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ABSTRACT
Purpose The objective of this study was to evaluate the delivery
of nasally administered aerosols to the lungs during noninvasive
ventilation using controlled condensational growth techniques.
Methods An optimized mixer, combined with a mesh nebulizer,
was used to generate submicrometer aerosol particles using drug
alone (albuterol sulfate) and with mannitol or sodium chloride added
as hygroscopic excipients. The deposition and growth of these
particles were evaluated in an adult nose-mouth-throat (NMT)
model using in vitro experimental methods and computational fluid
dynamics simulations.
Results Significant improvement in the lung dose (3–4× increase)
was observed using excipient enhanced growth (EEG) and en-
hanced condensational growth (ECG) delivery modes compared
to control studies performed with a conventional size aerosol
(~5 μm). This was due to reduced device retention and minimal
deposition in the NMTairways. Increased condensational growth
of the initially submicrometer particles was observed using the ECG
mode and in the presence of hygroscopic excipients. CFD pre-
dictions for regional drug deposition and aerosol size increase were
in good agreement with the observed experimental results.
Conclusions These controlled condensational growth tech-
niques for the delivery of submicrometer aerosols were found
to be highly efficient methods for delivering nasally-administered
drugs to the lungs.
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ABBREVIATIONS
ACI Andersen cascade impactor
AS albuterol sulfate
CFD computational fluid dynamics
DF deposition fraction
ECG enhanced condensational growth
EEG excipient enhanced growth
GSD geometric standard deviation
HFT high flow therapy
HPLC high performance liquid chromatography
LRN low Reynolds number
MMAD mass median aerodynamic diameter
MN mannitol
NaCl sodium chloride
NIV noninvasive ventilation
NMT nose-mouth-throat model
NPPV noninvasive positive pressure ventilation
RH relative humidity
SD standard deviation

INTRODUCTION

Noninvasive ventilation (NIV) is a preferred method, com-
pared to invasive methods such as endotracheal intubation,
for long-term and ambulatory gas delivery in patients with
chronic respiratory diseases and to improve breathing in
patients with sleep apnea (1). The popularity of the NIV
technique is due to its convenience, safety and low cost (2).
Current NIV methods include noninvasive positive pressure
ventilation (NPPV) (3) and high flow therapy (HFT). The
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advent of HFT for continuous flow delivery, in which
preconditioned (heated and humidified) air or blended oxy-
gen is delivered via a nasal cannula, has allowed higher
delivered flow rates (from 5 to 45 L/min) to patients ranging
in age from preterm newborns to adults (4).

Patients who receive NIV are also typically prescribed
pharmaceutical aerosols for treatment of their respiratory
health issues (5). Although aerosol drug delivery during NIV
via nasal cannula is an attractive method, long nebulization
times of high doses and frequent administration of short-acting
drugs are needed (6). These NIV inhalation therapies have
shown poor lung delivery efficiencies, which are on the order
of 1–10% for adults (3) and children (7) in vitro and 1–6% for
adults (8) in vivo. Aerosol losses are mostly due to high deposi-
tion in the ventilation circuit and nasal passages. The heated
and humidified gases that are used during HFT are also
considered as contributing components that intensify the losses
in ventilation lines and cannulas (9). Bench models have shown
a reduction of up to 40% in aerosol delivery in heated and
humidified ventilation circuits compared to unheated and
non-humidified systems (10,11). Such high losses result in a
large amount of drug waste and highly variable delivered dose;
thus, aerosol delivery during HFT is not currently favored,
especially for treatments with expensive drugs or formulations
with a narrow therapeutic index.

Efforts have been made to improve inhalation drug deliv-
ery during NIV, which are summarized in recent reviews
(2,5). However, despite advancements in ventilator and de-
vice designs, significant aerosol losses still occur in the venti-
lation circuit and the nasal airways of the patients (2).

In order to improve drug delivery to the lungs during HFT,
a novel concept of aerosol delivery through nasal airways using
enhanced condensational growth (ECG) has recently been
proposed by Longest et al. (12). In their study, which demon-
strated low drug deposition in a physically realistic nose and
upper airway model, submicrometer particles (mass median
aerodynamic diameter (MMAD)=900 nm) of albuterol sulfate
(AS) were generated using a commercial small particle aerosol
generator and delivered at 10 L/min and 21°C to one nostril
at subsaturated conditions, whereas heated and humidified air
was delivered at 20 L/min and 39°C through the other nostril.
The submicrometer particles had minimal deposition within
the nasal and upper airway model. With ECG delivery, aero-
sol deposition in the nose was 14.8% of the dose compared to
72.6% for a 4.7 μm aerosol. The nasal septum separated the
two airstreams and prevented hygroscopic growth until the
streams were combined as they entered the nasopharynx.
Combination of these streams resulted in supersaturation
and produced an increase in aerosol size to about 1.9 μm as
the aerosol exited the trachea, which would enable deposition
of the aerosol within the lung and prevent exhalation. Despite
the success of Longest et al. (12) in producing a significant
reduction of losses using the ECG nose to lung delivery

method, the study was limited due to the nebulizer employed
and the lack of a realistic patient cannula. In order to
address these shortcomings, Longest et al. (13) developed a
novel submicrometer aerosol generation system that facilitates
the use of conventional low volume-fill medical nebulizers by
drying the generated droplets in an efficient mixer (i.e. with
minimal losses), and heating the aerosol (~ 37°C) at a desired
flow rate (e.g. 15–30 L/min) to achieve suitable patient com-
fort (13). Furthermore, they designed streamlined cannulas,
which minimize drug deposition during inhalation (13,14).
The suitability of the new generation system and the stream-
lined cannulas in lowering deposition in the nose and improv-
ing the aerosol lung delivery will be evaluated in this study.

