) and poloxamer 188 (surfactant) in a ratio of 30:48:20:2 %w/
w, was prepared by spray drying using a Büchi Nano spray dryer B-90 (Büchi Laboratory-
Techniques, Flawil, Switzerland). The spray feed solution for spray-drying was prepared by
addition of 75 mg of AS, 120 mg of mannitol, 50 mg of L-leucine and 5 mg of poloxamer to
80:20% v/v water:ethanol solution (50 mL) (Son et al., 2013; Son et al., 2012c). The
following conditions were used during spray drying: drying airflow, 120 L/min; liquid feed
rate, 100%; spray nozzle, vibrating mesh nozzle; nozzle cap size, 4µm. The inlet temperature
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was established at 70 °C and the outlet temperature was 45 °C. The dried solid particles
were collected from an electrostatic precipitator and stored in sealed capped amber vials.
The vials containing powders were stored in a desiccator (approximate RH <10%) at room
temperature.

AS drug content uniformity of the formulations was determined using a validated HPLC
method (see Section 2.6). Briefly, a solution of each sample was prepared by dissolving
approximately 3 mg of powder, which was accurately weighed, in 10 mL of deionized
water. This solution was then injected directly into the HPLC for quantification.

2.3. Aerodynamic particle size characterization
A Next Generation Impactor (NGI; MSP Corp., Shoreview, MN) was used to determine
aerodynamic particle size characteristics of the drug when aerosolized using the DPIs. For
the passive DPIs (Aerolizer, Novolizer and HandiHaler) the devices were actuated at flow
rates of 80, 80 and 45 L/min, respectively. The air flow rates were selected to generate a
pressure drop of 4 kPa across the DPIs except for Aerolizer, which was tested at 80 L/min
due to vacuum pump flow limitations. For the active dispersion DPIs, Exubera and Spiros,
each was actuated at a flow rate of 30 L/min. For each device, 2 mg of formulation was
loaded into the DPI. The inhalers were actuated by drawing air through the inhalers at the
flow rates described above. The simulated inhalation time was varied depending on the flow
rate in order to pull at total volume of 4L of air through each DPI at ambient conditions (22–
25 °C / 45–55% RH). Each measurement was repeated three times. All DPIs were actuated
in a horizontal position and the aerosol output was delivered to the NGI for particle sizing
via the pre-separator. In order to assess the particle size distribution of the total aerosol, the
USP induction port was omitted. For each of the impactor experiments, the impactor
collection stages and pre-separator were coated with silicone spray to minimize particle re-
entrainment and bounce (Akihiko et al., 2004). AS remaining in the DPI (where possible to
recover), deposited on the pre-separator, and on each of the impactor collections stages was
recovered by washing with a suitable volume of deionized water to extract the drug for
quantitative analysis. Collected samples were analyzed using a validated HPLC method
(Section 2.6).

Drug emitted dose (ED), defined as the percent of AS exiting the DPI, was determined by
subtracting the amount of AS remaining in the DPI from the initial mass of AS loaded. The
initial mass loaded in the DPI was calculated from weight of combination formulation and
the measured % AS content for each formulation. The drug fine particle fraction
(FPF5µm/ED) and submicrometer particle fraction (FPF1µm/ED) were defined as the
percentage of the emitted dose of AS with aerodynamic diameters smaller than 5 µm and 1
µm, respectively. These were calculated via interpolation of the % mass less than 5 µm and 1
µm, respectively, on a plot of the cumulative percentage mass verses cutoff diameter of the
respective stages of the NGI. The MMAD was determined at the 50th percentile on the %
cumulative undersize (probability scale) versus logarithmic aerodynamic diameter plot. The
mass median diameter (MMD) of aerosol was derived from the MMAD and skeletal density
(ρ) (Son et al., 2012b) according to Eq. (1).

