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Abstract

Purpose—The objective of this study was to incorporate a passive cyclic loading strategy into 

the infant air-jet dry powder inhaler (DPI) in a manner that provides high efficiency aerosol lung 

delivery and is insensitive to powder mass loadings and the presence of downstream pulmonary 

mechanics.

Methods—Four unique air-jet DPIs were initially compared and the best performing passive 

design (PD) was selected for sensitivity analyses. A single preterm in vitro nose-throat 

(NT) model, air source, and nasal interface were utilized throughout. While the majority of 

analyses were evaluated with a model spray-dried excipient enhanced growth (EEG) formulation, 

performance of a Surfactant-EEG formulation was also explored for the lead DPI design.

Results—Two devices, PD-2 and PD-3, evaluated in the preterm model achieved an estimated 

lung delivery efficiency of 60% with the model EEG formulation, and were not sensitive to the 

loaded dose (10-30 mg of powder). The PD-3 device was also unaffected by the presence of 

downstream pulmonary mechanics (infant lung model) and had only a minor sensitivity to tripling 

the volume of the powder reservoir. When using the Surfactant-EEG formulation, increasing the 

actuation flow rate from 1.7 to 4.0 L/min improved lung delivery by nearly 10%.

Conclusions—The infant air-jet DPI platform was successfully modified with a passive cyclic 

loading strategy and capable of providing an estimated >60% lung delivery efficiency of a model 

spray-dried formulation with negligible sensitivity to powder mass loading in the range of 10-30 

mg and could be scaled to deliver much higher doses.
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INTRODUCTION

Challenges associated with pharmaceutical aerosol delivery to infants include poor lung 

delivery efficiency, high intersubject dose variability and long administration times (1-5). 

For example, in the in vivo study of Fok et al. (6), a group of 13 spontaneously breathing 

infants received radio-labelled salbutamol delivered through a metered dose inhaler (MDI) 

with a valved holding chamber and facemask. With two actuations of the MDI, the mean 

lung dose was 1.35 μg across the population, with lung delivery efficiencies to all infants 

<2.5% of the loaded dose. Perhaps even more concerning than poor lung delivery efficiency 

is high intersubject variability, where in the study of Fok et al. (6) one infant received a 

lung dose of only 0.25 μg and another received 4.52 μg, indicating the dose received may 

be approximately 5-fold lower or 3-fold higher than the mean of 1.35 μg. A more recent 

example of poor infant lung delivery efficiency is the in vivo study of Corcoran et al. (7), 

in which a radiopharmaceutical aerosol was administered to 18 infants via mesh nebulizer 

through a nasal cannula interface while simultaneously receiving nasal cannula oxygen. 

It was estimated that only 0.46% of the nebulized dose reached the lungs at a cannula 

flow rate of 2 L/min, with an overall high variability in delivered dose. These findings are 

consistent with most other in vivo and realistic in vitro infant studies, resulting in lung 

delivery efficiency values in the range of 0-10% of the loaded or nebulized dose (8-15) 

across multiple inhalation platforms. These low lung delivery efficiencies combined with 

high intersubject variabilities can often result in extended treatment times, poor clinical 

response and elevated off-target effects, especially when administering medications that 

require relatively high lung doses or that have a narrow therapeutic window.

To better address the challenges associated with pharmaceutical aerosol delivery to infants, 

our group (16-18) is developing an infant air-jet dry powder inhaler (DPI) platform. Overall, 

the infant air-jet DPI is designed to provide a full inhalation breath along with the aerosol 

to the lungs of an infant through the nasal route. The platform consists of an air source 

(providing aerosolization energy and inhalation breath), the air-jet DPI (responsible for 

holding and aerosolizing the loaded powder), and the nasal interface, which transports the 

aerosol from the DPI to the infant’s nasal passage and forms an airtight seal with the 

infants nostrils. Previous studies of the infant air-jet DPI have evaluated the effects of 

the aerosolization chamber geometry (16), air source and flow rate (17), and infant nasal 

interfaces (18). Overall, the best performing configuration of the infant air-jet DPI platform 

was able to deliver ~57% of the loaded dose to the tracheal filter through an in vitro 
preterm NT model (18); however, this configuration held only ~10-20 mg of the dry powder 

formulation before needing to be reloaded.

The infant air-jet DPI is viewed as a general aerosol delivery platform with multiple 

potential applications. These potential uses of the platform where high efficiency lung 
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delivery of a pharmaceutical aerosol may be beneficial include administering inhaled 

surfactant in surfactant replacement therapy (19, 20), inhaled antibiotics to treat bacterial 

pneumonia (21), and inhaled antivirals to treat RSV and severe viral pneumonia (22, 23). 

In each of these envisioned applications, relatively high doses of powder, typically in the 

range of 10 mg and above for an infant, are expected to be required to generate a sufficient 

biological response. Even in adults, the availability of high dose DPIs is limited, with some 

newer devices administering >10 mg of drug (24-27). However, these devices are designed 

to operate with very large inhaled air volumes (on the order of ~2 L and above), high airflow 

rates (typically 45 L/min and above), and may incur significant extrathoracic depositional 

losses. Alternatively, higher dose delivery is often accomplished by requiring the patient 

to use a relatively low dose device and load multiple capsules with repeated inhalations 

over multiple cycles (28, 29), which increases the difficulty of device operation as well 

as the opportunity for user errors (30). Ideally, a general high dose DPI platform should 

allow for different powder mass loadings without significantly impacting performance or 

operation, and will likely require multiple breaths to maintain an acceptable lung deposited 

powder mass with each inhalation. Considering the infant air-jet DPI applied to high dose 

applications, what is needed is a system that will enable increased powder mass loadings 

without impacting the previously achieved high lung delivery efficiency.

Options to increase the aerosolized dose of the infant air-jet DPI include (i) use of a larger 

aerosolization chamber to accommodate more loaded powder or (ii) development of a cyclic 

loading strategy that is employed automatically by the device. Preliminary experiments 

have indicated that increasing the infant air-jet DPI aerosolization chamber volume to 

accommodate higher mass loadings negatively impacts aerosol performance (with current 

chamber designs) especially when only 10 mL of air is available to aerosolize the powder. 

Furthermore, repeated exposure of dry powder formulations to aerosolization forces within 

the device creates aggregates that are then difficult to disperse with subsequent actuations. 

As an alternative to simply increasing the aerosolization chamber volume, we propose a 

passive cyclic loading strategy that employs separate powder reservoir and aerosolization 

chamber components. Variable powder doses may be loaded into the powder reservoir, 

which connects to the aerosolization chamber. This enables the aerosolization chamber to 

maintain previously established dimensions and flow conditions that have been shown to 

be conducive for high efficiency aerosolization (16-18). A combination of the connection 

design leading from the reservoir and a potential metering system may control the dose 

loaded into the aerosolization chamber that is then converted to an aerosol with each 

actuation.