The condensational growth technique has been shown in vitro
to significantly improve the lung delivery of nasally-
administered drugs during HFT. However, there are situations
where the addition of heated and humidified air to produce
airway supersaturation is not feasible, for instance during
NPPV. Hindle and Longest (15–17) proposed the use of various
hygroscopic excipients at different drug:excipient ratios which
would produce growth of submicrometer particles in the natural
humidity of the lungs. This inhaled drug delivery concept, which
is known as excipient enhanced growth (EEG), was demonstrat-
ed in vitro using a mouth-throat-tracheobronchial model (18,19).
Oropharyngeal drug deposition was shown to be low (<1%) for
an albuterol sulfate:mannitol (0.4%:0.4%w/v) formulationwith
an initialMMADof 0.47 μm, which grew to 1.66 μmat the exit
of themodel (18). Numerical simulations have demonstrated the
possibility of the further growth of the submicrometer particles,
without increasing the extrathoracic deposition, by increasing
the initial particle size to a value closer to 900 nm (17–19). This
specific particle size provides a good balance between low
extrathoracic deposition and high drug payload delivery
(13,16,18).

The EEG technique has been demonstrated for orally
inhaled drug delivery (18,19) and ECG has been demonstrated
for both oral (20) and nasal (12) inhalation with excellent
results. The current study seeks to investigate the application
of EEG delivery of nasally administered submicrometer com-
bination aerosols using the newly designed streamlined cannu-
la (14) as the delivery interface and the new submicrometer
aerosol mixer generation system (13), with different formula-
tions. For EEG aerosol delivery, the mixer system provides a
steady flow rate of 30 LPM, which can be applied as a single
unit device for nose-to-lung aerosol administration or for con-
current HFT with aerosol drug delivery. The concept of ECG
aerosol delivery will also be explored in which a divided cannula
(13) is used to deliver the submicrometer aerosol from the mixer
to one nostril and standard HFT from a commercial device is
applied to the other nostril. In the ECG application, drug only
aerosols are considered in addition to formulations containing
drug and hygroscopic excipients. As a result, the current study
extends the development of controlled condensational growth
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techniques (EEG and ECG) for nasally administered aerosols
using a high efficiency source of aerosol production, newly
designed streamlined cannulas, and new formulation combina-
tions. Drug delivery to the lungs is assessed using both in vitro
experiments and CFD simulations within an airway model of
the nose and throat extending through the trachea.

MATERIALS AND METHODS

Formulations for Excipient Enhanced Growth
Experiments

For EEG studies, two formulations were investigated contain-
ing a 50:50 drug:excipient ratio to study the effect of hygro-
scopic excipient type on aerosol deposition and growth. The
two formulations were (i) 0.2% albuterol sulfate (AS): 0.2%
mannitol (MN) and (ii) 0.2%AS:0.2% sodium chloride (NaCl)
w/v in deionized water. Solutions were prepared freshly each
day and stored at room temperature prior to use. The formu-
lations were stable at room temperature during this time
period, however an extended evaluation of stability was be-
yond the scope of this study. The hygroscopic parameters,
which describe the hygroscopic growth potential of a soluble
compound, are 4.9 for AS, 8.2 for MN, and 77.9 kmol/m3 for
NaCl (16) with the larger values representing the more hygro-
scopic material. These values imply that NaCl and AS are,
respectively, the most and the least hygroscopic constituents
of the formulations among all three components with MN
having an intermediate value.

Formulations for Enhanced Condensational Growth
Experiments

For the ECG studies, three formulations were investigated
containing drug only and 50:50 drug:excipient formulations
(NaCl and MN). The three formulations were (i) 0.2% AS, (ii)
0.2% AS: 0.2% MN, and (iii) 0.2% AS: 0.2% NaCl w/v in
deionized water. Solutions were prepared freshly each day
and stored at room temperature prior to use. The formula-
tions were stable at room temperature during this time period.

Aerosol Generation and Characterization

Submicrometer particles from the EEG and ECG formula-
tions were generated using the improved mixer system pro-
posed by Longest et al. (13) in combination with the Aeroneb
Lab nebulizer (Aerogen Limited, Ireland). The Aeroneb Lab
nebulizer has a reported nominal droplet volume median
diameter of 2.5–4.0 μm. In brief, the Aeroneb Lab mesh
nebulizer containing the test formulation was inserted into
the nebulizer inlet on the mixing chamber and compressed
air at the flow rate of 15 LPM (ECG) or 30 LPM (EEG) was

supplied to the mixer air inlet (Fig. 1a). The air was heated by
the internal Kapton heaters (OMEGALUX KHLV-202;
Omega Engineering Inc., Stamford, CT) to a temperature
in the range of 37±2°C prior to combining with the nebu-
lizer aerosol output. The heated air mixes with the liquid
aerosol droplets from the nebulizer in the drying region, the
result of which is the evaporation of the droplets and the
formation of submicrometer-sized particles, which are deliv-
ered to the in vitro airway model. The nebulization duration
was 0.5 min for both the ECG and EEG studies.

Control experiments were performed to observe differences
in the drug deposition characteristics using the Aeroneb nebu-
lizer to produce conventional sized aerosols. In these control
experiments as shown in Fig. 1a, the nebulizer was placed in the
Aeroneb neonatal T-adapter (Aerogen Limited, Ireland), and
aerosol was delivered to the in vitro airway model using a com-
mercial HFT unit (Vapotherm 2000i, Stevensville, USA), which
was used to generate flows of 15 LPM (ECG) or 30 L/min
(EEG). The humidified air from the Vapotherm (RH >90%)
prevented evaporation of the aerosol droplets during transit
through the ventilator tubing and cannula. Due to lower drug
delivery to the impactor in these studies, the nebulization dura-
tion was extended to one minute. For comparison with EEG
delivery, control studies were performed using formulations of
0.1%AS: 0.1%MNand 0.1%AS:0.1%NaCl w/v in deionized
water. For the comparison with ECG delivery, a control study
was performed using a 0.2% AS w/v in deionized water. The
size of the aerosol exiting the cannula was measured by posi-
tioning the cannula at the inlet of the ACI operating at 30 LPM,
which was placed in the environmental chamber (25±0.5°C,
RH>90%). In the ECG protocol, an additional 15 LPM was
drawn through the humidity inlet of the ECG cannula from the
cabinet.

