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Abstract
The aim of this study was to develop a spray dried submicrometer powder formulation suitable for
the excipient enhanced growth (EEG) application. Combination particles were prepared using the
Buchi Nano spray dryer B-90. A number of spray drying and formulation variables were
investigated with the aims of producing dry powder formulations that were readily dispersed upon
aerosolization and maximizing the fraction of submicrometer particles. Albuterol sulfate,
mannitol, L-leucine, and poloxamer 188 were selected as a model drug, hygroscopic excipient,
dispersibility enhancer and surfactant, respectively. Formulations were assessed by scanning
electron microscopy and aerosol performance following aerosolization using an Aerolizer® dry
powder inhaler (DPI). In vitro drug deposition was studied using a realistic mouth-throat (MT)
model. Based on the in vitro aerosolization results, the best performing submicrometer powder
formulation consisted of albuterol sulfate, mannitol, L-leucine and poloxamer 188 in a ratio of
30:48:20:2, containing 0.5% solids in a water:ethanol (80:20% v/v) solution which was spray
dried at 70 °C. The submicrometer particle fraction (FPF1μm/ED) of this final formulation was
28.3% with more than 80% of the capsule contents being emitted during aerosolization. This
formulation also showed 4.1% MT deposition. The developed combination formulation delivered
a powder aerosol developed for the EEG application with high dispersion efficiency and low MT
deposition from a convenient DPI device platform.
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1. Introduction
There has been extensive interest in the use of respiratory drug delivery technologies
utilising dry powder inhaler (DPI) formulations for the treatment of local and systemic
disorders by virtue of their propellant-free nature, high patient compliance and improved
formulation stability (Ashurst et al., 2000; Prime et al., 1997; Timsina et al., 1994). While
much effort has been expended in designing novel DPIs and formulations to achieve high
drug deposition in central and peripheral regions of the lung, such novel inhaled products
continue to exhibit suboptimum drug delivery performance due to high mouth-throat (MT)
drug deposition (Geller et al., 2011; Newman et al., 2000). It has been reported that DPIs
with typical aerodynamic diameters of 3 to 6 μm deposit in the MT region about 40–70% of
the dose due to inertial impaction (Borgstrom et al., 1994; Brand et al., 2007; Geller et al.,
2011; Newman et al., 2000).

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 mouth-throat (MT) region (Cheng, 2003; Xi and
Longest, 2008). However, the direct use of nanoparticles for lung delivery is limited since
individual nanoparticles do not possess sufficient inertia to deposit efficiently in the lung,
which results in the exhalation of a majority of the inhaled dose (Jaques and Kim, 2000). In
addition, cohesion and aggregation of nanoparticles makes them difficult to process into dry
powder formulations. The complete dispersion of ultra-fine powders is difficult due to large
inter-particle attractive forces (Geldart, 1973), namely Van der Waals, electrostatic and
capillary forces, compared to typically weaker aerodynamic separating forces (Visser,
1989). Attempts to overcome these issues have led to most inhalation dry powder
nanoparticle formulations being designed as micron-sized particles encapsulating
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 similar MT deposition losses (40–70% of the
inhaled dose) as conventional inhaled products.

One solution proposed 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; Tian et al., 2011b). In initial studies of the EEG approach, combination drug and
hygroscopic excipient dry powder particles were produced in the size range of 100–900 nm
from aqueous aerosol spray generators (Respimat and the small particle aerosol generator
(SPAG)). These aerosols were shown to minimize MT deposition during inhalation and then
the natural humidity in the lungs causes the particles containing the hygroscopic excipient to
accumulate water, increasing the size and weight of the particle. Increasing the aerodynamic
particle size to 2–4 μm will then ensure near complete lung deposition. Longest and Hindle
developed correlations for these spray aerosol generators 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 (Tian et al., 2011b). Results reported
by Longest et al. indicate less than 1% MT deposition using the EEG application in
combination with the Respimat inhaler, which represents over an order of magnitude
improvement in performance, based on in vitro experiments and CFD simulations (Longest
et al., 2012a). The Respimat is a spray device that employs liquid-based formulations
(Longest et al., 2012b).
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The aim of this study is to design a dry powder formulation containing submicrometer
combination drug and hygroscopic excipient particles that is suitable for the EEG
application for respiratory drug delivery. Our previous work has employed liquid aerosol
generation devices, such as the Respimat and the SPAG nebulizer (Hindle and Longest,
2012; Longest et al., 2012b). A DPI formulation option would add to the utility of the EEG
concept. It is well known that the performance of a DPI is highly dependent on formulation
and device design. Thus, in this study, we develop a novel submicrometer DPI formulation
with improved aerodynamic properties. A number of spray drying and formulation variables
will be varied to produce a carrier-free submicrometer dry powder formulation. Albuterol
sulfate (AS) and mannitol (MN) were selected as a model drug and a hygroscopic excipient.
To address the issue of dry powder dispersion, L-leucine, an essential branched chain amino
acid that acts as a dispersion enhancing excipient, was incorporated into the formulations to
promote deaggregation of the submicrometer particles (Raula et al., 2008; Raula et al.,
2010). Finally, the utility of the developed powder as an EEG formulation will be assessed
following aerosolization using an Aerolizer® into an in vitro airway model to determine its
MT deposition.