With a passive cyclic loading strategy, introduction of a metering element, such as a powder 
tray, may be used to further control the amount of powder that is aerosolized with each 

actuation. Goals of the passive cyclic loading system include metering a consistent amount 

of powder for each actuation while protecting the powder in the reservoir from aggregate 

formation. If designed properly, the result should be a single device that can accommodate 

a variable range of powder doses and aerosolize a relatively consistent amount of dose with 

each actuation, while remaining insensitive to the amount of powder loaded (above a certain 

threshold). Accomplishing this goal with forces already present in the device and very small 

volumes of actuation air presents a significant challenge for infant aerosol delivery.
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The objective of this study was to expand the infant air-jet DPI with a passive cyclic loading 

strategy that provides high efficiency lung delivery of an aerosol and is insensitive to powder 

mass loadings in the range of 10-30 mg as well as the presence of downstream pulmonary 

mechanics. As a secondary objective, this study will also explore the impact of different 

powder reservoir sizes, formulation types and actuation gas flow rates on performance of 

the new device. The study begins by comparing four new air-jet DPIs with a passive cyclic 

loading design using the initial 10 mg powder mass. The best designs (based on highest 

tracheal filter deposition percentage, which estimates the lung delivery efficiency) are then 

loaded with a 30 mg powder mass and performance is re-examined. The goal of the new 

designs is to produce similar aerosolization performance and lung delivery efficiencies 

independent of the loaded powder mass (10 vs 30 mg). A secondary goal is to improve upon 

our previous best performing infant air-jet DPI platform configuration by reaching a lung 

delivery efficiency of 60% using a highly dispersible spray-dried model excipient enhanced 

growth (EEG) formulation and realistic preterm nose-throat model. Next, a single design is 

chosen for continued sensitivity analysis including downstream pulmonary mechanics and 

powder reservoir volume size (the initial standard vs an extended volume size). Finally, 

the performance of the platform with a spray-dried Surfactant-EEG formulation (20) is 

investigated, as well as a re-examination of the effect of flow rate.

MATERIALS AND METHODS

Powder Materials and Formulation

Albuterol sulfate (AS) and l-leucine were purchased from Sigma Chemical Co. (St. Louis, 

MO). Pearlitol® PF-Mannitol was donated from Roquette Pharma (Lestrem, France) and 

Poloxamer 188 (Leutrol F68) was donated from BASF Corporation (Florham Park, NJ). 

Trileucine was purchased from Bachem Americas, Inc. (Torrance, CA). Sodium chloride, 

ethanol and methanol were purchased from Fisher Scientific Co. (Hanover Park, IL). 

Survanta® (beractant) intratracheal suspension was purchased from Cardinal Health, Inc. 

(Greensboro, NC). Throughout the study, freshly collected deionized water was used.

A batch of AS excipient enhanced growth (AS-EEG) powder was obtained using a Büchi 

Nano B-90 HP Spray Dryer (Büchi Laboratory-Techniques, Flawil, Switzerland), and spray-

dried based on the optimized method described by Son et al. (31). The AS-EEG powder 

formulation included 30:48:20:2% w/w ratio of AS, mannitol, trileucine, and Poloxamer 

188, respectively. A feed solution of 150 mL containing the dissolved drug and excipients at 

the stated ratio was sprayed over a 4 hour period at a spray rate of 0.6 mL/min. The solids 

concentration in the feed solution was 0.5% w/v. Throughout the spray drying process, 

the inlet temperature was set to 120 °C, resulting in an outlet temperature of 49 °C. The 

feed solution reservoir was placed in a thermostat-controlled chiller and its temperature was 

maintained at 5-15 °C during the spray drying. Excess solution delivered to the spray head 

by a peristatic pump that was not sprayed was recirculated via an outlet tube and returned to 

the feed solution reservoir.

Two batches of Survanta® based Surfactant-EEG powders were prepared by spray drying of 

the feed dispersions containing Survanta®, mannitol, sodium chloride and l-leucine at a ratio 

of 40:30:10:20% w/w using the Buchi Nano Spray Dryer B-90 HP (Büchi Labortechnik 
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AG, Flawil, Switzerland). The feed dispersions were prepared with 0.125% w/v solids by 

addition of all the formulation components to 5% v/v ethanol in water followed by 40 

min sonication in a heated water bath (Fisher Scientific™ CPXH, Hanover Park, IL) at 

45-55°C. The prepared feed dispersions were spray-dried with the spray dryer in an open 

mode configuration using the small nozzle and the following optimized operating conditions 

reported by Boc et al. (32). Throughout the spray drying process, the inlet temperature was 

set to 70 °C, resulting in an outlet temperature of 35-38 °C. The spray-dried powders were 

collected from the electrostatic precipitator into glass vials and stored in a desiccator (0% 

RH) in the freezer (−20 °C) when not in use.

Infant Air-Jet Platform and Experimental Overview

The infant air-jet DPI platform (16-18) is comprised of three main components: the air 

source, the air-jet DPI, and the nasal interface (Fig. 1). The air source is responsible for 

providing the aerosolization energy to the air-jet DPI, as well as delivering the aerosolized 

powder to the lungs while providing a full inhalation breath for the infant. For all 

experiments, the electronic Timer air source was utilized as developed and described by 

Howe et al. (17). The air source at baseline conditions delivers an air actuation volume 

(AAV) of 10 mL bursts at a Q90 flow rate of 1.7 L/min. For each trial, a neonatal mass 

flow meter (Sensirion SFM3400, Sensirion AG, Stafa, Switzerland) was used to calibrate 

and verify the air source actuation parameters. Figure 1 shows the location of the mass 

flow meter connected between the air source and air-jet DPI. The air-jet DPI consists of 

small diameter flow pathways for the inlets and outlets connected by an aerosolization 

chamber (Figure 2) and is responsible for aerosolization of the powder as well as holding 

the full dose of powder. In this study, as the air source is actuated, high speed jets of air 

pass through the aerosolization chamber and either around or through the preloaded powder 

facilitating powder aerosolization and a passive cyclic loading action. Four unique air-jet 

DPI designs (Figure 2) were developed and are described in more detail in the “Air-Jet DPI 

Designs” subsection. After exiting the air-jet DPI, the formed aerosol then passes through 

the nasal interface and to the infant (Figure 1). The prong of the nasal interface is inserted 

approximately 5 mm into the nose, consistent with short ventilation support nasal prongs 

and forms an airtight seal with the nostril.