The initial aerodynamic particle size distribution of the
drug aerosol leaving the mixer and also in the absence of the
mixer (control) was measured for comparison with the size of
aerosol exiting the NMT model to quantify the aerosol
growth during inhalation. This initial size measurement
was carried out by connecting the mixer’s outlet (EEG and
ECG submicrometer particle generation) to the Andersen
Cascade Impactor (ACI, Copley Scientific, UK) using ven-
tilation tubing (50 cm length, I.D.=10 mm). The ACI was
placed in an environmental cabinet (Espec; Hudsonville, MI)
with internal conditions of 37±0.5°C and RH>90%. An
impactor flow rate of 30 LPM was employed for particle
sizing. For the ECG study, an additional 15 LPM of heated
and humidified air was supplied to the impactor from the
environmental cabinet to maintain isothermal conditions
during sizing. No additional air was required for the EEG
studies which operated at 30 LPM.

Similar studies were performed for the control experiments
to determine the initial size of the aerosol emitted from the
Aeroneb in the absence of themixer by positioning the nebulizer
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directly over the ACI inlet, which was placed in the environ-
mental chamber (25±0.5°C, RH>90%) with an approximate
gap distance of 10 mm to allow for air entrainment.

In Vitro Model Setup for EEG and ECG Aerosol
Delivery

Aerosol exiting themixer is delivered to an in vitro airwaymodel
as shown in Fig. 1d. A 50 cm length of 10 mm internal
diameter ventilator tubing (Instrumentation Industries Inc.,
USA) was attached to the exit of the mixer. This was connected
to the cannula setup consisting of a 20 cm length of 10 mm
internal diameter ventilator tubing (Instrumentation Industries

Inc., USA) and a streamlined designed cannula. The EEG
cannula consisted of a streamlined single inlet cannula as
described by Longest et al.(14), which divides the incoming flow
into two separate streams for the two nasal inlets using smooth
curvatures (Fig. 1b). Such smooth curvatures reduce the losses
that normally occur in conventional cannulas due to sudden
changes of flow direction. The EEG cannula was employed
with aerosol delivered from the mixer at 30 LPM. The divided
ECG cannula, which was described by Longest et al. (13), had
separate inlets for aerosol from the mixer flowing at 15 LPM
and for heated/humidified air at 15 L/min (Fig. 1c). Similarly,
the aerosol path was streamlined (using smoothed curvatures)
to minimize depositional drug losses. The ECG cannula was

Fig. 1 The experimental and
numerical systems for evaluating
controlled condensational growth
including (a) the aerosol mixer
(left) and control aerosol
generation (right) setups, (b) the
EEG delivery streamlined cannula
interface, (c) the divided and
streamlined ECG delivery
cannula, (d) the nose-mouth-
throat (NMT) model including the
external face structure with the
EEG cannula positioned in the
nostrils, and (e) the complete
NMT model with EEG cannula.
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employed with aerosol delivered from the mixer at 15 LPM to
the aerosol inlet of the cannula and 15 LPM of heated (43°C)
and saturated air from the HFT unit (Vapotherm 2000i) to the
cannula air inlet. The air inlet was left open to cabinet condi-
tions for the control experiment in order to not produce ECG
growth conditions.

The cannula was inserted into the nostrils of a physically
realistic nose-mouth-throat (NMT) in vitromodel. The realistic
airway model consisted of an external facial structure for
connecting the cannula, the nasal passages, nasopharynx, a
portion of the mouth, pharynx, larynx, and trachea (Fig. 1d
and e). A single high quality medical scan was not available
containing all of these features. Instead, several scans were
selected to develop a characteristic model based on healthy
adult males with an age range of 34–54 years. The nasal
geometry is based on the frequently employed dataset of
Guilmette (1989) (21), which has been used in previous
in vitro (12,22,23) and CFD studies (12,24,25). The multi-slice
images were segmented in MIMICS (Materialize, Ann Arbor
MI) according to the tissue-air contrast and were converted
into a set of coronal polylines that defined the nasal airway.
Based on these contours, an internal nasal surface geometry
was constructed in Gambit 2.3 (ANSYS Inc., Canonsburg,
PA). As with previous studies, the nasal data set was smoothed
to produce a physiologically realistic 3D structure. Following
the same procedure, an external nasal structure and the air-
ways below the nasal passages were constructed from charac-
teristic CT scans of adults. In the final NMT model, the
hydraulic diameter of the glottis was 9.8 mm, which is consis-
tent with previous studies (26). Similarly, the tracheal hydrau-
lic diameter was 18.7 mm, which was determined to be
consistent with the mean value of an internal database of CT
scans. The model ended at the position where the trachea
begins to expand and form the first bifurcation.

The airway geometry was constructed for the in vitro exper-
iments using in-house rapid prototyping facilities. A Viper
SLA machine (3D Systems, Valencia, CA) constructed an
exact replica of the airway geometry out of clear Accura 60
plastic resin using a build layer thickness of 0.15 mm and a
laser spot diameter of 0.25 mm. The outlet of the NMT in vitro
model was connected directly to an ACI for aerosol sizing at
an airflow rate of 30 LPM. The walls of the model were pre-
wetted and themodel, together with the impactor, was housed
in an environmental cabinet (Espec; Hudsonville, MI) to
maintain a wall temperature of approximately 37±0.5°C
and relative humidity of 99%.

