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SUMMARY 

 
Background: Pharmaceutical aerosols are typically not administered through a low flow nasal cannula oxygen system 
due to expected negligible emitted dose (ED).  However, advantages of nose-to-lung aerosol delivery through a low 
flow nasal cannula (LFNC) system include convenient administration of medicines with high doses or long delivery 
times as well as administration of aerosols to unconscious patients or those not able to effectively use an inhaler.  
Methods: An in vitro system for effectively generating a dry powder aerosol and delivering the aerosol simultaneously 
with LFNC therapy was developed.  The dry powder inhaler (DPI) was a new inline device containing a 3D rod array 
structure to aerosolize a model excipient enhanced growth (EEG) formulation using the 5 L/min flow rate of the LFNC 
system.  Commercial (CM) and streamlined (SL) versions of the Y-connector and small bore nasal cannula interface 
were tested.  Results:  Based on in vitro experiments with a flow rate of 5 L/min for 60 s, ED increased from 36% with 
the CM configuration to 61.4% with SL components and 4 mm internal diameter tubing.  The streamlining approach 
had a significant effect on reducing depositional losses in the system components including an order of magnitude 
reduction in nasal cannula loss alone.  Conclusions: The developed device and EEG formulation together can provide 
high quality aerosol delivery to a patient simultaneously receiving LFNC therapy by simply connecting the inline DPI 
and replacing the CM connectors with new SL components. 
 
INTRODUCTION 

Low flow nasal cannula oxygen delivery has been used since the middle of the last century to treat hypoxemia 
associated with a variety of diseases and conditions

(1)
.  With this form of noninvasive ventilation, blended oxygen is 

delivered directly to the nasal airway at flow rates that are typically less than 6 L/min, which maintains nasal mucus 
integrity and patient comfort

(1)
.  Patients receiving low flow nasal cannula (LFNC) therapy typically have underlying 

respiratory conditions that could likely benefit from inhaled pharmaceutical aerosols.  Delivering pharmaceutical 
aerosols through the nasal cannula can be advantageous for medications that need continuous delivery, require 
frequent dose administration, have high dosage amounts, would benefit from prolonged administration, or that are 
intended to treat the entire respiratory tract

(2-4)
. 

 
Several in vitro studies have previously evaluated the delivery of aerosols to the lungs using some aspects of LFNC 
conditions.  Bhashyam et al.,

(3)
 employed a flow rate of 3 L/min in a heated and humidified system with adult through 

infant cannulas and demonstrated total cannula output of 18.6-26.9% with the addition of cyclic inhalation waveforms.  
Ari et al.,

(5)
 considered multiple flow rates with oxygen and heliox and reported ~10% nasal cannula emitted dose at 3 

L/min and <6% emitted dose at 6 L/min for a pediatric nasal cannula with heat and humidification.  Both of these 
studies implemented a Fisher and Paykel system, which included heated and humidified airflow and a large bore 
nasal cannula.  In contrast, LFNC typically does not employ heated and humidified airflow and includes much smaller 
bore cannula prongs.  The study by Perry et al.,

(6)
 considered both high and low flow rates with a common small bore 

nasal cannula interface.  For the adult cannula size and flow rate of 5 L/min, which is most consistent with LFNC, 
emitted dose was only 2.5%

(6)
.  From these studies, it is concluded that aerosol delivery through a system similar to 

LFNC is highly inefficient.  Furthermore, previous studies have not considered the delivery of aerosol through simple 
un-humidified and unheated LFNC systems and the use of dry powder aerosols has not been considered. 
 
A significant challenge to delivering aerosols through a LFNC system is the use of small diameter tubing and 
components.  Both the Y-connector and cannula interface of commercial systems are designed only for gas delivery.  
A series of studies has recently demonstrated that a streamlined approach can be used to significantly improve the 
transmission of both submicrometer and conventional aerosol sizes without impacting gas delivery

(7-9)
.  The 

streamlining approach was shown to significantly improve aerosol transmission during both noninvasive and invasive 
ventilation.  However, the streamlining approach has not been applied to aerosol delivery during LFNC therapy. 
 
The objective of this study was to develop an inline DPI and streamlined components that can maximize the delivery 
of aerosols from a nasal cannula interface during low flow oxygen therapy.  Using a newly developed inline DPI 
approach

(10)
, delivery systems with both commercial and streamlined components are compared and evaluated in 

terms of emitted dose (ED), delivery system depositional loss, and mass median aerodynamic diameter (MMAD) 
delivered from the nasal cannula interface. 