A single nasal interface was used for all experiments in this study consisting of a gradually 

expanding flow pathway and rigid curved prong (Figure 3) based on results of previous 

nasal interface testing (18). Slight modifications were made to the nasal interface based 

on additional testing. The nasal interface in this study consisted of a straight gradually 

expanding circular cross-section with a length of 48 mm, and a final internal diameter of 

3.6 mm. The end of the expansion transitioned to a rigid curved prong (Figure 3), with an 

inner diameter of 3.6 mm and outer diameter of 4.6 mm. The outer diameter of the prong 

was based on a Hudson Prong Size 2, commonly used for preterm infant nasal continuous 

positive airway pressure (CPAP) administration. A gradual exterior taper was included at 

the base of the prong, forming a wedge to help facilitate an airtight seal with the infant’s 

nostril (Figure 3). The nasal interface was built using stereo-lithography (SLA) with Accura 

ClearVue resin through 3D Systems On Demand Manufacturing.
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The main portion of this study compares the different air-jet DPI designs using a preterm 

infant nose-throat (NT) in vitro model and a 10 mg loaded powder mass of AS-EEG 

formulation. As seen in Figure 1, the platform interfaces with the preterm NT model 

which leads to a custom low-volume filter for approximating lung delivered dose. In this 

setup, device ED, nasal interface deposition, NT regional depositions, and lung delivery 

efficiency (represented by aerosol passing through the larynx and a portion of the trachea 

and depositing on the filter) were assessed, as percentage values of the loaded dose. The 

best performing devices were then selected for dose loading sensitivity in which a 30 mg 

loaded powder mass was also tested. A pulmonary mechanics sensitivity comparison was 

also performed to test the performance of the platform while connected to an infant lung 

simulator that provided realistic downstream resistance and compliance. To enable larger 

mass loadings for high dose applications or lower density powder formulations, a loading 

chamber volume sensitivity experiment was also performed. As a final step, this study 

explored the use of a Surfactant-EEG formulation in the best performing device. Sensitivity 

of the platform to powder formulation was explored as well as the effect of flow rate on the 

new formulation.

Preterm Infant Nose-Throat (NT) Model

For all experiments in this study, a previously developed (17, 18) preterm NT in vitro 
model was used. The scaled 6-month preterm NT airway model includes flexible nostrils 

and anterior nose connected to a rigid middle passage, throat and approximately 3/4th of the 

trachea, which then connects to a custom low-volume filter housing. Figure 4a illustrates 

the setup and assembly break-out of the NT model and low-volume filter housing. Briefly, 

the preterm infant airway geometries were scaled down to an infant with a weight of 1600 

g and length (height) of 40.7 cm, based on a high-quality CT scan of 6-month-old infant 

NT geometry (33). Using the infant body length (height), an appropriate geometric scaling 

factor of 0.6 was applied to the 6-month-old NT airway to reduce the model to that of a 

preterm infant with weight and height of about 1600 g and 40.7 cm, respectively (34). The 

resulting preterm airway, shown in Figure 4b, has a tracheal length and diameter (proximal) 

of approximately 26 and 3 mm, respectively. While these parameters are known to vary, they 

do fall within the expected range for preterm infants of 25 to 30 weeks gestational age (GA) 

based on reported studies (35).

The scaled 6-month preterm NT model was constructed with twist lock interfaces and 

O-rings that provided air tight seals and facilitated ease of use. The low-volume filter 

housing accommodated the low AAV of 10 mL used for a preterm infant, with a dead space 

of only 2.7 mL before the 1.5” diameter glass-fiber filter. To provide a smooth and accurate 

internal airway surface, the middle passage and throat sections of the preterm NT model 

were built using SLA printing with Accura ClearVue resin (3D Systems). The low-volume 

filter housing was 3D printed using VeroWhitePlus resin. To facilitate nasal interface prong 

insertion and the formation of an airtight seal, the face and anterior nose section were 

molded with a skin-like silicone elastomer. The face adapter (pictured in Figure 4a) was 

printed using VeroWhitePlus resin, and was glued to the soft face mold, allowing for a 

secure and air-tight connection to the rest of the NT model. The three distinct airway regions 

Howe et al. Page 6

Pharm Res. Author manuscript; available in PMC 2023 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the NT model used for regional deposition quantification (anterior nose, middle passage, 

and throat) are illustrated in Figure 4b.

Air-Jet DPI Designs

Four unique air-jet DPIs were designed and prototyped to investigate passive cyclic loading 

for the platform. Figure 2 shows the internal airway geometries of each air-jet DPI passive 

design (PD), labeled as PD-1 through PD-4, with basic elements including small diameter 

inlet flow passage(s), aerosolization chamber, powder reservoir (where the powder was 

initially loaded), and outlet capillary. In each design, the powder reservoir was positioned 

above (with respect to gravity) the aerosolization chamber, centered perpendicular to the 

direction of primary air flow. In this study, the powder reservoir was filled with the 

desired dose (mass of powder) and then connected to the air-jet DPI with a twist-lock 

and O-ring seal. The initial standard powder reservoir could accommodate a powder volume 

up to 0.55 mL. Each air-jet PD had identical connections for powder reservoir attachment, 

while the inlets, aerosolization chamber geometries, and outlets differed. Several rounds of 

preliminary screening were performed for each of the four designs in this study leading to 

a relative best case for each PD geometry. For the initial comparison of the four unique 

air-jet DPI designs, the number of actuations to clear the device was also recorded, in which 

actuations continued until two consecutive visibly clear (no aerosol visible passing through 

the nasal interface) actuations were observed. This metric helped to distinguish future ease 

of use and speed of delivery, with a lower number of actuations indicating quicker delivery 

times to administer a full dose.

All designs were influenced by our previous studies with modifications made to explore 

passive cyclic loading. As with previous infant air-jet DPIs, the four new designs in this 

study (Figure 2a-d) all used a single outlet capillary from the aerosolization chamber (inner 

diameter of 0.89 mm and a flush or protruding configuration) comprised of a hollow 

stainless steel (SAE 304) capillary tube. After exiting the aerosolization chamber, this 

capillary tube included a 37 degree downward bend prior to connection with the nasal 

interface. All devices used a flush (capillary does not protrude into the aerosolization 

chamber) outlet configuration with the exception of PD-3, in which the capillary tube 

protruded into the aerosolization chamber by 0.5 mm. PD-1 and PD-4 used a single inlet of 

0.6 mm diameter while PD-2 and PD-3 used multiple inlets with 0.5 mm diameters. These 

inlet geometries were formed into the structure of the air-jet device during 3D printing. One 

subtle difference in inlet configurations was that PD-2 had four inlets, all directing the inlet 

airflow around the initial powder bed. PD-3 had three inlets with one directing a portion of 

the inlet flow toward the powder bed and the other two directing the airflow through the 

lower region of the aerosolization chamber.

Considering the aerosolization chambers, PD-1 included a small spherical geometry 

(diameter of 4.8 mm) with a 3 mm diameter connection to the powder reservoir. PD-2 

and PD-3 both had a horizontal capsule shaped aerosolization chamber with a volume ~0.68 

mL, and a powder shelf or tray placed directly below the powder reservoir to facilitate dose 

metering. The PD-2 device used a 3 mm diameter opening to the powder reservoir with the 

shelf positioned to provide an approximate 0.026 mL volume for the powder to rest during 
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each actuation. The PD-3 device used a 2.7 mm diameter opening to the powder reservoir 

with the shelf positioned to provide an approximate 0.013 mL volume for powder metering. 