Data Analysis

The concentration of the drug (albuterol sulfate, AS) in each
formulation was determined by a previously validated high
performance liquid chromatography (HPLC) analytical meth-
od (27). Before and after each experiment, the nebulizer was

weighed and the weight difference, together with the concen-
tration of albuterol sulfate in the formulation, was used to
calculate the nominal dose. After each experiment, the nebu-
lizer, 50 and 20 cm ventilator tubing, cannula, in vitro airway
model, and the impactor stages of the ACI were washed with
deionized water. Wash volumes were 10 ml for each deposi-
tion location in the setup, except for the nose and the filter
stage of the ACI that were washed with 20 ml of water to
either keep the concentration of the drug within the HPLC
calibration curve or to have enough volume to cover the
deposition surface. The AS concentrations of the solutions
collected from each site of deposition were determined using
HPLC and were used together with the wash volumes to
calculate the deposited AS mass. The total recovered mass
was used to calculate the percentage of deposition at each
deposition site as a fraction of the nominal dose. Cumulative
distribution of the deposited mass on each stage of the ACI
was used to calculate the mass median aerodynamic diameter
(MMAD) and geometric standard deviation (GSD) for each
experimental condition. Three to five replicates of each ex-
perimental configuration were performed for each case study.
One-way ANOVA, followed by a post hoc Tukey’s Honest
Significance Difference (HSD) test, (JMP 9, Cary NC) was
used for statistical analysis with a p-value of <0.05 indicating
significance.

CFD Simulations

The CFD simulations performed were similar to the previous
nasal ECG (12) and oral EEG (18) studies and employed the
Fluent 12 (ANSYS Inc.) software supplemented with user rou-
tines. In brief, a low Reynolds number (LRN) k-ω turbulence
model was used to simulate the flow, which can be laminar,
transitional, or turbulent at different locations in the flow field.
This turbulence model has previously been used for the suc-
cessful prediction of aerosol transport and deposition in upper
airwaymodels (26,28,29). To evaluate the variable temperature
and relative humidity fields, the coupled governing equations of
heat and mass transport, reported in detail by Longest and Xi
(30) and Longest et al. (31), were used. Lagrangian transport
equations coupled with user-defined functions were employed
to estimate the particle trajectories, growth, and deposition.
User-defined functions were implemented to improve estima-
tion of near-wall conditions and to simulate the aerosol evapo-
ration and condensation in the complex three-dimensional
temperature and humidity fields (12). User-defined functions
were also used to account for anisotropic near-wall turbulent
dispersion, Brownian diffusion of the initially submicrometer
aerosols, and near-wall interpolation of fluid velocities (12). Our
previous studies have demonstrated that this combination of a
commercial code with multiple user-defined functions is
capable of accurately capturing particle deposition arising
from inertia, sedimentation, diffusion, and turbulent dispersion
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(19,31). The Kelvin effect, influences of excipient and drug
hygroscopicity, and the effect of droplet temperature on surface
vapor pressure were considered in the droplet size change
calculations based on previous studies (12). The influence of
the droplet on the carrier phase was neglected and a one-way
coupled approach was implemented in the model. The details
of solving the above equations using realistic boundary condi-
tions can be found in Longest et al. (12) and Tian et al. (18).

For simulating droplet trajectories and aerosol size increase,
initially monodisperse size distributions were implemented.
Condensational growth of the aerosols then led to a polydis-
perse aerosol size distribution within the airway models. With
the control experiments, an initial droplet size of 3.6 μm was
found to match the experimentally measured aerosol size
exiting the nasal cannula and entering the NMT model. The
aerosol size exiting the Aeroneb Lab nebulizer could not be
implemented directly due to high depositional losses in the
neonatal T-connector, which reduced the MMAD of the aero-
sol and was not included in the CFD model. For the EEG and
ECG simulations, the experimentally measured size exiting the
mixer tubing (900 nm) was implemented at the model inlet. In
all droplet simulations, 9000 initial particles were injected into
the steady state flow stream and increasing this number had a
negligible effect on deposition fractions.

The computational mesh was constructed using the
ANSYS ICEM 10 package (Ansys Inc., Canonsburg, PA)
and consisted of tetrahedral and hexahedral elements.
Hexahedral control volumes were used primarily in the con-
nective tubing, cannula geometry, and tracheal region, where-
as tetrahedral elements with a thin layer of near-wall wedge
control volumes were used to resolve the nasal passages
through the pharynx. Grid density testing produced conver-
gent results in terms of regional deposition for a control
volume cell count of approximately 1.3 million for the EEG
NMT geometry and 1.5 million for the ECG NMT model.

RESULTS

Characterization of Delivered Aerosols

For the EEG setup with 30 LPM drying air, the mean (SD)
MMAD of the aerosol exiting the mixer system for the 0.2%
AS:0.2% NaCl formulation was 0.91 (0.05) μm. The mean
(SD) geometric standard deviation (GSD) was 2.11 (0.08) μm.
Similar mean (SD) MMADs were observed for both the 0.2%
AS formulation (0.88 (0.02) μm) and the 0.2% AS:0.2% NaCl
formulation (0.91 (0.08) μm) using the ECG setup with a flow
rate of 15 LPM through the mixer. The respective GSDs were
1.91 (0.02) and 2.09 (0.12). These results confirm the previous
findings that the improved mixer is capable of producing
submicrometer aerosols with a mean size around 0.9 μm suit-
able for the condensational growth applications (13).