 

 

 
METHODS 
 
Materials 

Albuterol sulfate USP (AS) was purchased from Spectrum Chemical Co. (Gardena, CA).  Pearlitol
®
 PF-Mannitol was 

donated by Roquette Pharma (Lestrem, France).  Poloxamer 188 (Leutrol F68) was donated by BASF Corporation 
(Florham Park, NJ).  L-leucine and all other reagents were purchased from Sigma Chemical Co. (St. Louis, MO).  
Hydroxypropyl methylcellulose (HPMC) capsules (size 3) were donated by Qualicaps (Whitsett, NC).  
 
Preparation of Formulations 

Excipient enhanced growth (EEG) formulation combination particles were engineered as described by Son et al
(11)

. 
Briefly, a 20% ethanol in water solution containing 0.5 %w/v of total solids, consisting of drug (AS), mannitol, L-
leucine and poloxamer 188 in a ratio of 30:48:20:2 (%w/w), was spray dried using a Büchi Nano spray dryer B-90 
(Büchi Laboratory-Techniques, Flawil, Switzerland).  
 
Experimental Setup and Inline DPI 

As shown in Fig. 1, the experimental setup consisted of a continuous gas source, optional flow meter, inline DPI, 
connective tubing, Y-connector and nasal cannula interface with small nasal prongs.  The gas source was a tank of 
laboratory quality air and regulated to a constant flow rate of 5 L/min, as measured using the optional flow meter 
(Sensirion EM1, Sensirion AG, Switzerland).  As shown in Fig. 2, the inline DPI consists of the flow control orifice, 
capsule chamber, and 3D rod array.  The flow control orifice creates a jet of air to initially aerosolize the powder in the 
capsule.  The capsule was pierced by hand with a 0.5 mm needle once in the head and once in the base using the 
optimal piercing locations for the inline device determined by Behara et al

(10)
.  The 3D rod array then further 

deaggregates the particle agglomerates using a turbulence breakup mechanism.  Briefly, it was previously shown that 
the 3D rod array provides maximum deaggregation of carrier-free submicrometer particle formulations

(12)
.  The rod 

array consists of multiple rows of rods with a staggered arrangement such that flow accelerating between two rods 
impinges on a rod in the next row.  Using this cascading process, turbulence for particle deaggregation is maximized, 
which is described by high turbulent energy levels in the small eddies

(12)
.  The naming convention of the devices was 

based on the flow control orifice size and rod array structure.  For example, the 2.0-232 device combined a 2.0 mm 
diameter flow control orifice with a rod pattern that had 3 rows containing 2, 3, and 2 rods, respectively. 
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Figure 3.  System components including (a-c) Y-connectors and (d-f) nasal cannula interfaces.  Commercial 

components (a & d) were compared with SL designs for use with 2 mm ID tubing (b & e) and 4 mm ID tubing (c & f). 
 
System Components and Assembly 

Both commercial (CM) and new streamlined (SL) versions of the Y-connector and nasal cannula interface were 
considered (Fig. 3).  For the CM components (Adult TLCannula; Salter Labs, Arvin, CA), the Y-connector and nasal 

cannula implemented 2 mm ID tubing.  Streamlined connectors with the same tubing size were developed using the 
approach described by Longest et al

(7, 8)
.  Additional Y and nasal cannula SL components were constructed using a 4 

Figure 1.   Experimental setup for testing aerosol 

delivery during LFNC therapy. 

Figure 2.   Inline DPI including a 3D rod array for high 
efficiency deaggregation of the powder. 



 

 

mm ID tubing size at the junctions.  Outlet diameters of the nasal prongs were 3 mm for the commercial system and 4 
mm for the SL design.  In all cases, 2 cm of tubing connected the DPI to the Y-connector followed by 47 cm tubing 
segments connecting the Y-connector to the nasal cannula.  Various cases implementing the different Y-connectors 
and cannulas are described in Table 1.  
 
Table 1.  Descriptions of experimental cases used with the 2.0-232 inline DPI device and continuous flow actuation. 

 

Cases Y-connector Cannula Device flow rate 
(L/min) 

NGI flow rate 
(L/min) 

0 CM-2mm CM-2mm 5 45 
1 SL-2mm CM-2mm 5 45 
2 SL-4mm CM-2mm 5 45 
3 SL-4mm SL-2mm 5 45 
4 SL-4mm SL-4mm 5 45 

 
Experimental Procedure 

In each experiment, 2 mg of the AS EEG formulation was loaded into size 3 HPMC capsules, which were then 
pierced and placed in the inline DPI.  The gas source was turned on at 5 L/min and run continuously for 60 s.  
Retention of the formulation in the DPI and deposition in the delivery system were determined by washing with 
appropriate amounts of deionized water and followed by quantification using validated high performance liquid 
chromatography analysis (HPLC).  The dose emitted from the cannula was captured by a next generation impactor 
(NGI; MSP Corp., Shoreview, MN) operated at 45 L/min and the MMAD was determined using HPLC of the drug 
mass recovered from the impactor stages.  The stages of the impactor were coated with silicone spray to minimize 
particle bounce and re-entrainment. At least three replicates of each experiment were conducted. 
 