2. Materials and Methods
2.1. Materials

Albuterol sulfate 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 (Peapack,
NJ). The Salbulin powder formulation containing albuterol sulfate 100μg (Meda
Pharmaceuticals, Bishops Stortford, UK) was obtained from a commercial pharmacy source.
An Aerolizer™ (Novartis; Basel, Switzerland) was obtained from a commercial pharmacy
source. Molykote®316 silicone release spray was purchased from Dow Corning Corporation
(Midland, MI).

2.2. Preparation of EEG combination and drug only dry powder formulations
Combination drug-excipient dry powder formulations were prepared using a Büchi Nano
spray dryer B-90 (Büchi Laboratory-Techniques, Flawil, Switzerland). AS, MN, L-leucine
and poloxamer 188 were selected as model drug, hygroscopic excipient, dispersibility
enhancer and surfactant, respectively. To produce powder formulations which were readily
dispersed upon aerosolization with a large portion of submicrometer particles, the spray
drying and formulation variables were investigated during the development studies as shown
in Table 1. The variables were drying chamber length, spray mesh size, inlet drying
temperature, % L-leucine content, % ethanol concentration in the spray drying vehicle, and
% solids concentration. Each formulation contained 30%w/w AS and 2% w/w of poloxamer
188. The following conditions were used during spray drying: the drying airflow was 120 L/
min, the liquid feed rate was set to 100%, and the spray nozzle was a vibrating mesh. As a
control formulation, a drug only (D-AS) powder formulation was also prepared by spray
drying using the conditions determined for the final developed combination formulation.
The dried solid particles were collected from the electrostatic precipitator in the spray drier
and stored in sealed capped amber vials. The vials containing powders were stored in a
desiccator (approx RH <10%) at room temperature.

Albuterol sulfate drug content uniformity in the formulations was determined using a
validated HPLC method (Section 2.8). Briefly, a solution of each sample was prepared by
dissolving approximately 3 mg of powder, which was accurately weighed, in 10 mL of
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deionized water. For the combination particles, this solution was then injected directly into
the HPLC for quantification. For the drug only particles, the solution was further diluted to
produce an AS concentration of approximately 100 μg/mL.

2.3. Scanning electron microscopy (SEM)
The morphology of the powders was observed using an EVO 50 SEM (Carl Zeiss AG,
Germany). Each sample was mounted separately onto SEM stubs using double-sided copper
tape and then coated with gold using a sputter coater (Electron Microscopy Sciences,
Hatfield, PA) for 2 minutes under vacuum at 0.2 mbar. The SEM was operated at high
vacuum with accelerating voltage 15 kV and specimen working distance 8 mm.

2.4. Thermal analysis
Thermograms were measured using a differential scanning calorimetry (DSC), Model 7
(Perkin Elmer Inc., Waltham, MA). Dry nitrogen gas was used as the purge gas through the
DSC cell at a flow rate of 20 mL/min. Samples (3 mg) were weighed into aluminum
crimped pinhole pans. The mass of the empty sample pan was matched with that of the
empty reference pan within ± 0.2 mg. Samples were heated at a rate of 10 °C/min from 30 to
250 °C. Thermogravimetric analysis (TGA) was conducted using a Pyris 1 system (Perkin
Elmer Inc., Waltham, MA). Weight loss from 5 mg samples at a heating rate of 10 °C/min
from 30 to 250 °C under nitrogen purge (40 mL/min) was recorded.

