
Drug Delivery to the Lungs 27, 2016 – Donovan B. Yeates et al. 

 

 

Generation of Respirable Particles from Surfactant Suspensions and Viscous Solutions at High Dose 
Rates  

Donovan B. Yeates & Xin Heng  

KAER Biotherapeutics, 926 S. Andreasen Drive, Escondido, California 92029, USA 

Summary 

To enable the delivery of high concentrations of aerosolized therapeutic agents at high payloads from viscous 
solutions or sols, aerosols were generated from surfactant and polyvinylpyrrolidone, PVP with SUPRAER®. 
These fluids were atomized and the water evaporated using warm dilution air and infrared radiation.  The 
resultant dry aerosol was concentrated using a virtual impactor.  The masses of aerosol collected on filters at the 
output were determined gravimetrically. Particle size distributions were measured with a Marple-Miller cascade 
impactor.  Viscosities were measured with a capillary rheometer. Surface tensions were measured with a contact 
angle analyzer.  Aerosols between 2.6 and 4 μm MMAD were generated from 10% PVP solutions and 9.33% 
surfactant suspensions (34 cP) at aerosolization rates between 0.5 and 3 ml/minute with a modest increase in 
particle size with aerosolization rate that was less evident when surfactant was aerosolized.  Particle size 
increased with viscosity over the range of 4 to 39 cSt.  When aerosolizing 10% 8 kDa PVP solutions, the output 
increased in proportion to the aerosolization rate with 193 mg/min being delivered at 64% efficiency.  Outputs of 
0.7 and 1.2 g were collected in 3.3 and 6.7 min, respectively.  When 9.33% surfactant suspensions were 
aerosolized, up to163 mg/min was delivered at 59% efficiency. The surface tension of surfactant was not changed 
following aerosolization and resuspension.  SUPRAER increases the viscosity range over which respirable 
aerosols can be generated at up to 3 mg/s opening up possibilities for new treatments for respiratory ailments 
with surfactant and large molecules.  

Introduction 

Common to all patients with acute respiratory distress syndrome ARDS is the increased surface tension of 
surfactant and its continued degradation.  The mortality rate remains between 40 and 60%. It is estimated that the 
treatment of acute respiratory distress syndrome with aerosolized surfactant requires 300-1000 mg to be 
delivered to the lungs. High concentrations of surfactant have high viscosities which prevent its rapid 
aerosolization as well as the effective treatment with the therapeutically needed high masses of surfactant. 
Pulmonary fibrosis, neonatal RDS, pneumonia, COPD, atelectasis, cystic fibrosis and severe asthma are all 
candidates for aerosol surfactant therapies.  In addition, surfactant has been proposed as a carrier to augment the 
delivery of co-delivered drugs.  Biologics comprise some 50% of the product development pipeline but most of 
these agents under development have been proposed to be delivered intravenously.  We reported data on 
optimized aerosol delivery with SUPRAER® 

[1]
 in which liquid aerosols are generated from polyvinylpirrodidone, 

PVP, dried, concentrated and delivered as respirable particles at high dose rates.   We now extend this data to 
include the aerosolization and delivery of surfactant and viscous solutions of PVP. 
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Figure 1 - The laboratory version of SUPRAER showing the aerosol processing system atop the console. 
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Experimental Methods 

The laboratory model of SUPRAER is shown in FIG 1. A syringe pump (not shown) is used to feed an aqueous 
solution/suspension to the aerosolizing nozzle that is inserted into a flow distributor.  The proprietary nozzle 
aerosolizes 100% of the fluid to form a liquid aerosol with a narrow size distribution (σg <2).  This aerosol plume is 
arrested with a co-axial counter-flow air and the fluid evaporated from the particles using a combination of warm 
compressed air, and dilution air together with infrared radiation whose wavelength is optimized for the absorption 
band of water.  The resultant dry particle aerosol is concentrated using a virtual impactor with radially aligned 
acceleration and deceleration nozzles.  The particles gain momentum as they pass through the acceleration 
nozzles. They cross a small gap and loose momentum as they pass through the deceleration nozzles to provide a 
low velocity inhalable aerosol.  Most of the air (70-90%) exits from the gap between these nozzles into a plenum 
and is exhausted through two output ports with filters.  Thus the output aerosol is comprised of a higher 
concentration of particles in a much smaller volume of air.   The resultant aerosol flows to the output port at 3 cm 
of water pressure where it is delivered on demand.    