(1)

2.4. HandiHaler Modifications
In order to improve the HandiHaler powder dispersion characteristics, modifications were
made to reduce the capsule aperture dimensions and with the addition of a secondary
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dispersion zone within the inhaler mouthpiece. Capsules with two 0.5 mm pre-pierced holes
(HH-CAP) were tested compared to the 1.5 mm holes generated by the Handihaler piercing
mechanism. Hole position on the capsule was maintained through the tests and a flow rate of
45 L/min was employed to actuate the inhaler. Two designs of the secondary dispersion
zones were evaluated, a mouthpiece with a two-dimensional mesh (HH-2D), and a
mouthpiece with a three-dimensional rod array (HH-3D). Both these designs were tested
with the 0.5 mm hole pre-pierced capsules. For these experiments, the Handihaler
mouthpiece (Figure 1a) was replaced with either the two-dimensional (2D) mesh MP
(Figure 1b) or the three-dimensional (3D) rod array MP (Figure 1c) while maintaining the
original HandiHaler capsule holding base unit. The MPs were fabricated from polycarbonate
resin on rapid prototyping equipment (Viper SLA system, 3D Systems, Valencia, CA). As
described previously, each device was loaded with 2 mg of formulation and actuated into the
NGI at airflow rates corresponding to a pressure drop of 4 kPa across the DPI. The air flow
rates for the HH-2D and HH-3D MPs were 53 and 45 L/min, respectively.

2.5. EEG aerosol characterization in the mouth-throat - tracheobronchial (MT-TB) model
using in vitro and CFD analysis

The MT deposition and hygroscopic growth of AS in the optimized combination powder
formulations were evaluated using in vitro deposition experiments in a MT-TB geometry. A
schematic diagram of experimental set up for the EEG study is shown in Figure 2. The
characteristic airway geometry consisted of a MT and upper TB section through the third
respiratory bifurcation (B3). Details of the MT and upper TB components of this model
were previously described in the studies of Tian et al. (Tian et al., 2011a; Tian et al., 2011b)
and Xi and Longest (2007). The TB region of the model was housed in a chamber designed
to provide a residence time of approximately 2 s at 45 L/min and route the aerosol into an
impactor for sizing.

The deposition of AS in the MT-TB model and the final drug aerosol particle size exiting
the model were assessed following aerosol exposure to simulated airway conditions (37 °C/
99% RH). To simulate the wet-walled conditions of the respiratory tract, the walls of the
MT-TB model housed in the chamber were pre-wetted and the model was placed in an
environmental cabinet (Espec; Hudsonville, MI) to maintain a wall temperature of
approximately 37°C. The outlet of the model was connected to the NGI which was also
housed in the cabinet when the final drug particle size distribution following exposure to
humidified conditions was investigated. In order to actuate the DPI outside of the
environmental chamber, a small volume spacer (Figure 2) was introduced between the DPI
outlet, which remained outside the environmental chamber, and the inlet to the MT-TB
model, which was inside the environmental chamber. This was employed due to physical
experimental limitations and would not be used by a patient. The initial aerodynamic
particle size of the aerosol exiting the spacer was determined using the NGI at ambient
conditions. For all runs, the dry powder aerosol was generated using the modified
HandiHaler (HH-3D) DPI actuated using external ambient conditions. Each powder
formulation (2 mg) was filled into size 3 HPMC capsules and placed into the DPIs prior to
testing. The HH-3D device was actuated using an air flow rate of 45 L/min for 5 seconds.
Drug aerosol deposition in the MT and TB regions of the model and on each impactor stage
was determined by washing each deposition site with 10 mL of deionized water. The
collected samples were analyzed using a validated HPLC method (Section 2.6).

A numerical mesh of the airway geometry was constructed for CFD simulations using
hexahedral elements to the extent possible, as specified by Vinchurkar and Longest
(Vinchurkar and Longest, 2008). Hexahedral mesh elements were used exclusively in the
MT and TB regions of the model and multiple rows of hexahedral elements were used on
the inner chamber surfaces where deposition may occur. However, due to the complexity of
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the geometry, some tetrahedral elements were required to fill the chamber area and create a
continuous field. Final meshes of the MT-TB geometry and chamber contained 761,259 and
729,180 control volumes, respectively. Near-wall grid spacing of the MT-TB geometry and
chamber was maintained to be less than 0.8 and 1.2 mm, respectively. Comparison with a
grid containing approximately 1.5 times more control volumes produced less than 3%
relative difference in maximum velocity, outlet aerosol size, and particle deposition
fractions.