2.5. Particle size and powder density
Particle size distributions of the combination particles and the drug only particles were
determined using a laser diffraction technique. This non-drug specific method assessed the
particle geometric diameter based on volume fractions of the powders using a Spraytec®
particle size analyzer equipped with an inhalation flow cell (Malvern Instruments, Ltd.,
Worcestershire, UK). The entire assembly operated in a closed system using the inhalation
flow cell. Powders (approximately 2 mg) were filled into Size 3 HPMC capsules and loaded
into an Aerolizer® DPI. An airflow rate of 80 L/min was drawn through the system to
sample the powder from the Aerolizer® and deliver the powder to the measurement zone.

Skeletal density of the prepared powders was measured using an AccuPyc II 1340 gas
pycnometer (Micrometritics Instrument Corporation, Norcross, GA) with a 1 cm3 volume
capacity sample cup, and data was analyzed using V1.05 software.

Theoretical estimates of aerodynamic diameter (Dae) were derived from the Malvern
determined volume median diameter (D50) and the skeletal density (ρ), according to Eq. 1
(Edwards et al., 1997).

(1)

2.6. Aerodynamic particle size characterization
A Next Generation Impactor (MSP Co., Shoreview, MN) was used to determine
aerodynamic particle size characteristics of the drug in the combination particle
formulations. A sample of each powder formulation (2 mg) was filled into size 3 HPMC
capsules and placed into the Aerolizer® DPI prior to testing. The capsule was fired into a
NGI through a pre-separator operating at an air flow rate of 80 L/min for 3 seconds under at
ambient conditions (25 °C/45–55% RH). In order to assess the particle size distribution of
the total dose of formulation, the USP induction port was omitted. The air flow rate of 80 L/
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min produced a pressure drop across the device of approximately 2 kPa. The flow rate was
selected based upon the studies of Zanen et al., (Zanen et al., 1992), that showed 80 L/min
provided good powder dispersion and would allow comparison of the developed powders
under constant conditions. For each of the impactor experiments, the impactor collection
stages and pre-separator were coated with Molykore®316 silicone spray to minimize
particle re-entrainment and bounce. Albuterol sulfate remaining in the Aerolizer (including
the capsule), deposited on the pre-separator, and on each impactor collections stages was
determined by washing each item with 10 mL of deionized water to extract the drug for
quantitative analysis. Collected samples were analyzed using a validated HPLC method
(Section 2.8).

Drug emitted dose 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), defined as the total emitted dose of AS with aerodynamic diameters
smaller than 5 μm and 1 μm, respectively, were calculated via interpolation from the
cumulative mass versus the cutoff diameter of the respective stages of the NGI. Each
measurement was repeated three times. The MMAD was determined at the 50th percentile
on the % cumulative undersize (probability scale) versus logarithmic aerodynamic diameter
plot.

2.7. EEG aerosol characterization in the realistic mouth-throat (MT) model
The in vitro MT deposition of AS emitted from the Aerolizer was determined in a realistic
MT geometry (Figure 1) for the following formulations: the final developed submicrometer
combination powder formulation (Expt 6), the micrometer size combination powder
formulation (Expt 3), the submicrometer drug only formulation (D-AS), and a commercial
albuterol sulfate dry powder formulation (Salbulin). The characteristic airway geometry
consisted of a MT, details of which were previously described in the studies of Tian et al.
(Tian et al., 2011a; Tian et al., 2011b) and Xi and Longest (Xi and Longest, 2007). A
schematic diagram of experimental set up for the MT deposition study is shown in Figure 1
(Delvadia et al., 2012). The outlet of the MT model was connected to a low resistance glass
fiber filter (Pulmoguard II, SDI Diagnostics, MA) capable of retaining all aerosolized drug
that passed through the MT model. The filter was connected to a vacuum pump to draw a 4L
of air across the setup. Airtight seals between the inhaler mouthpiece and the MT model
were maintained in all cases. The internal surfaces of the MT model were coated with a
silicone spray followed by solvent evaporation before each experiment. The dry powder
aerosol was generated using the Aerolizer® DPI actuated using external ambient conditions
(25 °C/45–55% RH). Each combination (2 mg; 27–28%w

/w AS), drug only (2 mg; 93%w
/w

AS), and commercial (12.5 mg, 1.1%w
/w AS) powder formulation was filled into size 3

HPMC capsules and placed into the Aerolizer® prior to test. The Aerolizer® was actuated
using an air flow rate of 80 L/min for 3 seconds. Drug aerosol deposition in the device, MT
and fiber filter were determined by washing each deposition site with 20–100 mL of
deionized water. The collected samples were analyzed using a validated HPLC method
(Section 2.8).

2.8. High-performance liquid chromatography (HPLC)
Albuterol sulfate 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
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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.