We explored the effects of nozzle diameter and parameter settings in SUPRAER, nozzles with different exit orifice 
diameters (KB-N-xx), aerosolization rate, and solution/suspension viscosity on the mass median aerodynamic 
diameter (MMAD) of aerosols. Aqueous solutions (weight (g)/volume (ml)) of the polymeric excipient, 
polyvinylpyrrolidone, PVP (Acros Organics, USA) with different molecular weights were used as a protein or 
biologic surrogate.  Surfactant suspensions (Molecular Express Inc, US) 9.33% were used. Particle size 
distributions were measured by using a Marple-Miller cascade impactor at output flow rate of 30 l/min. 4% Allura 
Red AC (Sigma-Aldrich, USA) was added to the PVP solutions and surfactant suspensions to facilitate the 
spectrographic measurements of the mass distributions. The MMAD and geometry standard deviation (GSD) of 
aerosols were determined from the cumulative log-probability plot. To evaluate the relationship between viscosity 
and particle size, the viscosities of PVP solutions with nominal molecular weights 8, 29, 40 and 58 kDa and 
surfactant suspension were measured with a capillary rheometer and expressed in cSt.  The outputs (delivered 
dose) by SUPRAER for PVP and surfactant were measured at output flow rate of 44 l/min. To evaluate the effect 
of aerosolization process on the surface tension of the surfactant, the surface tensions prior to and following 
aerosolization by SUPRAER-CA were measured with Contact Angle Analyzer (FTA-200) using the pendant drop 
shape method.  

Results 

Evaluation of nozzles for high dose rate, high payload aerosol delivery 

When 5% 8 kDa and 20% 58 kDa aqueous solutions of PVP, were aerosolized using atomizing nozzles with a 
wide range of aerosol exit orifice diameters, the MMAD of aerosols markedly decreased with increasing aerosol 
exit orifice diameter (FIG 2a). 

On inspection of photographs of these nozzles (FIG 2b), it can be seen that the aerosol was created external to 
the exit orifice of the small diameter nozzles (KB-N-300) but when nozzles 400 μm and larger were used (KB-N-
700) there was a marked decrease in break-up length with the aerosol being created within an aerosolizing space 

Figure 2 - (a) The MMAD of aerosols corresponding to different nozzle exit orifice diameters. Aerosols were 
generated from 5% 8 kDa and 20% 58 kDa PVP solutions at an aerosolization rate of 1 ml/min at compressed 
air pressure (CA) of 30 and 60 psi, respectively. (b) Photograph of an aqueous aerosol generated at 3 ml/min 
using nozzles KB-N-300 and KB-N-700.  The aerosol exits through the center of the aerosol exit orifice 
surrounded by a sheath of air essentially devoid of particles. 

KB-N-300, CA: 60 psi 

KB-N-700, CA: 60 psi 
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between the fluid orifice and the aerosol exit orifice.  This aerosol formation mechanism, together with the 
increased airflows leads to the generation of smaller primary liquid particles. 

Effect of Fluid Aerosolization Rate  

FIG 3 shows the modest increase in particles size for PVP at aerosolization rates between 0.5 and 3 ml/min. 
When surfactant is aerosolized, the particle size appears almost independent of fluid flow rate in the range of 1 to 
3 ml/min.   

Effect of Fluid Viscosity  

As the viscosity of surfactant suspensions increases rapidly with increasing surfactant concentration, we 
evaluated the relationship between viscosity and particle size. As predicted, from the Ohnesorge number, there 
was a modest increase in particle size with increasing viscosities between 4 and 39 cSt (FIG 4).  