Computational fluid dynamics simulations of fluid flow, heat and mass transport, along with
droplet trajectories, size change, and deposition were considered using a combination of a
commercial code (Fluent 12, Ansys Inc.) and user-supplied routines. To effectively address
both laminar and turbulent flow conditions, a low Reynolds number (LRN) k-ω turbulence
model was selected. This model has previously been well tested, and found to provide good
estimates of aerosol transport and deposition in upper airway geometries (Longest and
Vinchurkar, 2007; Xi et al., 2008). To evaluate the variable temperature and RH fields in the
MT-TB model, interconnected relations governing the transport of heat and mass (water
vapor) were also included. These governing equations were previously presented in detail by
Longest and Xi (2008) and Longest et al., (2007).

To simulate droplet trajectories, including hygroscopic size change, a Lagrangian model was
implemented that accounted for drag, gravitational, and Brownian motion effects as
previously described in the study of Longest and Hindle (2010). To model the effect of
turbulent fluctuations on droplet trajectories, or turbulent dispersion, a random walk method
was implemented that included a previously described correction for near-wall anisotropic
turbulence (Longest et al., 2007). Deposition predictions of this model were previously
shown to agree well with in vitro experiments for ambient aerosols, pharmaceutical sprays,
and powders delivered from inhalers (Hindle and Longest, 2012; Longest and Hindle, 2009;
Longest et al., 2007; Longest et al., 2008; Longest et al., 2012c; Tian et al., 2011b).

The droplet evaporation and condensation model employed in this study was similar to
previous approximations for salts (Ferron, 1977; Ferron et al., 1988; Hinds, 1999) and
multicomponent aerosols (Longest and Hindle, 2010). The heat and mass transfer relations
for multicomponent hygroscopic droplets in the respiratory airways were previously
reported by Longest and Xi (2008). This model employs a rapid mixing approach, which
assumes conditions inside the droplet are constant and gradients are negligible compared
with gradients in the air phase. The droplet model accounts for interdependent heat and mass
transfer, which results in droplet heating during condensation and cooling during
evaporation as a function of the surrounding temperature. Mass and heat fluxes at the droplet
surface are modified for non-continuum effects using the Knudsen correlation (Finlay,
2001). Blowing velocity effects were also considered (Longest and Xi, 2008). For
multicomponent droplets containing water, drug, and hygroscopic excipient, properties
along with hygroscopic effects and the Kelvin effect were previously described by Longest
and Hindle and are incorporated into this study (Longest and Hindle, 2011; Longest and
Hindle, 2012).

A user routine was employed to model interconnected droplet temperature and size change
resulting from condensation and evaporation. This droplet model accounts for the Kelvin
effect, hygroscopicity arising from the dissolved drug and excipient, and the effect of droplet
temperature on surface vapor pressure. In simulating aerosol evaporation and growth, the
effect of the droplets on the continuous phase was neglected, resulting in a one-way coupled
approach. One-way coupled simulations are expected to be accurate in this study due to the
presence of wetted walls.
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Boundary conditions of the numerical model included walls saturated with water vapor and
maintained at 37 °C to match the in vitro experiments. Inlet air conditions matched the
ambient experimental conditions (21 °C and 40% RH) and included steady state flow
through the model at 45 LPM.

In performing the CFD simulations, previously established best-practices were implemented
to provide a high quality solution. All transport equations were discretized to be at least
second order accurate. Convergence of the flow field solution was assumed when the global
mass residual had been reduced from its original value by five orders of magnitude and
when the residual-reduction-rates for both mass and momentum were sufficiently small. To
improve accuracy and to better resolve the significant change in flow scales during
deposition, all calculations were performed in double precision. In order to produce
convergent deposition results, 90,000 initial droplets were released for each of the cases
considered. Mass median aerodynamic diameters after growth were calculated based on the
NGI stage midpoint diameters. Doubling the number of droplets considered had a negligible
impact on both total and sectional deposition results.