PD-4 used a small aerosolization chamber of ~0.05 mL with two small (1 mm diameter) 

openings to the powder reservoir, spaced equidistance between the inlet/outlet and center of 

the chamber (as pictured in Figure 2d).

All air-jet DPI parts (as well as nasal interface and NT model parts) were designed in 

SolidWorks (Dassault Systèmes, Paris, France), and exported as .STL files. The parts were 

then 3D printed at either 32 μm resolution on a Stratasys Objet24 3D Printer (Stratasys 

Ltd., Eden Prairie, MN) using VeroWhitePlus resin, or with stereo-lithography (SLA) 

using Accura ClearVue resin through 3D Systems On Demand Manufacturing with a layer 

thickness of 0.05 mm. All parts were designed to interconnect using a twist lock mechanism 

with an intermediate O-ring for an air-tight seal.

In Vitro Evaluation of Preterm Lung Delivery Efficiency

To assess the aerosol transmission through the nose and throat, and effective lung delivery 

efficiency (drug deposited on the filter), all experiments utilized the scaled 6-month preterm 

NT in vitro model. The nasal interface, as seen in Figure 3, was inserted approximately 5 

mm into the left nostril of the infant NT model while the right nostril was manually held 

closed during actuation. A small amount of lubricant grease was applied to the exterior 

of the prong to ensure an airtight seal. The internal airways of all NT model segments 

were coated with a silicon spray to minimize particle bounce and simulate airway surface 

liquid. At the end of the NT model, a custom low-volume filter collected powder passing 

through the extrathoracic regions and represented the amount of drug delivered to the lung. 

Calculations for ED and regional depositions, including the nasal interface and in the NT 

model regions and tracheal filter, were expressed as a percentage of the manually weighed 

loaded dose of AS. All experiments were performed in triplicate for the calculation of mean 

and standard deviation values. More detail on the regional deposition fractions can be found 

in the “Drug Mass Characterization Methods” subsection.

Sensitivity Analysis

Impact of Loaded Dose—To determine potential sensitivity to powder loading between 

the initial mass of 10 mg and a larger mass of 30 mg, additional experiments were 

performed for the two best case designs (PD-2 and PD-3), in which a 30 mg powder mass 

loading was used. All experimental procedures remained the same as with the air-jet DPI 

comparison set, except for the manual weighing of 30 mg of powder instead of 10 mg. 

Likewise, actuations continued until no powder was visible passing through the system and 

one subsequent clear actuation was performed. The total number of actuations used in all 

cases was recorded.

Impact of Downstream Pulmonary Mechanics—To test sensitivity of the platform 

to downstream pulmonary mechanics, the PD-3 air-jet DPI design was chosen and retested 

while connected to an infant Michigan Lung simulator (Adult/Infant Model, Michigan 

Instruments, Grand Rapids, MI). Two NT model outlet conditions were considered: one 

as the standard filter only (used in all other experiments) and then also including the 
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downstream pulmonary mechanics, connected to the lung simulator. This experiment was 

performed to directly compare the large dose loading condition including downstream 

pulmonary mechanics in a breathing lung simulator, as pictured in Figure 5. Using the air 

source operated at 1.7 L/min, and a 30 mg powder mass loading, the platform was actuated 

during the inhalation cycle of the lung simulator, while all other methods remained the same. 

Pulmonary mechanics (PM) considered in this study were lung compliance (mL/cm H2O), 

airway resistance (cm H2O/L/s), breath cycle (sec), and tidal volume (mL). The compliance, 

breath cycle, and tidal volume were manually set on the lung simulator, and a custom 

resistance orifice adapter was used to adjust the airway resistance.

While values for these properties are known to vary, our previous study examining 

pulmonary mechanics (17) used a compliance of 0.49 mL/cm H2O for a 1600 g preterm 

infant based on similar values measured in infants with a weight of 1600 g (36). For this 

study, the infant lung simulator was set to its lowest compliance setting of 1 mL/cm H2O. 

The inspiratory time was set to 0.5 sec, with a 1 sec breath hold and exhalation period 

resulting in a ~2.5 sec breath cycle. With the direct-to-infant delivery protocol used in this 

study, one nostril was connected to the device while the contralateral nostril and mouth 

were held closed enabling the use of a breath hold period. The tidal volume was adjusted to 

approximately 10-11 mL. For infants with RDS, airway resistance values have been reported 

between 100-200 cm H2O/L/s (36-39). An adjustable resistance orifice was built to set the 

desired airway resistance downstream of the filter. To measure airway resistance through the 

filter housing and orifice, a pressure sensor (SSCDLNN040MBGSA5, Honeywell, Sensing 

and Control, Golden Valley, MN) was placed anterior to the filter housing while the neonatal 

flow meter (Sensirion SFM3400) was placed further upstream. The downstream side of the 

resistance orifice was opened to atmospheric pressure while a steady upstream flow rate of 

2 L/min was set. The pressure was recorded while the orifice was adjusted to provide a total 

airway resistance expected for an infant with RDS. The resulting calculated resistance was 

172 cm H2O/L/s which falls within the range of expected values.

As with our previous study including pulmonary mechanics (17), air flow from exhalation 

of the lung simulator was prevented from passing back through the filter and detaching any 

deposited powder. The use of one-way valves and a bifurcation downstream of the resistance 

orifice allowed for venting the exhalation gas, as seen in Figure 5.

Impact of Powder Reservoir Volume—To enable larger dose loadings of powder, 

an extended powder reservoir was also considered. Both powder reservoirs had similar 

geometry with a half capsule shape of 7.1 mm diameter, differing by length only. The 

standard powder reservoir had a loading volume of 0.55 mL, while the extended volume 

was 1.5 mL, and both reservoirs were fabricated using the SLA method to produce clear 

parts for viewing of powder behavior during actuation. Images of the two translucent powder 

reservoirs connected to the opaque PD-3 device can be seen in Figure 6. The standard 

powder reservoir could accommodate dose loadings between 10-50 mg of the AS-EEG 

formulation used in this study, which had a bulk density of ~0.1 g/cm3 and up to ~150 mg 

with the extended version. For this experiment, PD-3 was chosen with a 10 mg powder mass 

loading, while all other parameters remained the same as the initial experimental set.
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Impact of Surfactant Formulation—Different dry powder formulations containing 

specific active pharmaceutical ingredients for a target disease state are expected to have 

different properties and different aerosolization characteristics. For this study, the Surfactant-

EEG formulation was chosen for comparison with the model AS-EEG formulation. The 

PD-3 design was chosen for formulation sensitivity of the platform using a 10 mg mass 

loading of Surfactant-EEG. All other experimental parameters remained the same.