2.9. 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 differences between formulation and
spray drying variables, the aerosolization properties of the combination powder formulations
were analyzed using one-way analysis of variance (one-way ANOVA) followed by post hoc
Dunnett’s test with a control. The significance level was 0.05.

3. Results
3.1. EEG dry powder formulation development

Combination drug-excipient powder formulations, consisting of an active pharmaceutical
ingredient, a hygroscopic excipient, and a dispersibility enhancer, were prepared using a
Buchi Nano spray dryer for the EEG application. As shown in Table 1, a total of 9 spray-
dried powders were investigated with the aim of developing a powder formulation with the
highest emitted dose and fine particle fraction. This was achieved by varying the spray
drying and formulation parameters as shown in Table 1 to maximize the fraction of
submicrometer particles in the DPI aerosol while maintaining a high emitted aerosol drug
dose. Tables 2 and 3 show that AS content was very close to the nominal value of 30% w/w
for all cases.

Tables 2 and 3 show that, overall, the prepared combination particle formulations exhibited
excellent aerosolization properties using the Aerolizer®. With these carrier-free
formulations, emitted doses were greater than 75% of the loaded dose and the fine particle
fractions (FPF5μm/ED) were greater than 80% of the emitted dose, for the formulations
generated using a spray dryer equipped with the 90 cm drying chamber and the 4μm spray
mesh.

It was found that the aerosol characteristics of combination particle formulations were
predominantly affected by the length of the drying chamber and the spray mesh size. The
aerosolization properties of combination particle formulations were significantly improved
by using a longer drying tubing (Expt 1 vs Expt 2) and a mesh with smaller pore size (Expt 3
vs Expt 4). Increasing the dryer length to 90 cm (Expt 2) resulted in a formulation, that
despite a small but significant decrease in emitted dose, possessed a higher fine particle
fraction (FPF5μm/ED) (P=0.0017), and a higher submicrometer particle fraction (FPF1μm/ED)
(P=0.0046) compared to the 45 cm dryer chamber (Expt 1). The MMAD decreased from 3.4
μm to 2.1 μm as the dryer chamber length was increased (Table 2). Figure 2 (A) shows that
the particles generated with the 45 cm drying chamber were partially bridged and had an
apparent non-smooth surface. Comparing the powder formulations generated using the 4.0
μm and 5.5 μm mesh (Table 2), reducing the spray mesh size to 4 μm increased the drug
fine particle fraction (FPF5μm/ED) (P<0.0001), and the submicrometer particle fraction
(FPF1μm/ED) (P=0.007). The MMAD decreased from 3.3 μm to 1.8 μm when the mesh size
was reduced. SEM images (Figure 2 (B) and (C)) also suggested that the spray mesh size
had the greatest influence on the primary particle size; Figure 2 (B) illustrates smaller
primary particles with the 4 μm mesh compared with Figure 2 (C) and the 5.5 μm mesh.
Based on these results, all subsequent experiments in this study were performed exclusively
using the 90 cm drying chamber and 4.0 μm mesh size. Decreasing the inlet drying
temperature from 85 °C (Expt 2) to 70 °C (Expt 4), while maintaining all other conditions
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constant produced a small, but not statistically significant improvement in aerosol
performance. The lower temperature was employed for the remaining experiments.

The solid concentration of spray solution which provided the best aerodynamic performance
among three concentrations was 0.5 % w/v (Expt 6) (Table 3). The FPF1μm/ED for the
0.5% w/v formulation was significantly higher compared to that of the 0.2% w/v (Dunnett’s
method: P=0.0089) and the 1.0% w/v (Dunnett’s method: P=0.0129) with a value of 28.3%.
The MMAD for the 0.5% w/v formulation was 1.4 μm compared to 1.8 μm and 1.9 μm for
the 1.0 %w

/v and 0.2%w
/v solutions, respectively (Table 3). The presence of ethanol in the

carrier solvent was observed to be important to obtain powders with a high drug
submicrometer particle fraction (Expt 6 vs Expt 7; FPF1μm/ED, P=0.005), although there is
no significant difference in the other aerosolization properties (Table 3).

During the formulation development, it was observed that concentrations of greater than
20%w

/w L-leucine were required for solid particle formation during the spray drying process
and to aid dispersion during aerosolization. The sprayed formulations with less than 20%w

/w
L-leucine formed a thin film on the precipitator wall as the co-sprayed AS and MN formed a
eutectic mixture.