For the control experiments, which were designed to ex-
amine the aerosol deposition characteristics of a conventional
sized aerosol during HFT, the mean (SD) MMAD for the
0.1% AS:0.1% NaCl formulation was 4.77 (0.07) μm. The
mean (SD) GSD of this polydisperse aerosol was 3.94 (0.69).
The MMAD of the aerosol exiting the EEG cannula was
reduced to 2.9 (0.3) μm with the mean (SD) GSD of 1.6
(0.09). The mean (SD) for the 0.2% AS formulation was
4.66 (0.03) μm with a GSD of 2.19 (0.45). The MMAD of
the aerosol at the exit of the ECG cannula was 3.4 (0.25) μm
with the mean (SD) GSD of 1.7 (0.15).

EEG In Vitro Deposition

Table I shows the mean (SD) deposition fraction of AS on the
delivery device components following aerosolization and de-
livery to the in vitro airway model for the EEG protocol and its
control experiments. Drug deposition on the Aeroneb Lab
nebulizer was low (<3%) in the control experiments and the
EEG experiments, however there was a significant difference
observed between the EEG aerosols and their respective con-
trols (p=0.0332 with MN and p=0.0013 with NaCl). The
Aeroneb T-connector was a significant site of drug deposition
in the control experiments as the micrometer sized aerosol
impacts on this device during mixing with the HFT air.
Comparing deposition in the 50 cm ventilator tubing that
delivers the aerosol from the mixer or T-connector, respective-
ly, there was significantly higher deposition for the micrometer
sized aerosols in the control experiments compared to the
submicrometer aerosol generated in the EEG experiments
for both test formulations (p<0.0001). There was no significant
difference between deposition in the 20 cm ventilator tubing
for the AS:MN EEG formulation compared to the control
experiments (p=0.8), but deposition in this device component
was significantly lower for the AS:NaCl formulation compared
to the control experiments (p=0.002). Deposition within the
streamlined EEG cannula was about 0.5%of the nominal dose
for the submicrometer EEG formulations compared to about
13% for the control experiments, which indicated that decreas-
ing the size of aerosol significantly lowers the deposition in the
cannula (p<0.0001with both excipients). Previous studies have
indicated that deposition in themixer was low (about 8%of the
nominal dose), with this estimate being based upon the differ-
ence between the nominal dose and the total recovered dose
(13). Similar estimates for mixer deposition for the AS:MN and
AS:NaCl formulations were 13.3 and 5.6%, respectively.
These estimates are conservatively high and likely over predict
the losses in the mixer due to the more complicated experi-
mental setup employed and the number of washing steps
required to recover the drug in this study.

Figure 2 shows the % deposition of AS in the complete
delivery device (T-connector or estimated mixer retention,
70 cm of tubing, cannula) and nose mouth throat model,
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together with the dose delivered to the lungs (dose in the
impactor) during EEG and control experiments. Note that
the delivery device retention for EEG experiments given in
Fig. 2 appears higher than the summation of the values given
in Table I since the mixer retention, estimated based upon the
difference between the nominal dose and the total recovered
dose, has been considered in addition to the deposition in the
delivery device components, previously listed in Table I. As
expected for the conventional sized aerosols, there was signifi-
cant drug deposition in the delivery device, with approximately
70% of the nominal dose being deposited for both control
formulations. In contrast, there were significantly lower device
losses (p<0.0001) for the submicrometer EEG experiments,
with as low as 10.3% deposition being observed for the
AS:NaCl formulation. The use of the AS:NaCl formulation
in EEG experiments resulted in a significantly lower total
device loss compared to the EEG formulation with MN
(p=0.0048). Importantly for pulmonary delivery, deposition
within the NMT model was not significant for the
submicrometer EEG formulations (<2%). However, as
expected, further significant depositional losses were observed

for the conventional sized control aerosols as they were deliv-
ered through the NMT model (p<0.0001). The type of excip-
ient did not affect the deposition in the NMT significantly
(p=0.7558). The mean (SD) lung delivered dose for the
AS:MN and AS:NaCl EEG submicrometer formulations were
78.2 (7.1) and 88.5 (2.1)%, respectively, which were significant-
ly greater than the doses delivered using the conventionally
sized control aerosols (p<0.0001). The dose delivered to the
lungs was significantly higher using AS:NaCl EEG formula-
tions compared to the AS:MN EEG formulations (p=0.0052).

CFD predictions of the regional deposition for the control
and EEG aerosols as they enter the cannula and are deliv-
ered through the NMT model are shown in Fig. 3. There
was good agreement between the deposition fraction pre-
dictions and the experimental results. The CFD simulations
predicted low deposition in the 20 cm tubing and cannula for
the submicrometer EEG formulations, which agreed well
with the experimental results. The predictions for NMT
deposition for the submicrometer aerosols were higher than the
experimental results, but given the overall total low deposition
this is expected. The NMT predicted deposition for the control
aerosols were observed to agree well with the experimental
results.

An essential component to the EEG delivery concept is the
condensational growth of the aerosol during inhalation to
ensure pulmonary retention of the delivered dose. Figure 4
compares the experimentally determined and CFD predicted
aerosol droplet size for the control and submicrometer aero-
sols at different points in the model. For the conventional
delivery cases, the significant depositional losses of the larger
droplets reduce the overall MMAD of the aerosol as it is
delivered through the NMT model. The final mean (SD)
MMADs of the AS:MN and AS:NaCl control aerosols as they
exit the NMT model were sized experimentally in the ACI
and found to be 0.63 (0.01) and 0.69 (0.03) μm, respectively.
These values agreed well with the CFD predicted values
(Fig. 4), which predicted that larger particles in control exper-
iments deposit in the nasal cavity and only smaller particles
with MMADs of 0.6–0.7 μm reach the trachea. Also shown
are the experimentally measured and predicted MMAD of
the control aerosols as they exit the cannula prior to entering