Impact of Surfactant Formulation Across Different Flow Rates—As mentioned in 

the previous air source study (17), the ideal flow rate is likely device and/or formulation 

dependent. While a Q90 flow rate of 1.7 L/min was ideal for dispersion and delivery of the 

AS-EEG formulation, it may not be ideal for the case of Surfactant-EEG. Two additional 

flow rates (i.e., 4 and 6 L/min) were chosen to compare aerosol delivery performance with 

the PD-3 device and the Surfactant-EEG formulation. To generate these flow rates, the 

Timer air source was adjusted to 0.15 and 0.1 second delivery times, respectively, which 

maintained the ~10 mL AAV in each case.

Drug Mass Characterization Methods

For the AS-EEG formulation, after approximately 4 to 8 actuation cycles, drug masses 

retained or deposited on the air-jet DPI, nasal interface, NT model, and filter were recovered 

by dissolving in an appropriate volume of deionized water followed by high performance 

liquid chromatography (HPLC) analysis with fluorescence detection (excitation = 276 nm, 

emission = 609 nm). A Restek Allure PFP propyl column (5 μm, 60 Å, 150 x 2.1 mm) 

was used for the chromatographic separation with a mobile phase flow rate of 0.4 mL/min. 

The mobile phase consisted of methanol and ammonium formate buffer (20 mM, pH 3.4 

through addition of formic acid) in a ratio of 70:30, and the sample injection volume was 

10 μL. The loaded drug mass was determined through content uniformity analysis of the 

AS-EEG formulation; where known masses of AS-EEG were dissolved in water and the AS 

content (μg/mg of formulation) was determined. AS quantification was performed for each 

deposition site and for the total drug mass used to calculate the drug recovery. Drug recovery 

percentages were expressed as the sum of the amount of AS recovered in each deposition 

region divided by the loaded AS dose for each experiment. The calibration curve was linear 

(R2 > 0.995) over the concentration range of 0.5–20 μg/mL. The limit of detection (LOD) 

and limit of quantitation (LOQ) were 0.06 and 0.17 μg/mL, respectively. The accuracy (as 

%bias) at concentrations of 5, 10 and 15 μg/mL was ≤5% and precision (as %RSD) was 

≤2%.

For the Surfactant-EEG formulation, the surfactant content was determined based on the 

content of dipalmitoylphosphatidylcholine (DPPC). The DPPC content was quantified using 

a liquid chromatography–mass spectrometry (LC-MS) method adapted from Li et al. (40). 

The system consisted of the Quattro micro™ mass spectrometer linked to an Alliance 

2695 Separations Module with data acquisition software, MassLynx v4.1 (all from Waters 

Corporation, Milford, MA). The chromatographic separation was achieved using the Atlantis 

hydrophilic interaction liquid chromatography (HILIC) silica column (5 μm, 50×1.0 mm; 

Waters Corporation, Milford, MA). The isocratic mobile phase consisted of acetonitrile 

and 5 mM ammonium formate in water with 0.1% formic acid (88:12% v/v) pumped at a 
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flow rate of 0.3 mL/min. The injection volume was 10 μL. Following optimization of the 

ionization settings of the mass spectrometer, selected ion monitoring (SIM) analysis (for 

m/z = 735) with positive electrospray ionization mode was applied to detect and quantify 

DPPC (molecular weight = 734 Daltons) following chromatographic separation. The DPPC 

stock standard solution (20 μg/mL) was prepared by dissolving sufficient amount of DPPC 

(Avanti Polar Lipids, Inc., Alabaster, AL) in methanol. The diluted standard solutions of 

DPPC in the concentration range of 1 to 20 μg/mL were prepared by dilution of the stock 

standard solution in methanol. The prepared stock standard and diluted standard solutions 

were injected as calibration standards. The calibration curve for DPPC was fitted to a 

quadratic function over the concentration range of 1–20 μg/mL with correlation coefficients 

(R2) ≥ 0.995. The limit of detection (LOD) and limit of quantitation (LOQ) were 0.31 

and 0.94 μg/mL, respectively. The accuracy (as %bias) at concentrations of 5, 10 and 20 

μg/mL was ≤7% and precision (as %RSD) was ≤3%. To determine the content uniformity 

of the Surfactant-EEG powder, approximately 1 mg of the powder was dissolved in 25 

mL of methanol and quantitatively analyzed for the DPPC content by the LC-MS method 

described above. The mean amount of DPPC per mg of Surfactant-EEG formulations was 

determined. Triplicate samples were prepared and analyzed for each of the powder samples. 

The loaded drug (DPPC) mass was determined through content uniformity analysis of the 

Surfactant-EEG powder. The mass of DPPC was also determined from all the deposition 

sites, and the recovered dose was the total mass recovered from all the deposition sites.

The bulk density of each powder batch was determined using a 1 mL plastic syringe. Briefly, 

powder mass was calculated as the weight difference between the weight of the empty 

syringe and the weight of the syringe containing powder. The mass was then divided by the 

volume occupied by the powder inside the syringe to calculate the powder bulk density. The 

resulting densities were ~0.10 g/cm3 for the AS-EEG formulation and ~0.18 g/cm3 for the 

Survanta® based Surfactant-EEG formulation.

Statistical Analysis

All experiments were performed with three or more replicates. Statistical analysis was 

performed using JMP Pro 16 (SAS Institute Inc., Cary, NC). Comparison of air-jet DPI 

device performance and surfactant formulation sensitivity to flow rate utilized one-way 

ANOVA followed by post hoc Tukey. Direct comparisons of sensitivity cases utilized 

Students t-test. Statistical tests used a significance limit of P=0.05.

RESULTS

Comparison of Air-Jet DPI Design

Performance of the four unique PD designs (Figure 2) was initially evaluated using the 

10 mg mass loading of the AS-EEG powder formulation. Table I provides the deposition 

fractions within each region based on the loaded formulation mass, as well as the number 

of actuations required to provide two consecutive clear actuations (no powder visible exiting 

the air-jet DPI). PD-2 and PD-3 produced the lowest DPI retention (~11-13%) and the 

highest tracheal filter deposition of ~60%, which met the goal of achieving 60% estimated 

lung delivery efficiency. PD-2 and PD-3 also had statistically similar performance across 
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all deposition regions with the only difference being that PD-2 required one extra actuation 

to clear the device. PD-4 did not perform as well as the other devices and had the highest 

variability, based on mean (SD) DPI retention and tracheal filter delivery of 33.2 (5.5) % 

and 46.2 (2.1) %, respectively. This device also required the highest number of actuations. 

PD-1 had a mid-range performance with a mean tracheal filter deposition of ~53% and a 

DPI retention ~17%. PD-1 was also in the mid-range in terms of consistency with larger 

standard deviations than PD-2 and PD-3, but less than seen with PD-4. Due to the similar 

and best performance of PD-2 and PD-3, both devices were selected for sensitivity analysis 

of loaded dose in the next step.