2.6. High-performance liquid chromatography (HPLC)
AS quantification was performed using a validated HPLC method. A Waters 2690
separations module with a 2996 PDA detector (Waters Co., Milford, MA) was used.
Chromatography was performed using a Restek Allure PFP 15 × 3.2 mm column
(Bellefonte, PA). The mobile phase, consisting of methanol and ammonium formate buffer
(20 mM, pH 3.4) in a ratio of 70:30, respectively, was eluted at a flow rate of 0.75 mL/min
and the UV detector was set to a wavelength 276 nm. The column temperature was
maintained at 25 °C, and the volume of each sample injected was 50 µL.

2.7. Statistical analysis
Data were expressed as the mean plus/minus standard deviation (SD). Statistical differences
were studied by either analysis of variance or student's t-test using Jump 9.0 software (SAS
Institute Inc., Cary, NC). P values of less than 0.05 were considered as statistically
significant. To identify the statistically significant effect of DPI devices on the
aerosolization properties of EEG formulation, one-way analysis of variance (one-way
ANOVA) followed by post hoc Dunnett's test with a control was used. The significance
level was 0.05.

3. Results and Discussion
3.1. Effect of DPI on the aerosolization of EEG formulation

In this study, five conventional DPI devices were evaluated for their ability to effectively
aerosolize a carrier-free EEG dry powder formulation and produce a high submicrometer
particle fraction. It is important to recognize that DPI performance is significantly dependent
upon the powder formulation to be aerosolized. For these studies, we have developed a
spray dried submicrometer powder formulation which has been previously described (Son et
al., 2013; Son et al., 2012c). The powder formulation containing drug and hygroscopic
excipients was engineered to combine the high MT penetration efficiency of submicrometer
aerosol particles with the lung deposition efficiency of micrometer sized particles by
utilizing hygroscopic growth during the inhalation cycle. The optimized EEG powder
formulation was produced using the following conditions: 0.5% w/v solids concentration,
consisting of AS, mannitol, leucine and poloxamer in a ratio of 30/48/20/2, respectively in a
water:ethanol (80:20 % v/v) solution which was spray dried using the 90 cm drying chamber
and 4 µm spray mesh at 70°C (Son et al., 2013; Son et al., 2012c). Figure 3 shows a
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scanning electron micrograph of a typical formulation, spherical discrete submicrometer
particles were observed.

The DPIs used in this study (except Exubera) were originally designed to aerosolize carrier-
based formulations, thus the powder dispersion mechanism for such DPIs was optimized to
maximize micronized drug detachment from carrier particles utilizing a impaction grids
(Aerolizer), impaction/turbulence (HandiHaler), a cyclone (Novolizer) and rotating
impellers (Spiros) (Islam and Cleary, 2012; Smith and Parry-Billings, 2003; Son and
McConville, 2008). Unlike the DPIs listed above, Exubera was designed to aerosolize
carrier-free spray dried combination powder using a fixed volume of compressed air (Harper
et al., 2007; Son and McConville, 2008).

Table 1 shows the aerosolization characteristics of the optimized EEG formulation in the
conventional active and passive DPIs. For this formulation, it has been previously shown
that most primary particles were in the submicrometer size range (Son et al., 2013).
Therefore, the aerosolization results indicate the relative efficiency of the DPIs to disperse
the formulation to primary particles for inhalation. Overall, the DPIs exhibited excellent
aerosolization of the carrier-free submicrometer particles with greater than 80% of
FPF5µm/ED, which is much higher than the previously reported values for these DPI when
aerosolizing conventional formulations (15–50%) (Dolovich, 1999; Fenton et al., 2003;
Harper et al., 2007; Smith and Parry-Billings, 2003; Srichana et al., 1998), due to combined
effects of the submicrometer primary particle size and the powder formulation excipients.
There were significant differences in the ED (P=0.0262), MMAD (P<0.0001), FPF5µm/ED
(P<0.0001) and submicrometer fraction (FPF1µm/ED) (P<0.0001), indicating differences in
the powder deagglomeration performance among the DPIs.