The conditions for producing the best performing EEG combination particles, based on the
in vitro aerosolization results, were identified as those used in Expt 6, and consisted of:
0.5%w

/v solids concentration, consisting of AS, MN, L-leucine and poloxamer 188 in a ratio
of 30/48/20/2 %w

/w, respectively, in a water:ethanol (80:20% v/v) solution which was spray
dried at 70 °C. The submicrometer particle fraction (FPF1μm/ED) of the developed
formulation (Expt 6) was 28.3% with an emitted dose of over 80% and a fine particle
fraction of 95.3% when aerosolized using the Aerolizer. It should be noted that this device
was developed for the aerosolization of micrometer sized DPI formulations.

3.2. EEG dry powder formulation characterization
The physico-chemical properties of the best performing combination formulation (Expt 6)
were assessed. In order to investigate the importance of the combination particle excipients
on the particle size and aerosol performance characteristics of the combination powder
formulation, a drug only control formulation (D-AS) was produced using the same spray
drying conditions however without excipients. Figures 2 (E) and (F) show SEM images of
the combination formulation (Expt 6) and the drug only formulation (D-AS), respectively.
Individual particles from both powders appeared to be a similar size; however, the drug only
particles did appear to possess a smoother surface.

As an alternative particle size screening method to cascade impaction, Table 4 shows the
particle size distribution characteristics for the combination formulation (Expt 6) and the D-
AS formulation determined using the Malvern Spraytec laser diffraction technique. The
median particle size (D50) of the combination formulation was 2.0 μm. The skeletal density
of this formulation was determined to be 1.33 g/cm3 (Table 4). The particle size data and
density results were used to calculate a theoretical primary particle aerodynamic diameter
(Dae) of 2.3 μm, which appeared to be significantly greater than the MMAD (1.4 μm)
determined by cascade impaction (Table 3). It is important to recognize there can be
significant differences between drug specific cascade impaction studies and laser diffraction
methods.

For the drug only formulation (D-AS), the particle size distribution emitted from the inhaler
appeared polydisperse with a median particle size (D50) of 29.2 μm. This contrasts with the
SEM image in Figure 2 (F), which appears to show individual particles in the size range of
0.5 μm to 1.5 μm. It is believed that the increased particle size of the aerosol emitted from
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the inhaler for the drug only formulation reflects the formation of drug agglomerates within
the capsule during aerosolization. Zhou et al., (Zhou et al., 2010) reported a similar
observation using lactose as a model drug and showed particles with an initial size of 3.8
μm determined by SEM, while the particle size of the lactose emitted from the inhaler was
between 12–16 μm. The degree of agglomeration will be dependent upon the initial particle
size, the physic-chemical properties of the drug and the presence of excipient.

In addition, aerodynamic particle sizing of the drug only formulation using the NGI
impactor was performed. For the D-AS formulation, due to drug agglomeration and poor
deaggregation of the drug only formulation, only 30.9 % of the formulation was deposited in
the impactor for sizing, reflecting the larger particle size of the aerosol emitted from the
device observed in the Malvern studies. The remainder of the dose was deposited in the
device and preseparator. The high standard deviation observed during particle sizing was
due to a combination of the powder agglomeration, poor powder dispersion and device
emptying in the absence of the EEG excipients. The importance of the EEG excipients to
prevent drug agglomeration and allow powder dispersion to the primary particles was
demonstrated using the drug only formulation.

Differential scanning calorimetry (DSC) revealed that the AS in the combination
formulation particles (C-AS; Expt 6) was present as an amorphous structure embedded in a
crystalline MN matrix (Figure 3 (A)). A glass transition was observed at 58 °C,
corresponding to the glass transition of AS. The amorphous AS in the combination particles
recrystallized at about 120 °C followed by decomposition at 180 °C. Crystalline mannitol
was observed to melt around 160 °C. From the TGA analysis (Figure 3 (B)), the total weight
loss for the combination formulation was 1.5%w

/w upon heating to 130 °C.

The D-AS powder was also found to be amorphous. The DSC thermogram shows two
endothermic processes associated with/without weight loss as seen in Figure 3 (A) and (B);
the first one, at 60 °C, corresponds to the glass transition temperature and the second one, at
160 °C–200 °C, corresponds to decomposition of AS. TGA analysis of the D-AS
formulation revealed the total weight loss of 4.1 %w

/w upon heating to 130 °C.