Sensitivity Analysis: Impact of Loaded Dose

To determine if the devices perform similar when loaded with a larger dose of powder, the 

results of the initial 10 mg powder mass were compared to a 30 mg loaded powder mass of 

the same formulation. For PD-2 and PD-3, Table II compares the results with 10 mg powder 

mass loadings from Table I with additional data using 30 mg loadings. For both designs, 

there was a slight but statistically significant reduction is nasal interface deposition (~2% 

absolute difference) with the larger loaded dose. PD-3 also produced a slight but statistically 

significant reduction in the anterior nose deposition region (~1%) with the larger loaded 

dose. All other regions for both designs remained statistically equivalent, indicating these 

two designs are not sensitive to the loaded dose for the values tested. It is also observed 

that the dose delivered on each actuation appears to be consistent. Due to the experimental 

procedure of delivery, requiring two consecutive visibly clear actuations before ending the 

trial, it can be inferred that performance will remain similar when PD-2 is actuated 3 and 9 

times, and while PD-3 is actuated 2 and 6 times, for a 10 and 30 mg powder mass loading, 

respectively. For both designs, a 3-fold increase in powder mass also required a 3-fold 

increase in number of actuations to empty the device, which indicates a similar dose per 

actuation between the two loaded dose masses. Since both devices performed similarly with 

the increased loaded dose, only PD-3 was chosen for additional sensitivity analysis in this 

study to reduce material and time costs of the experiments.

Sensitivity Analysis: Impact of Downstream Pulmonary Mechanics

The second sensitivity analysis utilized the results of PD-3 with a 30 mg powder mass 

loading of the AS-EEG formulation (from Table II; denoted filter-only), compared to a 

pulmonary mechanics (PM) outlet condition. All other parameters of the experiment were 

identical, including number of actuations. The comparison of regional drug deposition 

for filter-only and PM outlet conditions is presented in Table III. Performance across all 

deposition regions was statistically similar except for the nasal interface, which decreased 

by ~1% (absolute difference). The PM outlet condition was not found to have a statistically 

significant effect on the estimated lung deliver efficiency, which remained about 60%, but 

demonstrated an increasing trend in lung delivery efficiency (i.e., 60.5% filter only vs. 

62.6% PM outlet). Overall, the performance was found to be insensitive to the addition of 

the PM outlet condition.
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Sensitivity Analysis: Impact of Powder Reservoir Volume

The powder reservoir volume sensitivity analysis used the PD-3 device and 10 mg powder 

mass loading with the AS-EEG formulation. A comparison of the initial results using the 

standard powder reservoir (Table II data) with additional data using the extended volume 

powder reservoir is shown in Table IV. The extended volume was not found to have an 

impact on the deposition found in the nasal interface and nose-throat regions; however, a 

statistically significant difference was found for the DPI retention (also affecting Total ED) 

and the tracheal filter. The mean DPI retention increased from 10.9% to 15.5% while the 

mean tracheal filter deposition decreased from 60.9% to 54.5% with the extended powder 

reservoir. The nearly 3-fold increase of dead space in the powder reservoir was found to 

impact the performance of the system by lowering the emitted dose and consequently the 

tracheal filter deposition by approximately 5% (absolute difference).

Sensitivity Analysis: Impact of Surfactant Formulation

Using the results of the initial PD-3 test with 10 mg of the AS-EEG powder formulation, 

Figure 7 compares the difference in deposition with the Survanta® based Surfactant-EEG 

powder formulation under similar conditions. In Figure 7, the total NT deposition represents 

the sum of the three nose-throat regions of the preterm infant model. A side-by-side 

comparison is made for the mean deposition fractions within different regions for both 

formulations, with +/− 1 standard deviation error bars. While the formulation was not found 

to have a statistically significant effect on device retention, all other regions indicated a 

statistical difference. Most notable were the differences in Total NT and Filter deposition. 

Changing from the AS-EEG to the Surfactant-EEG formulation increased the mean Total 

NT deposition from 23.3% to 47%, and decreased the mean Filter deposition from 60.9% 

to 30.2%. Due to this significant change in performance, the flow rate was re-evaluated for 

the Surfactant-EEG formulation as performance has been previously shown to be sensitive to 

flow rate (17).

Sensitivity Analysis: Impact of Surfactant Formulation Across Different Flow Rates

As a final sensitivity analysis, the effect of flow rate on performance for the Surfactant-EEG 

formulation was explored, using the two additional Q90 flow rates of 4 and 6 L/min. 

Figure 8 provides mean deposition fractions across the regions of interest, with +/− 1 

standard deviation error bars grouped by flow rate. Statistical analysis using one-way 

ANOVA (p<0.05) showed no significant effect of flow rate on Device retention or Interface 

deposition, which remained about 11-13% and 3-4%, respectively. The total NT and Filter 

deposition were, however, found to be affected by the flow rate. Statistical analysis using 

post-hoc Tukey (p<0.05) showed a significant increase in tracheal filter deposition for the 

4 L/min case, and a significant increase in NT deposition for the 6 L/min case, when 

compared to the original 1.7 L/min. The results of the flow rate sensitivity analysis for the 

Surfactant-EEG powder formulation demonstrated best performance at a Q90 of 4 L/min, 

which improved the mean estimated lung delivery efficiency to 38.6%.
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DISCUSSION

A significant outcome of this study is the advancement of the infant air-jet DPI system 

to enable high dose powder loadings using a passive cyclic loading approach. Four new 

passive design (PD) devices were implemented and two of the designs (PD-2 and PD-3) 

resulted in improved estimated lung delivery efficiencies over the previously developed 

system (e.g., Howe et al. (17) with ~50% lung delivery efficiency), while also enabling high 

dose delivery. Both PD-2 and PD-3 performed similarly when loaded with a 10 and 30 mg 

mass of AS-EEG formulation, and were able to deliver ~60% of the loaded dose to the 

tracheal filter through a preterm NT model. Based on the observation that tripling the loaded 

dose did not have an impact on lung delivery efficiency, it is projected that mass loadings 

can be increased even further without negative impacts. Furthermore, tripling the volume 

of the powder reservoir resulted in only a minor reduction in lung delivery efficiency from 

~60% to ~55%. As a result, the passive cyclic loading strategy appears capable of delivering 

a range of drug masses from ~10 mg through ~150 mg (at a powder bulk density of 0.1 g/

cm3) with only minor changes in lung delivery efficiency. Including downstream pulmonary 

mechanics consistent with a preterm infant was also observed to produce a negligible impact 

on platform performance and lung delivery efficiency of the aerosol. Considered collectively, 

results of this study indicate that the infant air-jet DPI expanded with passive cyclic loading 

is expected to exhibit consistent performance across a range of loaded doses and is largely 

insensitive to pulmonary mechanics.