The active dispersion DPIs, Exubera and Spiros, were observed to be non-optimal for
dispersing the EEG formulation into primary particles. This is unexpected because these
devices are considered to be the most innovative with reported high dispersion efficiency
and flow-rate independent performance (Dolovich, 1999; Harper et al., 2007; Son and
McConville, 2008). Emitted doses (ED) for the two active devices were observed to be the
lowest, with the Spiros and Exubera DPIs producing MMADs of 2.6 and 2.0 µm,
respectively. For these inhalers, the FPF1µm/ED was less than 10% of the emitted dose. This
was particularly surprising for Exubera, which was expected to be an ideal dispersion device
for the EEG formulation due to the similarities in dose (1–3 mg), formulation design
(carrier-free spray dried powders) and excipients (mannitol and amino-acid) (Harper et al.,
2007). Possible explanations for this low dispersion efficiency of the submicrometer
particles may included the fact that the volume of compressed air (about 8 mL) supplied to
the formulation, which is the main dispersion energy source, was optimized to generate
aerosols in the micrometer size range (Harper et al., 2007). It was also observed that the
large holding chamber had significant drug retention (> 35% of the loaded dose), which has
also been observed in other studies, resulting in a relatively low emitted dose (Harper et al.,
2007).

The capsule-based passive DPIs, Aerolizer and Handihaler, showed better submicrometer
particle generation with smaller MMAD than other DPIs tested in this study (Table 1). As
previously reported, the Aerolizer operating at 80 L/min was capable of producing an
aerosol with a high emitted (81.4%) and submicrometer dose fraction (28.3%). In
comparison, the HandiHaler operating at 45 L/min had a similar emitted dose (Dunnett's
method: P=0.1427), and MMAD (Dunnett's method: P=0.0552) compared to the Aerolizer.
The FPF1µm/ED for HandiHaler was 19.5%, indicating significantly decreased dispersion
efficiency of primary submicrometer particles compared to Aerolizer (Dunnett's method:
P=0.0036).
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The primary forces leading to powder deagglomeration in DPIs are known to be turbulence,
mechanical forces, such as impaction and vibration, or combinations of both (Voss and
Finlay, 2002). For the capsule based systems, besides the forces listed above, shear force
created when powder agglomerates are released through the small holes in the capsule are
also know to have significant contribution to powder deagglomeration. Studies by Coates et
al., (2005) and Chew et al., (2002) demonstrated that in vitro aerosol performance improved
with decreased capsule aperture size due to the higher dispersion energy generated by
smaller aperture on the capsule (Chew et al., 2002; Coates et al., 2005). The improved
submicrometer aerosol particle generation observed with the Aerolizer compared to
HandiHaler may be due to the smaller aperture size (0.5 mm vs 1.5 mm, respectively)
providing higher shear forces to the powder aggregates during capsule emptying.

3.2. Modification of HandiHaler
In the next stage of the study, the HandiHaler DPI was considered for device modification in
an attempt to maximize submicrometer aerosol generation during aerosolization. It was
noted that the aerosolization performance of the HandiHaler was similar to the Aerolizer,
but at a lower inhaled flow rate. A low inhaled flow rate may be advantageous for DPI
delivery since drug deposition in the extrathoracic airways by inertial impaction can be
minimized. It is also recognized that mouth-throat deposition is strongly related to the
velocity of air flow exiting the device. Generally, an increased air flow rate increases the
mouth-throat deposition (DeHaan and Finlay, 2004; Grgic et al., 2004).

In this study, the first modification was made to the capsule. It is known that the aperture
size of the capsule has significant effects on the inhaler performance since the capsule can
provide additional deagglomeration dependent on the size of the capsule hole (Chew et al.,
2002; Coates et al., 2005). The HandiHaler was primed by piercing a loaded capsule with
HandiHaler needles which produced two 1.5 mm diameter holes on the side of capsule. In
order to make smaller holes, a 25G needle was used to pierce the capsule to produce two 0.5
mm holes. The powder dispersion properties of two setups, 1.5 mm holes vs. 0.5 mm holes,
were compared to evaluate the influence of aperture size on the powder dispersion with the
HandiHaler. Table 2 indicates significant increase in the FPF5µm/ED (Dunnett's method:
P=0.0056) and reduction in the MMAD (Dunnett's method: P=0.0359) for the 0.5 mm hole
setup with a similar ED (Dunnett's method: P>0.05) compared to 1.5 mm holes. However,
the FPF1µm/ED was not significantly improved (Dunnett's method: P>0.05). This result
indicates that decreasing the capsule aperture size may have improved break-up of large
agglomerates. However, increasing the shear force by modifying the capsule aperture size
was not sufficient to completely deagglomerate submicrometer particles with high inter-
particle forces.