3.3. EEG dry powder formulation aerosol characterization in the in vitro MT model
In order to gain an understanding of the relative importance of (i) particle size, and (ii)
formulation excipients, the in vitro aerosolization performance in a MT model of the best
performing submicrometer formulation (Expt 6) was compared with (i) a formulation with
an identical composition and a micrometer particle size (Expt 3), (ii) a formulation with
submicrometer particle size containing drug only (D-AS). To evaluate the influence of
particle engineering process, which is known to be the key factor determining a particle
deagglomeration, the MT deposition of commercial dry powder formulation (Salbulin),
binary mixture of a micronized AS and course lactose carrier particles, was also compared.

Figure 4 shows that the commercial dry powder formulation was observed to exhibit the
highest MT deposition as 80.4%/ED, indicating micronized AS particles were not fully
detached from carrier particles upon aerosolization using the Aerolizer. The D-AS powder,
which from SEM images had a similar particle size distribution to the combination
formulation (Expt 6) without the addition of EEG excipients, showed about 40.1% AS
deposition in the MT region. The lack of formulation excipients for this powder was perhaps
responsible for the poor deaggregation of these submicrometer primary particles resulting in
an unexpectedly high MT deposition. In comparison, the micrometer size combination
particle formulation (Expt 3) had a MT deposition (20.8%) that was lower than the
submicrometer drug only formulation despite its larger particle size, suggesting the
importance of the excipients in obtaining good aerosolization properties. The combination of
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incorporating the formulation excipients into the submicrometer particles provided the
lowest MT deposition in the submicrometer combination particle formulation (Expt 6;
4.1%).

4. Discussion
A spray dried submicrometer powder formulation containing drug and hygroscopic
excipients was engineered to combine the high MT penetration efficiency of submicrometer
aerosol particles with the deposition efficiency of micrometer sized particles by utilizing
controlled condensational growth during the inhalation cycle. Based on the hygroscopic
characteristics of a series of drug and hygroscopic excipients reported by Hindle and
Longest (Hindle and Longest, 2012; Longest and Hindle, 2012; Longest et al., 2012b; Tian
et al., 2011b), AS and MN were selected as a model drug and primary excipient for this first
study to develop a dry powder formulation for the EEG approach. In these studies, the
nominal AS concentration was 30%w/w which allowed delivery of therapeutically relevant
doses (100–500 μg) using formulation masses of between 0.3–1.7 mg loaded into the DPI.
MN as an excipient has been previously employed in the spray dried Exubera inhaled insulin
formulation (Harper et al., 2007). A MN content of 48 %w

/w was employed which was
capable of providing stability under ambient conditions and sufficient hygroscopic growth in
the simulated respiratory conditions. This is in part due to a combination of two properties, a
strong propensity to crystallize and a high aqueous solubility (Lee et al., 2011b; You et al.,
2007; Yu et al., 1998). Unlike most spray dried products spray dried MN tends to maintain
its crystalline structure (Hulse et al., 2009). This minimizes moisture sorption under ambient
conditions until it is exposed to saturated humidity conditions (Yu et al., 1998). The DSC
thermograms (Figure 3 (A)) of spray dried MN and the combination particle formulation
(Expt 6) show evidence of the MN crystalline form in both powders after spray drying with
peaks at 160–167 °C corresponding to the melting of MN. The melting peak from the
combination particle formulation was broad due to the glassy mixture embedded with the
crystalline MN.

A new spray dryer was adopted for particle generation due to its reported capability of
producing particles in the submicrometer size range at high yields (Lee et al., 2011a; Li et
al., 2010; Schmid et al., 2010). Spray drying is a well established method to manufacture
inhaled dry powder products (Chow et al., 2007; Vehring, 2008), however, the application
of conventional spray dryers to design particles in the submicrometer size range is
technically difficult due to limitations in atomization and powder collection techniques. The
impact of process and formulation parameters (Table 1) on the resulting properties of the
spray dried powders were evaluated. The properties of prepared formulations were
characterized by SEM analysis (Figure 2) and aerosolization characterization (Tables 2 & 3).
During the development studies, it was found that L-leucine content, the length of drying
chamber, spray mesh size, % solids concentration and ethanol concentration in the carrier
solvent were important factors affecting the properties of combination particles.

It was observed that combination particles required at least 20 %w
/w L-leucine in order to

generate solid particles. In the absence of L-leucine, the Tg of amorphous AS was lowered
below the spray drier outlet temperature (about 40 °C) in the presence of MN. L-leucine, a
glass forming agent with a high Tg (140 °C), was believed to increase the Tg of the
amorphous mixture above the outlet temperature (Weers et al., 2007).