Table I Mean (±SD) Deposition Fraction (DF) at Each Deposition Site as a Percentage of Nominal Dose for the Control (Conventional Sized Aerosol) and
EEG Studies (n≥3 replicates)

Nebulizer DF (%) T-connector DF (%) 50 cm tubing DF (%) 20 cm tubing DF (%) Cannula DF (%)

Control - AS:MN 2.5±0.6 29.6±1.4 13.3±2.3 1.2±0.2 13.4±2.8

Control - AS:NaCl 2.7±0.5 29.1±2.3 13.3±1.8 1.2±0.3 13.2±1.7

EEG - AS:MN 1.4±0.5* NA 4.7±1.4* 1.0±0.2 0.4±0.04*

EEG - AS:NaCl 1.2±0.3* NA 2.5±0.7* 0.4±0.1* 0.5±0.2*

* p<0.05 Significant effect on nebulizer, 50 cm tubing, 20 cm tubing, and cannula deposition (One-way ANOVA) compared to respective control
formulations (Post hoc Tukey HSD)
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Fig. 2 Mean (SD) % deposition of AS in delivery device (including the
estimated mixer retention) and NMT model, together with the lung deliv-
ered dose (dose in the impactor) for the control and EEG formulations.
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the NMT model. Depositional drug losses in the T-connector
and ventilator tubing reduced the MMAD from an initial size
of 4.8 μm to 2.9 μm. Good agreement between the predicted
and measured sizes at the nasal cannula outlet indicate the
correct assumption of an initial 3.6 μm aerosol in the CFD
control simulations. In contrast with the controls, the MMAD
for the AS:MN and AS:NaCl submicrometer EEG aerosols
was observed to increase following delivery through the in vitro
NMTmodel. The mean (SD) MMADs of the aerosols exiting
the NMT were 1.1 (0.1) and 1.55 (0.08) μm, respectively.
Again, there was good agreement with the CFD predicted
particles sizes, both indicating that the aerosol in EEG exper-
iments increased in size by the time they reach the trachea.

ECG In Vitro Deposition

Table II shows the mean (SD) deposition fraction of AS on the
delivery device components following aerosolization and de-
livery to the in vitro airway model for the ECG protocol and its

control formulations. Drug deposition on the Aeroneb Lab
nebulizer was again low (<4%) for each of the ECG formula-
tions, with the drug only formulation showing a significant
difference in deposition compared to the control (p=0.0442).
As with the EEG studies, there was significant drug deposition
in the Aeroneb T-connector in the control experiment as the
micrometer sized aerosol impacts on this device during mixing
with the HFT air. Drug deposition in the 50 cm ventilator
tubing that delivers the aerosol from the mixer or T-connector
was significantly higher for the conventional sized aerosol
compared to the submicrometer ECG aerosols (p=0.0026).
Deposition within the streamlined ECG cannula was less
than 1% of the nominal dose for the submicrometer ECG
formulations compared to about 7% for the control experi-
ment. Estimates of mixer drug retention (about 20% of the
nominal dose) based upon the difference between the nominal
and recovered doses were slightly higher than observed for the
EEG experiments; however, this may have been due to some
drug loss from the nostril following the introduction of the

Fig. 3 CFD predictions of
regional aerosol deposition
colored according to changing
particles size in the delivery tube,
cannula and NMT model for EEG
delivery. Also shown are the
predicted (CFD) aerosol drug
deposition fractions in these
regions compared to the
experimental (EXP) results for the
control (a–b) and EEG (c–d)
cases.

2924 Golshahi et al.



humidified HFT to the model. For all experiments, greater than
80% of the nominal dose was recovered.

Figure 5 shows the % deposition of AS in the delivery
device (including the estimated mixer retention in addition to
the deposition in the aerosol delivery components given in
Table II) and nose mouth throat model, together with the
lung delivered dose (dose in the impactor) for the ECG
studies. For the conventional sized aerosols, there was about
50% of the drug deposited in the delivery device with a
further 20% in the NMT, producing a delivery efficiency
available to the lungs of 27.5% of the nominal dose. As
observed with the submicrometer EEG formulations, the
ECG formulations each showed very low depositional losses
in the NMT, with 2% or less of the dose being deposited in
the NMT model during steady state inhalation. The mean
(SD) lung delivered dose for the AS, AS:MN and AS:NaCl
ECG submicrometer formulations were 77.9 (4.4), 74.2 (3.3)
and 76.7 (5.5)%, respectively, which was significantly greater
than the doses delivered using the conventionally sized

control aerosol (p<0.0001). The addition of MN or NaCl
as a hygroscopic excipient to the drug only formulation did
not significantly affect the dose delivered to the lungs
(p=0.4531 and 0.9678, respectively).

CFD predictions of the regional deposition for the control
and ECG aerosols as they enter the cannula and are deliv-
ered through the NMT model are shown in Fig. 6. Again,
there was good agreement between the deposition fraction
predictions and the experimental results for both the control
and ECG studies, illustrating that the model is capable of
incorporating the additional component of the humidified
HFT air delivered along with the aerosol.