The second modification was made to the mouthpiece (MP) flow passage of the DPI. The
geometry and length of the device MP are key DPI design parameters, which will influence
the effective dispersion of drug powder formulations (Coates et al., 2007). Several studies
have demonstrated that the geometry of a DPI MP can have significant effects on
performance, including altering the turbulence kinetic energy generated and the amount of
drug deposition in the MT region during in vitro testing (Coates et al., 2007; DeHaan and
Finlay, 2004; Grgic et al., 2004). Figures 1b and 1c show the two new MP designs
containing a 2D mesh (HH-2D) and 3D rod array (HH-3D) that were fabricated,
respectively. These designs were connected to the HandiHaler capsule base unit to evaluate
their effects on powder deagglomeration performance and compared with the commercial
Handihaler MP (Figure 1a). In an attempt to maximize the dispersion efficiency, the novel
MP designs were tested with capsule pierced with the 0.5 mm hole size. Table 2 shows that
the aerosolization performance of the 2D mesh (HH-2D) and 3D rod array (HH-3D). In the
case of HH-2D, there was no significant change in the ED or FPF1µm/ED compared to HH;
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however, the FPF5µm/ED was increased. For the HH-3D design, compared to HH, there was
an increase in both FPF5µm/ED (Dunnett's method: P=0.0007) and FPF1µm/ED (Dunnett's
method: P=0.0007), while the overall aerosol MMAD was reduced (Dunnett's method:
P=0.0001) at a constant pressure drop of 4 kPa. The calculated mass median diameter
(MMD) of the aerosol for the HH-3D was 0.98 µm. Furthermore, it should be noted that
these changes did not significantly alter the ED (Dunnett's method: P>0.05) which was
74.2%, suggesting no significant change in device retention when compared to HH.

In a companion study, Longest et al., 2013 explored the mechanisms of powder
deaggregation in carrier-free capsule-based inhalers. Considering a range of MP flow
passage designs and flow rates, Longest et al., 2013 determined that for a carrier-free
formulation, a new parameter defined as the non-dimensional specific dissipation (NDSD)
best correlated with aerosol deaggregation in terms of FPF1µm, MMD, and MMAD. This
new parameter captures the effects of turbulence, eddy length scale, and particle exposure
time to turbulence. The NDSD highlights that the most effective deaggregation is achieved
when high turbulent energy occurs in small eddies with extended particle residence times. In
contrast, the previously proposed integral shear strain rate (ISSR) (Coates et al., 2004) is
based on particle interactions with large integral scale eddies. Across a range of
deaggregation designs (constriction tube, impaction baffle, inward jets, 2D mesh, 3D mesh,
and 3D rod array) for a variety of flow rates and pressure drops, the NDSD parameter best
correlated with aerosol MMD with a correlation coefficient of R2 = 0.8.

For the three MPs considered in the current study, 3D contour plots of the NDSD parameter
are shown in Figure 4. Flow rates for the constriction tube, 2D mesh, and 3D rod array were
consistent with a pressure drop of 4 kPa, resulting in simulated values 45, 53, and 45 L/min,
respectively. The 2D mesh design is observed to increase the NDSD parameter through the
center of the flow stream where interactions with particles are expected to be the largest,
compared with the constricted tube design of the HandiHaler. However, the region of NDSD
increase is limited to the vicinity of the mesh for the 2D design. In contrast, the 3D rod array
increases both the magnitude of the NDSD parameter and the extent of elevated values. Both
volume-averaged values of NDSD in the mouthpiece flow passage and the resulting
experimentally measured MMD are reported in Figure 4 and Table 2. Volume-averaged
NDSD values are similar between the HH MP and 2D mesh designs, which is consistent
with the similar resulting MMDs (1.3 µm vs. 1.24 µm). In contrast, the NDSD parameter in
the 3D rod array design is twice as large as with the other two models. This large increase in
NDSD corresponds to the significantly smaller MMD observed with the 3D rod array (0.98
µm). As a result, a qualitative association is demonstrated in this study between increasing
NDSD and reduced MMD. Furthermore, the improved performance of the 3D rod array may
be due to the parameters captured by the NDSD, with increased deaggregation correlating
directly with increased turbulence strength, reduced eddy size, and increased exposure time
to turbulence. Longest et al., 2013 demonstrated that for a carrier-free system with either the
2D mesh or 3D rod array designs, particle-wall interactions did not correlate with aerosol
deaggregation.