Increasing the length of the drying chamber and therefore increasing the particle drying time
improved the aerosol performance of the combination formulation (Expt 1 vs Expt 2), as
indicated by the drug FPF1μm/ED and FPF5μm/ED values. The FPF1μm/ED and FPF5μm/ED
significantly increased from 2.8% and 66.2% with the 45 cm drying chamber to 10.4% and
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91.5% using the 90 cm chamber, respectively (t-test: P=0.0046 and 0.0017 for the
FPF1μm/ED and FPF5μm/ED). Unlike conventional bench top spray dryers which generate a
cyclone (turbulent flow) to promote efficient drying, the nano spray dryer operates on a
laminar flow principle, thus based on the aerosol performance data, the longer chamber
appeared to provide complete drying for this particular aqueous formulation (Lee et al.,
2011a). The laminar flow principle is particularly ideal for heat-sensitive materials since
gentle heating of atomized particles is achievable with complete drying.

The pore size on the spray mesh surface was found to be a key factor determining the size of
primary particle. The 5.5 μm spray mesh generated particle in the 3–4 micrometer range
(Expt 3), whereas 4 μm spray mesh was able to prepare particles in the size range of 0.5 to
1.5 μm (Expt 4) for these aqueous formulations. This is attributed mainly to the vibrating
mesh technology that the nano spray dryer utilizes for atomization. Unlike conventional
spray nozzles, such as rotary atomizers, pressure nozzles and two-fluid nozzles, the vibrating
mesh generates precisely sized droplets by extruding the liquid feed solution through the
holes on the mesh surface utilizing a piezoelectric actuator (Lee et al., 2011a; Schmid et al.,
2010). Schmid et al. reported a good correlation between the mesh size of 4 μm, 5.5 μm and
7 μm with the resulting droplet sizes prior to drying (D50) of 4.8 μm, 6 μm and 7.2 μm,
respectively (Schmid et al., 2010).

A solid concentration of 0.5%w
/v together with 4 μm spray mesh (Expt 6) produced a

combination DPI formulation generating the largest submicrometer AS aerosol fraction of
28.3%. As expected, increasing the % solid concentration to 1% w/v (Expt 4) generated
larger primary particles (Figure 2 (B)) and a lower AS FPF1μm/ED of 14.5% compared to the
0.5 %w

/v formulation. It is widely known that the geometric diameter of spray dried particles
is directly affected by changes in the solid concentration of the feed solution; generally,
lower concentrations produce smaller dried particles. Lowering the solid concentration to
0.2 % w/v (Expt 5) produced particles without a well-defined individual structure (Figure 2
(D)). This was perhaps due to a lower solution ion concentration reducing the electrical
conductivity of the solution, which was not sufficient to suppress the high electrostatic
charge present in water. It has been reported that aerosols of pure water or non-electrolytes
solution, generated by a vibrating mesh nebulizer, yielded a high electrostatic charge and
therefore increased solution adhesion to the internal device surface (Deshpande et al., 2002;
Ghazanfari et al., 2007; Rosell et al., 2000). Since the atomization mechanism of the
vibrating mesh nozzle is similar to that of vibrating mesh nebulizer, it can be assumed that
there are certain critical solution properties, such as ion concentration and electrical
conductivity of feed solution, that are required to generate atomized liquid droplets from the
vibrating mesh nozzle.

The addition of 20%v
/v ethanol in aqueous carrier solvent was also observed to be important

with respect to combination particle drug aerosol performance. In the absence of ethanol
(Expt 7), the AS FPF1μm/ED was reduced to 17.6% compared to 28.3% when 20 %v

/v
ethanol (Expt 6) was added to the spray drying formulation. It was believed that ethanol
accelerated the initial saturation of L-leucine on the atomized droplet surface by decreasing
its solubility in the aqueous solution; the solubility of L-leucine in water is low, 22 mg/ml,
and even lower in ethanol (Vehring, 2008).

It is widely recognized that dry powder inhaler formulations should be protected from the
effects of ambient humidity in order to maintain aerosol performance. Prolonged exposure to
elevated humidity can induce changes in crystallinity and affect powder dispersion (Ward
and Schultz, 1995). In this present study, powders were stored a desiccator at < 10% prior to
exposure to 45–55% RH during capsule filling. This is analogous to conditions used for a
commercial capsule based DPI product that is filled under low humidity conditions and
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stored in humidity resistant packaging prior to exposure to ambient conditions during use by
the patient. This is particularly important for the powder formulations produced in this study
that were developed for their hygroscopic properties when exposed to the high humidity
environments within the lungs. No attempt was made to investigate the effects of humidity
exposure on the submicrometer formulations, however, it is expected that a similar
decreased aerosol performance would be observed as reported by others if the powders were
exposed (Hindle and Makinen, 1996; Young et al., 2007).