Figure 7 shows the condensational growth observed with
using the ECGmethod vs. control as droplet trajectories of the
aerosols travel through the delivery device and NMT model.
For the control case, good agreement is again observed be-
tween the experimentally measured and CFD predicted size
exiting the nasal cannula and entering the nose. Using a drug
only formulation, the mean (SD) MMAD for the aerosol

Fig. 4 CFD predictions of
aerosol particle trajectories
colored according to changing
particles size in the delivery tube,
cannula and NMT model for EEG
delivery. Also shown are
predicted aerosol MMADs (CFD)
of the aerosol exiting these
regions compared to the
experimental (EXP) results for the
control (a–b) and EEG (c–d)
cases.
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exiting the trachea was 1.72 (0.19) μm for ECG delivery with
a mean GSD (SD) of 1.62 (0.01). Addition of hygroscopic
excipients to the nebulizer formulation produced increased
aerosol growth with mean (SD) MMADs of 2.54 (0.12) μm
and 2.82 (0.16) μm for the MN and NaCl formulations,
respectively. The respective GSDs were 1.62 (0.04) and 1.56
(0.07). As described previously, for the control aerosol, exten-
sive deposition prior to exiting the trachea produces an aero-
sol with a mean MMAD of 0.72 (0.03) μm with a mean GSD
(SD) of 1.65 (0.24). CFD predictions of the final particle sizes
were in good agreement with the experimental particles size
(Fig. 7) indicating the growth of aerosol in ECG experiments
in contrast to the control experiments, where the larger par-
ticles deposited in the nasal cavity.

DISCUSSION

Aerosol drug delivery to the lungs during HFT is challenging
with conventional sized aerosols due to high drug depositional
losses in the delivery device together with additional deposition

in the nasal passage. These observations were confirmed in this
in vitro and CFD study, with losses of approximately 50–70% of
the drug dose in the delivery device depending upon the flow
rates used. Lower device drug deposition was reported in
Tables I and II using a flow rate of 15 LPM (in ECG exper-
iments) compared to 30 LPM (in EEG experiments) presum-
ably due to decreased inertial impaction and turbulent disper-
sion during transit through the ventilator tubing and cannula.
These losses combined with additional deposition in the nasal
passage for aerosols with initial MMADs of about 5 μm, which
were generated from a conventional mesh nebulizer, resulted
in lung delivery efficiencies of between 21.2 – 27.5% of the
nominal dose during steady state inhalation. It should be
observed that in vitro studies often over estimate in vivo deposi-
tion and that lower delivery efficiency would be expected
during transient inhalation rather than the steady state inha-
lation used in this study. Depositional losses in the T-
connector represent the current standard of care when using
mesh nebulizers, in which the droplet aerosol exiting the neb-
ulizer deposits by impaction on the T-connector. For EEG and
ECG delivery, the T-connector is removed and replaced with a
mixer, which is used to generate submicrometer aerosol
particles.

In contrast with conventional delivery, the in vitro data for
the EEG submicrometer aerosols demonstrated significantly
higher lung delivered doses for both formulations containing
MN and NaCl as hygroscopic excipients, respectively
(p<0.0001). The ratio of the dose that was delivered to the
lungs with EEG conditions compared to their respective con-
trols was almost fourfold higher for each excipient (3.7 fold
with MN and 3.9 fold with NaCl). In addition, there was a
significantly higher delivery of drug to the lung using the NaCl
formulation compared to MN (p=0.0052), which may be
related to the increased condensational growth observed for
the NaCl formulation. Nasal deposition was around 1% for
both EEG formulations suggesting that the submicrometer
aerosols were able to penetrate the nasal cavity and enter the
trachea without significant depositional losses. The observed
significant increases in lung dose are mainly due to reductions
in device drug deposition in the ventilator tubing and cannula
for the submicrometer aerosol. As a part of the overall decrease

Table II Mean (±SD) Deposition Fraction (DF) at Each Deposition Site as a Percentage of Nominal Dose for the Control (Conventional Sized Aerosol) and
ECG Studies (n≥4 replicates)

Nebulizer DF (%) T-connector DF (%) 50 cm tubing DF (%) 20 cm tubing DF (%) Cannula DF (%)

Control - AS 3.4±2.6 17.1±1.2 3.7±1.3 0.8±0.3 7.2±2.7

ECG - AS 0.4±0.2* NA 1.0±0.2* 0.2±0.1* 0.3±0.04*

ECG - AS:MN 3.4±1.5 NA 2.4±1.4 1.2±0.4 0.8±0.3*

ECG - AS:NaCl 0.6±0.2* NA 2.0±0.6 0.6±0.2 0.4±0.1*

* p<0.05 Significant effect on nebulizer, 50 cm tubing, 20 cm tubing, and cannula deposition (One-way ANOVA) compared to the control formulations
(Post hoc Tukey HSD)
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Fig. 5 Mean (SD)%deposition of AS in delivery device (including the estimated
mixer retention) and nose mouth throat model, together with the lung delivered
dose (dose in the impactor) for the control and ECG formulations.
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in the device drug retention, use of the EEG streamlined
cannula resulted in nearly zero drug retention for EEG con-
ditions with both excipients (0.4% for the MN and 0.5% for
the NaCl formulations).

In order to avoid exhalation of the aerosol, condensation-
al growth of the inhaled EEG droplets is required as the
aerosol moves through the respiratory tract. In this study, for
the EEG aerosols, it was observed that limited growth had
occurred as the drug particles exited the trachea and entered
the tracheobronchial region, which based on CFD simula-
tions occurs over a time period of approximately 0.15 s from
the point of inhalation at 30 LPM. For the EEG method,
condensational growth is dependent upon the hygroscopic
excipient present in the formulation and the inherent humid-
ity of the airways. The more hygroscopic sodium chloride
formulation was observed to increase in size to 1.5±0.1 μm,
compared to 1.1±0.1 μm for the MN formulations at the
tracheal exit. Further growth of the aerosol is expected as it

penetrates deeper into the airways likely enabling full lung
retention. In the tracheobronchial airways, the computational
studies of Longest and Hindle (16) and Tian et al. (18) predict
diameter growth ratios for combination EEG particles up to 5
and higher with final aerosol MMADs as large as 6 μm.