3.3. EEG aerosol characterization in the MT- TB model using in vitro and CFD analysis
The EEG combination particle formulation was aerosolized using the HH-3D inhaler at 45
L/min in the MT-TB with simulated airway conditions to evaluate the effects of EEG on the
(i) MT deposition and (ii) the final particle size exiting the model. The HH-3D device was
selected as it performed best in terms of aerosolization among the conventional and
modified DPIs that had been tested. A realistic MT-TB model designed by Xi and Longest
(2007) was used to evaluate the AS MT deposition of the EEG combination particles.
Previous studies using this model had shown a good in vitro-in vivo correlation of MT
deposition (Delvadia et al., 2012).
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Table 3 shows that the MT deposition of EEG particles aerosolized using the modified
HandiHaler (HH-3D) was 2.6% of the emitted dose using simulated airway conditions,
which was a significant improvement over 50–60% drug MT deposition observed by
Delvadia et al., (2012) using flow rates between 65–99 L/min with a carrier-based Budelin
Novolizer (Delvadia et al., 2012) when tested using the same experimental set up.
Deposition of the EEG aerosol in the TB regions of the model (generations 1–3) was also
low. The low drug deposition in the MT region was mainly due to the generation of a highly
dispersible submicrometer aerosol which was able to penetrate this region of the
extrathoracic airways. Based on in vitro experiments with the MT-TB model, about 97% of
emitted particles successfully bypassed MT-TB passages with less than about 3% depositing
by inertial impaction, which offers an order of magnitude improvement compared to the MT
deposition commonly observed with commercial DPIs.

In order for the EEG concept to be feasible, following inhalation the submicrometer
particles must increase in size to enable deposition within the airways, rather than being
exhaled. Table 3 shows the final MMAD of the aerosol following passage through the MT-
TB model and chamber with the simulated airway humidified conditions was 2.8 µm with a
submicrometer fraction (FPF1µm/ED) of only 3%. This provides evidence that the
submicrometer combination particles grew to a size suitable for lung deposition due to the
hygroscopic nature of the particles and their interaction with the simulated airway relative
humidity. For these experiments which employed the spacer chamber to link the DPI at
ambient conditions with the MT-TB model housed in the environmental chamber, the initial
aerosol mean (SD) MMAD was 1.3 (0.1) µm and the submicrometer fraction (FPF1µm/ED)
was 31.7 (1.6) % when the formulation was aerosolized under ambient conditions.
Experimentally the spacer chamber was necessary to physically connect the DPI and the
model. This allowed for the DPI to be actuated using ambient air and to protect it from the
temperature and humidity conditions in the environmental cabinet.

CFD simulations were employed to visualize the aerosol growth process and to compare the
aerosol generation in the presence and absence of the spacer chamber, in order to assess its
effects on the MT deposition and final MMAD. Figures 5a and b show the predicted
velocity profiles with (same as the experimental set up) and without the spacer, respectively.
The presence of the spacer appears to reduce the velocity within the mouth region compared
with when the DPI is actuated directly into the mouth at 45 L/min. Similarly in Figures 6a
and b, which show the predicted RH contours within the airway geometry with and without
the spacer, respectively, removing the spacer produces higher gradients in the flow field of
RH contours. Furthermore, introducing the powder aerosol directly into the mouth appeared
to produce lower RH within the mouth compared to using the spacer. Figures 7a and b show
the particle growth trajectories with and without the spacer, respectively. The predicted final
particle sizes were similar, suggesting that the use of the spacer did not have a significant
effect on aerosol growth characteristics. In addition, the predicted value for the final aerosol
size of 2.71 µm agreed well with the experimental value of 2.8 µm.