In contrast with loaded dose, reservoir volume size and downstream conditions, performance 

of the infant air-jet DPI was found to be sensitive to characteristics of the loaded 

formulation, as expected. While the platform using the PD-3 device was able to achieve 

60% lung delivery efficiency with the AS-EEG formulations, performance was significantly 

different when delivering the Surfactant-EEG powder. The powder formulations had 

similar primary particle size characteristics with Dv50’s of 1.24 and 1.14 μm for the 

Surfactant-EEG and AS-EEG formulations, respectively, when measured using laser 

diffraction (Symptec HELOS with RODOS/M disperser at 4 bar; Sympatec GmbH, 

Clausthal-Zellerfeld, Germany). However, the Surfactant-EEG formulation produced a ~2-

fold increase in total NT deposition as well as an equivalent decrease in tracheal filter 

deposition, at the 1.7 L/min flow rate. Differences in powder dispersion properties are likely 

the driving cause for the change in performance, and increasing the flow rate provides a 

means to provide additional energy to better deaggregate the formulation and produce the 

aerosol. As mentioned in our previous study (17), the optimal flow rate is likely to be device 

and formulation dependent, and therefore an additional sensitivity analysis was performed 

for the PD-3 device and the Surfactant-EEG formulation. Lung delivery performance was 

found to improve when increasing the flow rate to 4 L/min, and then fall when further 

increased to 6 L/min, likely due to additional turbulence and impaction aerosol losses in 

the interface and NT airways. Out of the three flow rates tested, the estimated lung delivery 

efficiency for Surfactant-EEG peaked at nearly 40% with the 4 L/min flow rate; however, 

NT deposition remained high, between 40-50%.

Additional ways to improve performance with the Surfactant-EEG formulation include the 

use of a mesh interface or adjusting the shelf height in the aerosolization chamber. Previous 
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investigation on nasal interface design has shown that using a metal mesh incorporated into 

the nasal interface can significantly reduce NT deposition (18). With the high NT deposition 

found with the Surfactant-EEG formulation, inclusion of a mesh may significantly improve 

performance. Furthermore, the shelf inside the aerosolization chamber of PD-2 and PD-3 

has been optimized for the AS-EEG formulation. For example, the shelf in the PD-2 device 

is positioned such that ~2.6 mg of the AS-EEG powder can fall and rest on the shelf 

for each actuation. Compared to the density of the AS-EEG powder (~0.10 g/cm3), the 

Survanta® based Surfactant-EEG powder was more dense, at approximately 0.18 g/cm3, 

resulting in ~4.7 mg of powder resting on the shelf between actuations, which may diminish 

aerosolization or create cloud motion phenomenon, which increases the deposition of all 

elements in the cloud (41, 42). Adjusting the shelf spacing for each formulation and 

respective density may prove beneficial.

Limitations of this study include the use of a single preterm NT model, a single nasal 

interface, and limited number of devices. The use of a single preterm NT airway geometry 

limits the deposition data to a single point; however, in a previous study investigating nasal 

interfaces (18), the performance of the infant air-jet platform remained statistically similar 

across two preterm NT models with very different airway features. Also guided by the 

previous nasal interface study (18), only a single nasal interface was used in this study, 

whereas the inclusion of a mesh based design may improve results, specifically for the 

Surfactant-EEG formulation. Finally, with only 4 unique passive cyclic loading air-jet DPI 

designs, the range of performance this selection captures is unknown. However, for the 

devices tested in this study, especially PD-2 and PD-3, the performance meets the initially 

established lung delivery efficiency goal of 60% with the AS-EEG formulation. Additional 

testing and modification will need to be explored for other formulations to further improve 

lung delivery efficiency. While it is anticipated that lung delivery performance will remain 

relatively unchanged up to dose loadings of 150 mg at a powder bulk density of 0.1 g/cm3, 

this evaluation was not performed in this study.

Considering the example of surfactant replacement therapy using the Survanta® based 

Surfactant-EEG formulation, Kamga Gninzeko (43) evaluated efficacy in an animal model 

of surfactant depleted rats. Significant improvements in rat pulmonary mechanics were 

observed with the Surfactant-EEG formulation at a phospholipid (PL) dose of 1.5 mg per 

kg of animal body weight. Assuming that 1.5 mg/kg of PL will be effective in a human 

infant, the required Surfactant-EEG powder mass for a body weight of 1.6 kg would be ~20 

mg, factoring in 25% PL loading in the formulation and a 50% lung delivery efficiency. 

Assuming the same conditions, the powder mass loading for a full-term infant with a weight 

of 3.55 kg would be ~44 mg. Based on the results of this study, the infant air-jet DPI with 

passive cyclic loading appears capable of delivering this range of powder dose with minimal 

expected change in lung delivery performance. Other recent studies on the use of aerosol 

surfactant replacement therapy in animal models have indicated much higher required doses 

for positive efficacy, in the range of 100 to 240 mg/kg (44-46) and higher (47-49). Through 

the use of an expanded powder reservoir, it appears that the passive cyclic loading approach 

could also be used to deliver powder versions of these much higher doses with a single 

loading of the device and potentially at a controlled rate.
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CONCLUSIONS

In conclusion, a passive cyclic loading approach was successfully implemented for the 

infant air-jet DPI platform. During in vitro testing using a preterm NT model and AS-EEG 

formulation, the platform performed consistently when the loaded dose increased from 

10 mg to 30 mg and also when connected to the pulmonary mechanics outlet condition. 

The optimal PD devices (PD-2 and PD-3) achieved an estimated lung delivery efficiency 

of ~60% when administered through a 1600 g preterm NT model. The performance was 

notably different when the Surfactant-EEG powder was used, which led to an increase in 

NT deposition and decrease in tracheal filter deposition. It is likely adjustments to the 

aerosolization chamber and passive cyclic loading system will be needed for each new 

formulation. In this study, modifying the flow rate alone produced an increased estimated 

lung delivery efficiency from 30% to nearly 40% at flow rates of 1.7 and 4.0 L/min, 

respectively. Additional modifications will likely further improve performance when using 

a Surfactant-EEG formulation. Further optimization of the platform with passive cyclic 

loading will allow for a highly efficient, rapid, and non-invasive form of aerosol delivery to 

neonates with selectable dosage and expected consistent performance.
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Fig. 1. 
Graphical overview of the experimental setup including the infant air-jet DPI platform with 

passive cyclic loading
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Fig. 2. 
Internal airflow geometry of each infant air-jet DPI passive design (PD) from air source 

inlet (left side of each image) to the device outlet (right side of each image). Panels (a)-(d) 
correspond to PD-1, PD-2, PD-3, and PD-4, respectively
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Fig. 3. 
Overview of the single nasal interface used in this study illustrating the flow pathway and 

prong regions. A cross sectional view rendering (above) depicts interface features including 

O-ring seal and exterior prong wedge, while the internal airway geometry is pictured below. 

The nasal prong employed a short curve and was produced in rigid material
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Fig. 4. 
Schematic overview of the preterm infant NT airway model and regional sections. (a) 
Assembly of infant NT model with connection to custom low-volume filter housing with 

parts labeled (the Soft Face and Face Adapter segments are glued together before use and 

represent the Anterior Nose airway region). (b) Internal airway geometry of the infant NT 

model with assessed regions including the anterior nose, middle passage and throat.