RESULTS 
Performance of the different cases described in Table 1 are provided in Table 2 based on the in vitro experiments.  
Emitted dose increased from 36% with the commercial configuration (Case 0) to 61.4% with streamlined components 
and 4 mm tubing (Case 4).  Retention in the device was less than 30%, which is acceptable considering the 5 L/min 
actuating flow rate.  Depositional losses in the delivery system were reduced from approximately 40% with the 
commercial system to <15% with Case 4.  Moreover, loss in the cannula was reduced by an order of magnitude 
between the CM case and SL designs.  In all cases, FPF<5µm was excellent with values >85%.  MMAD increased with 
ED, with a maximum value of 2.2 µm.   
 
Table 2.  Emptying, deposition, and aerosolization characteristics for the AS formulation in the 2.0-232 inline DPI 

operated with continuous flow through the device of 5 L/min and a NGI flow rate of 45 L/min. [n=3; Mean (SD)] 
 

Description Case 0 Case 1 Case 2 Case 3 Case 4 

      
Emitted dose

a
 (%)* 36.0 (1.8) 39.2 (2.2) 36.5 (3.0) 57.2 (5.0)** 61.4 (3.1)** 

      
DPI retention (%)* 26.3 (1.4) 26.6 (3.4) 29.9 (1.4) 18.4 (6.0) 22.9 (3.5) 
      
Y-connector (%)* 9.0 (1.4) 3.7 (0.7)** 4.1 (1.5)** 2.9 (0.6)** 3.1 (0.6)** 
Tubing (%) 10.4 (1.3) 13.8 (0.9) 9.9 (2.4) 8.9 (0.3) 9.1 (3.2) 
Cannula (%)* 19.3 (2.7) 15.4 (2.3) 21.6 (2.8) 10.4 (0.2)** 1.3 (0.2)** 
      
FPF<5µm/ED (%)* 95.7 (1.5) 94.1 (1.2) 92.6 (1.2) 87.1 (0.5)** 85.3 (3.1)** 
FPF<1µm/ED (%)* 17.5 (1.5) 11.2 (2.9)** 13.1 (2.8) 6.1 (1.3)** 4.3 (0.6)** 
MMAD (µm)* 1.79 (0.03) 1.95 (0.07) 1.93 (0.08) 2.15 (0.03)** 2.22 (0.02)** 

 
* P<0.05 significant effect of the different cases on ED, DPI, Y-connector, and cannula deposition & FPF<5µm/ED, 

FPF<1µm/ED and MMAD (one-way ANOVA).  
**P<0.05 significant difference compared to Case 0 (post hoc Dunnett’s test). 
 
a
 Percentage of the loaded dose leaving the cannula 

 
DISCUSSION 

Performance of the inline DPI in combination with SL components was excellent with a maximum ED >60%.  The 
emitted mass FPF<5µm was >85%, which far exceeds the quality of aerosols produced by current commercial inhalers 
operated at flow rates as high as 180 L/min.  Device retention of the powder was higher than expected.  However, 
previous results have shown that device emission can be improved by capsule cleaning or inhaler surface 



 

 

coatings
(13)

.  Furthermore, increasing the loaded dose will likely increase the fraction of ED. Loss of the aerosol in the 
nasal airways is currently not known and will require future experiments.  This study has implemented an excipient 
enhanced growth (EEG) particle formulation that contains mannitol as the hygroscopic excipient.  These EEG 
particles increase in size once in the humid airways allowing for targeted lung deposition and avoiding exhalation of 
the dose.  A recent computational fluid dynamics (CFD) study by Tian et al.,

(14)
 indicated a 40x increase in small 

airway deposition of EEG formulation aerosols compared with commercial DPIs. 
 
CONCLUSIONS 

The combination of a highly dispersible EEG formulation and inline DPI device with streamlined connection 
components achieved an ED of >60% and FPF with superior quality compared to commercial oral DPIs.  Compared 
with a previous nebulizer study

(6)
 implementing a similar small bore nasal cannula at 5 L/min and producing an ED of 

2.5%, the ED with the new system was increased by 24x.  The streamlining concept reduced depositional loss in 
individual components by a significant amount including an order of magnitude reduction in the nasal cannula 
compared with the CM design.  This device and formulation combination can provide high quality aerosol delivery to a 
patient simultaneously receiving LFNC therapy by simply connecting the inline DPI and replacing the commercial 
connectors with new SL components. 
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