The EEG aerosol formulation increased to micrometer size when the submicrometer primary
particles, which were efficiently aerosolized using an optimized DPI, were exposed to a
simulated in vitro airway model. Aerosol particle growth took place over a 2 s inhalation
period to produce a final aerosol size that would be suitable for airway deposition with
minimal MT loses. Table 3 shows that the final FPF5µm/ED value was over 75% of the
emitted dose, which is significantly better than typically observed for conventional inhaled
DPI products. Newman et al. (2000) showed 25% budesonide deposition in the Lung at 60
L/min with a Novolizer DPI (Newman et al., 2000); Brand et al. (2007) showed 18%
tiotropium bromide deposition with a HandiHaler DPI (Brand et al., 2007); and the novel
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PulmoSphere formulation, carrier-free low particle density spray dried powder, exhibited
34.2% tobramycin lung deposition with a matched T-326 inhaler (Geller et al., 2011).

In addition to low MT deposition and increase to conventional aerosol size, delivery of EEG
aerosols may have advantages in terms of targeting deposition to different regions of the
airways. A recent CFD study by Tian et al. (2012) demonstrated that with the EEG approach
regional lung deposition in the lower TB airways, which are largely affected by lung
diseases, could be increased by a factor of 20–30× compared with conventional inhalation
delivery. With a quick and deep inhalation profile, predictions indicated that 90% drug
delivery to the alveolar region was possible with EEG aerosols.

4. Conclusion
Spray dried combination drug and excipient particles were produced with a submicrometer
primary particle size suitable for use in the EEG application. The device-EEG formulation
performance was optimized to generate submicrometer primary particles. The combination
EEG particles exhibited excellent aerosolization properties with a submicrometer fraction of
38.8% using a modified HandiHaler DPI (HH-3D) at 45 L/min. The submicrometer
combination aerosols, when exposed to simulated respiratory conditions, increased to
micrometer-size particles suitable for pulmonary deposition with negligible MT loss (2.6%).
The excipient enhanced growth (EEG) approach may enable the high efficiency delivery of
submicrometer aerosol particles, which will then increase in size within the airways, and
result in nearly complete pulmonary deposition with the potential for targeting delivery to
different regions of the lungs.
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Figure 1.
Mouthpiece (MP) flow passage design: (a) HandiHaler, (b) 2D-mesh (HH-2D), and (c) 3D
array of rods (HH-3D).
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Figure 2.
Schematic diagram of experimental setup for evaluating the hygroscopic growth of
combination particle aerosols using simulated airway conditions.
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Figure 3.
Scanning electron micrograph of the excipient enhanced growth submicrometer spray dried
formulation
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Figure 4.
Non-dimensional specific dissipation (NDSD), which correlates with deaggregation of the
aerosol and reduced MMDs, for the (a) HandiHaler MP, (b) 2D mesh MP, and (c) 3D rod
array MP at flow rates of 45, 53, and 45 L/min, respectively.
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Figure 5.
Velocity profiles for EEG aerosols generated at 45 L/min into the MT-TB experimental
setup using the HandiHaler (a) with and (b) without the spacer.
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Figure 6.
Relative humidity (RH) contours for EEG aerosols generated at 45 L/min into the MT-TB
experimental setup using the HandiHaler (a) with and (b) without the spacer.
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Figure 7.
Particle growth trajectories and final growth sizes for EEG aerosols generated at 45 L/min
into the MT-TB experimental setup using the HandiHaler (a) with and (b) without the
spacer.
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Table 3

The mean (SD in parenthesis) AS deposition and aerosol growth characteristics of the EEG formulation
aerosolized using the HH-3D at a flow rate of 45 L/min (n ≥ 4) into the MT-TB airway geometry experimental
setup (Figure 2).

Simulated airway conditions
(37°C/99% RH)

MT (%) 2.6 (1.5)

TB (%) 2.1 (0.4)

Final MMAD (µm) 2.8 (0.1)

FPF5µm/ED (%) 75.5 (2.7)

FPF1µm/ED (%) 3.0 (0.5)
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