Howe et al. Page 23

Pharm Res. Author manuscript; available in PMC 2023 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Experimental setup for sensitivity analysis testing with the infant NT model connected to 

the infant pulmonary mechanics (PM) outlet condition and breathing simulator. All custom 

components are labeled
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Fig. 6. 
Renderings of the two device configurations for the powder reservoir sensitivity analysis. (a) 
PD-3 device with standard (0.55 mL) volume reservoir attached and (b) PD-3 device with 

extended (1.5 mL) volume reservoir attached
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Fig. 7. 
Plot of experimentally determined mean (SD) drug deposition fractions (based on loaded 

dose) of the AS-EEG formulation compared with the Surfactant-EEG formulation grouped 

by deposition region, at a Q90 flow rate of 1.7 L/min [n=3]. Anterior nose, middle passage 

(MP), and throat deposition fractions were summed to form the total NT deposition. 

Significant effect (p<0.05) of formulation found in the interface, total NT, and filter 

deposition regions (t-test)

*p<0.05 significant effect of formulation on deposition region (t-test).
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Fig. 8. 
Experimentally determined mean (SD) drug deposition fractions (based on loaded dose) of 

the Surfactant-EEG formulation for different Q90 flow rates [n=3]. Anterior nose, middle 

passage (MP), and throat deposition fractions were summed to form the total NT deposition. 

Significant difference (p<0.05) found for filter deposition at 4 L/min and for NT at 6 L/min 

when compared to the original 1.7 L/min case (one-way ANOVA followed by post-hoc 

Tukey)

*p<0.05 significant difference compared with 1.7 L/min flow rate (one-way ANOVA 

followed by post-hoc Tukey).
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Table I:

Lung delivery efficiencies (estimated as Tracheal Filter %) and regional deposition fractions (based on 10 mg 

loaded dose) for the AS-EEG formulation and an initial round of different device designs.

PD-1 PD-2 PD-3 PD-4

# of Actuations 4 5 4 6

Deposition Region

DPI Retention (%)a 16.8 (4.8) 12.9 (1.1) 10.9 (0.7) 33.2 (5.5)b

Nasal Interface (%) 5.2 (0.4) 4.3 (0.2) 4.6 (0.3) 4.0 (1.1)

Total ED (%)a 77.9 (4.6) 82.8 (1.2) 84.5 (0.4) 62.8 (5.5)b

Anterior Nose (%) 4.8 (1.0) 5.4 (1.6) 4.5 (0.3) 3.2 (1.1)

Middle Passage (%)a 7.8 (0.9) 7.8 (0.4) 8.4 (1.4) 5.0 (1.3)b

Throat (%) 11.5 (3.1) 9.1 (0.9) 10.4 (1.3) 6.3 (4.6)

Total NT (%) 24.1 (4.9) 22.3 (1.1) 23.2 (2.1) 14.4 (7.0)

Tracheal Filter (%)a 53.1 (1.7) 60.0 (0.6)b 60.9 (1.9)b 46.2 (2.1)b

Mean values with standard deviations (SD) shown in parenthesis, n=3.

a
p<0.05 significant effect of design on deposition region (one-way ANOVA).

b
p<0.05 significant difference compared to PD-1 case (post-hoc Tukey).

DPI, dry powder inhaler; ED, emitted dose; NT, nose-throat; PD, passive design.
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Table II:

Lung delivery efficiencies (estimated as Tracheal Filter %) and regional deposition fractions (based on loaded 

dose) for the AS-EEG formulation and comparisons of 10 vs 30 mg loaded powder in lead devices.

PD-2 PD-3

10mg 30mg 10mg 30mg

# of Actuations 5 11 4 8

Deposition Region

DPI Retention (%) 12.9 (1.1) 16.1 (2.1) 10.9 (0.7) 12.2 (2.9)

Nasal Interface (%) 4.3 (0.2) 2.4 (0.1)a 4.6 (0.3) 2.8 (0.4)a

Total ED (%) 82.8 (1.2) 81.5 (2.0) 84.5 (0.4) 85.0 (3.3)

Anterior Nose (%) 5.4 (1.6) 3.3 (0.3) 4.5 (0.3) 3.7 (0.5)a

Middle Passage (%) 7.8 (0.4) 8.2 (0.3) 8.4 (1.4) 8.3 (0.5)

Throat (%) 9.1 (0.9) 10.6 (0.9) 10.4 (1.3) 12.3 (1.3)

Total NT (%) 22.3 (1.1) 22.1 (1.0) 23.2 (2.1) 24.4 (1.3)

Tracheal Filter (%) 60.0 (0.6) 58.5 (1.3) 60.9 (1.9) 60.5 (1.6)

Mean values with standard deviations (SD) shown in parenthesis, n=3.

a
p<0.05 significant difference in deposition region compared with 10 mg case (t-test).
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Table III:

Lung delivery efficiencies (estimated as Tracheal Filter %) and regional deposition fractions (based on loaded 

dose) of the AS-EEG formulation and 30 mg dose loadings with the PD-3 device and filter-only vs. pulmonary 

mechanics (PM) outlet conditions.

Deposition Region Filter-Only PM

DPI Retention (%) 12.2 (2.9) 10.5 (1.1)

Nasal Interface (%) 2.8 (0.4) 1.7 (0.5)a

Total ED (%) 85.0 (3.3) 87.8 (1.4)

Anterior Nose (%) 3.7 (0.5) 3.7 (0.4)

Middle Passage (%) 8.3 (0.5) 7.9 (0.9)

Throat (%) 12.3 (1.3) 12.3 (0.7)

Total NT (%) 24.4 (1.3) 23.9 (0.7)

Tracheal Filter (%) 60.5 (1.6) 62.6 (1.4)

Mean values with standard deviations (SD) shown in parenthesis, n=3.

a
p<0.05 significant difference between filter-only and PM outlet condition for nasal interface deposition (t-test).

PM, pulmonary mechanics
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Table IV:

Lung delivery efficiencies (estimated as Tracheal Filter %) and regional deposition fractions (based on loaded 

dose) for the AS-EEG formulation and comparisons of standard (0.55 mL) vs extended (1.5 mL) powder 

reservoir volume with the PD-3 device.

Deposition Region Standard Extended

DPI Retention (%) 10.9 (0.7) 15.5 (0.9)a

Nasal Interface (%) 4.6 (0.3) 4.5 (0.3)

Total ED (%) 84.5 (0.4) 79.9 (1.1)a

Anterior Nose (%) 4.5 (0.3) 4.9 (0.8)

Middle Passage (%) 8.4 (1.4) 9.6 (0.2)

Throat (%) 10.4 (1.3) 11.1 (0.8)

Total NT (%) 23.2 (2.1) 25.6 (1.0)

Tracheal Filter (%) 60.9 (1.9) 54.5 (2.3)a

Mean values with standard deviations (SD) shown in parenthesis, n=3.

a
p<0.05 significant difference between standard and extended chamber volume (t-test).
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