These studies have employed the combination of submicrometer particles and formulation
excipients to significantly improve drug aerosol performance from a DPI platform using the
EEG approach. The aerodynamic properties of the powder formulation are attributed to a
combination of formulation excipients (mainly leucine), the submicrometer size of the
particle and the dispersion mechanism of the DPI (Aerolizer) used to aerosolize the powder.
A realistic MT model was used to compare the AS MT deposition of the developed
submicrometer combination drug and excipient formulation (Expt 6) with a submicrometer
drug only formulation (D-AS), a micrometer sized combination drug excipient formulation
(Expt 3), and a commercial carrier-based dry powder formulation. It has been shown that
using a realistic MT geometry (Figure 1) designed by Xi and Longest et al. (Xi and Longest,
2007) provides a good in vitro-in vivo correlation of MT deposition (Delvadia et al., 2012;
Islam and Gladki, 2008). Figure 4 shows that the AS MT deposition was lowest (4.1%) for
the submicrometer combination drug and excipient formulation (Expt 6). The
submicrometer drug only formulation showed 10 times higher MT deposition when
compared to the combination formulation (Expt 6), revealing the importance of the
formulation excipients in producing an aerosolizable powder. Despite the submicrometer
primary particle size, 40.1% of the drug aerosol was deposited in the MT region. Due to MT
deposition and device drug retention, only 16% of the loaded AS dose was available for lung
delivery, which was believed to be due to the presence of drug aggregates that were not
easily dispersed during the DPI aerosolization process. In contrast, the incorporation of the
formulation excipients into micrometer sized particles resulted in drug MT deposition of
20.8%, suggesting that despite the larger particle size, it was possible to produce low drug
MT deposition using appropriate formulation excipients and micronization technique. This
drug MT deposition for the spray dried EEG formulations is significantly better than that
typically observed for conventional carrier-based DPI formulations (40–90%) (Newman and
Busse, 2002; Zhang et al., 2007). We also observed about 80% MT drug deposition using
the commercial lactose-based Salbulin DPI formulation. One of the major reasons for this
high drug MT deposition is due to insufficient detachment/de-agglomeration of the
micronized particles from either course carrier particles or particle agglomerates, which is
mainly caused by strong interparticulate forces and poor formulation-device coordination.
The submicrometer combination formulation performed well in a non-optimized
commercially available DPI that was designed to aerosolize lactose carrier based
formulations, with about 30% of submicrometer aerosol generation. It may be possible to
significantly increase the submicrometer aerosol fraction by optimizing the inhaler device
for use with this formulation. A formulation-device optimization study will be conducted
with the submicrometer combination particles prepared in this study (Expt 6) to generate
maximum amount of submicrometer aerosols. The hygroscopic growth of the
submicrometer aerosols will also be assessed with a realistic lung model.

Conclusion
Spray dried combination drug and excipient particles were produced with a submicrometer
primary particle size suitable for use in the EEG application. Spray drying and formulation
variables were investigated to produce DPI aerosols with high emitted doses and fine
particle fractions. The developed combination particle formulation exhibited excellent
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aerosolization properties with 28.3% of submicrometer fraction using a conventional DPI
(Aerolizer®), with only 4.1% of MT deposition. The developed combination formulation
delivered a powder aerosol developed for the EEG application with high dispersion
efficiency and low MT deposition from a convenient DPI device platform.
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Figure 1.
A schematic diagram of the experimental set up using a realistic MT geometry for
evaluating the AS deposition in the model.
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Figure 2.
SEM images of the spray dried formulations: (A) Expt 1, (B) Expt 4, (C) Expt 3, (D) Expt 5,
(E) Expt 6 and (F) D-AS.
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Figure 3.
DSC thermograms (A) and TGA results (B) for spray dried mannitol (SD Mannitol),
crystalline AS, optimized combination particle formulation (Expt 6) and D-AS formulations.
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Figure 4.
AS deposition in the MT geometry for aerosols emitted from the Aerolizer® (n ≥ 4).
*Statistical difference between three formulations groups (One-way ANOVA: P < 0.05)
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