The characteristics of low device deposition, low NMT
model deposition and high lung delivered dose were also
observed using the ECG delivery mode. For these studies,
a line of heated saturated HFT air is delivered using the
ECG cannula to one nostril, while the submicrometer aero-
sol is delivered through a streamlined passageway to the
other nostril. Conservative estimates of device drug deposi-
tion for the ECG studies were about 20% of the nominal
dose, with over 75% of the nominal dose penetrating the
NMT and being available for delivery to the lung. The ratio
of the dose delivered to the lungs in the ECG case with AS is
2.8 times higher than the lung dose in the control study. This
improvement in the lung dose in ECG conditions is again a

Fig. 6 CFD predictions of
regional aerosol deposition
colored according to changing
particles size in the delivery tube,
cannula and NMTmodel for ECG
delivery. Also shown are the
predicted (CFD) aerosol drug
deposition fractions in these
regions compared to the
experimental (EXP) results for the
control (a) and ECG (b–d) cases.
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result of significantly lower losses in the device components
(p<0.0001). Deposition fractions of the submicrometer aero-
sol within the ventilator tubing and cannula were all less than
4% of the nominal dose for the drug only and hygroscopic
excipient containing ECG formulations. As with the EEG
method, there were negligible drug deposition losses in the
NMT model (1.2-2.0%) using the ECG method, compared
to 19.3% for the conventional sized nebulizer aerosol. For
the ECG studies, the delivery of supersaturated air, which
combines with the aerosol stream after passing beyond the
nasal septum, produces a faster rate of condensational aero-
sol growth compared to the EEG delivery mode. For the
three formulations containing AS, AS:MN and AS:NaCl,
the mean MMADs at the exit of the trachea were measured
as 1.7 μm, 2.5 μm and 2.8 μm, respectively. As a result,
additional size increase was observed with the formulations
containing the hygroscopic excipients compared to the drug
only formulation. The magnitude of growth positively corre-
lates with the hygroscopic parameter; the maximum growth

was obtained with the use of NaCl, followed by MN and AS.
The increased rate of growth observed with ECGmay offer an
ability to target deposition sites within the TB airways by
controlling the rate of size increase and therefore the deposition
site.

Comparing the two delivery modes, both methods success-
fully reduced the device depositional losses that are commonly
observed during HFT. A combination of submicrometer aero-
sol particles together with a streamlined cannula design were
key components in reducing drug losses within the tubing and
cannula. This resulted in similar doses being available for
deposition in the lungs following passage through the nasal
airways. It appears that the EEG technique delivers a slightly
higher lung dose compared to the ECG approach; however,
the condensation growth was greater for the ECGmode during
steady state delivery. A drawback of this present study is the
absence of a realistic breathing pattern that is capable of
mimicking a normal respiratory cycle. The inclusion of a
realistic breath profile will be the subject of a future publication.

Fig. 7 CFD predictions of
aerosol particle trajectories
colored according to changing
particles size in the delivery tube,
cannula and NMTmodel for ECG
delivery. Also shown are
predicted aerosol MMADs (CFD)
of the aerosol exiting these
regions compared to the
experimental (EXP) results for the
control (a) and ECG (b–d) cases.
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Both methods appear suitable for efficient pulmonary
drug delivery via the nose during HFT. However, as noted
previously, growth of aerosol after the NMT is significantly
higher (p<0.0001) at the tracheal outlet using the ECG
technique with hygroscopic excipients compared to EEG
(on average 2.8 and 3.1 times growth in ECG, whereas 1.2
and 1.7 times growth in EEG, withMNandNaCl, respectively).
Given the success of the EEG and ECG techniques in improv-
ing the lung dose, targeted drug delivery to the desired locations
in the respiratory system appears to be feasible if it is possible to
control the rate and extent of condensational growth. It is
envisaged that by controlling the type and concentration of the
hygroscopic excipients, in addition to the concentration of the
drug in formulations, the fate of inhaled particles in terms of
their growth and deposition site can be predicted using the
developed CFD models that have been demonstrated in this
study. Aerosol deposition and growth predictions using CFD
were found to be in close agreement with the in vitro experimen-
tal data indicating the validity of the models. The relative
difference between the regional deposition values in CFD and
in vitromeasurements using both EEG and ECG techniques was
mostly <2%. These simulations will be useful for optimizing
lung drug delivery by extending the findings in this study to
different formulations and experimental conditions.

CONCLUSIONS

A conventional nebulizer (Aeroneb Lab) in combination with
an optimized mixer system (13) was successfully used for
the generation of submicrometer particles, with an MMAD
of ~900 nm, by evaporating the droplets (MMAD~4.5 μm)
emitted from the nebulizer. The use of submicrometer parti-
cles lowered the delivery device retention and deposition in the
extrathoracic airways (i.e. NMT model), resulting in signifi-
cantly higher lung dose compared to the HFT delivery with
conventional micrometer-sized aerosols. In order to ensure
pulmonary deposition of the aerosol and prevent exhalation,
twomethods (excipient enhanced growth (EEG) and enhanced
condensational growth (ECG)) were used to induce controlled
condensational growth of the initially submicrometer particles.
The EEGmethod uses the inherent humidity of the airways in
combination with formulation hygroscopic excipients to
produce increases in the aerosol particle size. The ECG
method increases the particle size of the aerosol by mixing
the submicrometer particles (with or without hygroscopic
excipients) with supersaturated air that is co-administered to
the patient. Computational fluid dynamics (CFD) modeling
was performed, in addition to the in vitro experiments, which
predicted the regional depositions and particle growth in close
agreement with the in vitro data. Thus, these models can be
used to predict the ideal particle size and lung dose of different
drugs, used with or without excipients, during nasal inhalation

therapies. The use of these condensational growth techniques
for the delivery of submicrometer aerosols was found to be a
highly efficient method for delivering nasally-administered
drugs to the lungs during HFT.
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