Output Efficiency and Total Dose Delivered 

It can be seen in Table 1 that the output of 10% PVP increases to 192 mg/min at 3 ml/min. When the surfactant 
suspension was aerosolized the output efficiency (59%-63%) was marginally lower than with PVP (64%).  

 

Table 1 - PVP solution and surfactant suspension dose rate and output efficiency for nozzle KB-N-500 at 
compressed air pressure of 40 psi. 

 

 

 

 

 

 

 

Using nozzle KB-N-500 at compressed air pressure of 40 psi to aerosolize 10 ml ant 20 ml 10% 8 kDa PVP 
solution at an aerosolization rate of 3 ml/min, 0.7 and 1.2 g were collected at the output in 3.3 and 6.7 min, 
respectively.   

Surfactant Surface Tension Prior To and Following Aerosolization. 

  Fluid Flow Rate (ml/min) Efficiency (Dose Rate) 

10% 8 kDa 
PVP 

1 64% (64 mg/min) 

2 64% (128 mg/min) 

3 64% (192 mg/min) 

9.33% 
Surfactant 

1 63% (59 mg/min) 

2 63% (118 mg/min) 

3 59% (165 mg/min) 

Figure 3 - The MMAD of aerosols corresponding to 
different fluid aerosolization rates. Nozzle KB-N-500 
was used to aerosolize 10% 8 kDa PVP solutions 
and 9.33% surfactant suspensions with a 
compressed air pressure (CA) of 40 psi. 

Figure 4 - The MMAD of aerosols 
corresponding to different viscosities of the 
PVP solution. Nozzle KB-N-700 was used to 
aerosolize 10% and 20% PVP solution with 
the fluid flow rate of 1 ml/min at compressed 
air pressure (CA) of 40 psi. 
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Consistent with previous preliminary data 
[3]

, showing that biologics retained their physicochemical and functional 
characteristics post aerosolization, the aerosolized surfactant was seen to have the same surface tension 
following aerosolization (FIG 5).  

 

Discussion and Conclusions 

We demonstrate that fine particles aerosols less than 4 μm MMAD can be readily generated by nozzles with large 
orifices from high concentrations of surfactant suspensions and large molecules solutions with SUPRAER and 
delivered at dose rates of 2.5 to 3 mg/s with total doses delivered of 700-1200 mg. That the aerosol exits the 
nozzle through a sheath of gas devoid of particles makes these nozzles essentially uncloggable and suitable for 
high payload drug delivery.  These data imply that such aerosols can be delivered at these rates throughout each 
and every inhalation throughout the treatment period.  

It is notable that the highest viscosity of solutions aerosolized by mesh-type nebulizers is <4 cSt 
[2]

.  SUPRAER 
markedly extends the range of large molecule and viscous solutions from which fine particle aerosols can be 
readily generated and delivered to at least 40 cSt.  The maximum aerosol generation rate for jet type nebulizers 
that produce particles of less than 3 μm in diameter is <0.3 ml/min.  These droplets generally only contain up to 
5% of active agent. SUPRAER produces solid particles of pure agent of similar size at 10 times this rate with 20 
times the dose per particle. 

The laboratory version of SUPRAER used in these experiments was designed to determine its performance and 
specifications prior to its conversion into a device designed for use in a clinical setting. Further reduction in size 
and simplification would facilitate domiciliary use.  The aerosol can be generated continuously or the fluid flow 
controlled such that aerosol is only delivered on demand to the patient during an inhalation.  In this configuration 
the aerosol can be delivered at up to 3 mg/s throughout each and every inhalation throughout the treatment 
period.  Thus, at 0.7 l/s inhalation rate, up to 15 mg could be delivered for each 5 second inhalation.  SUPRAER 
could also be configured to provide a respiratory assist for both patient activated and continuous aerosol delivery.  

High doses of anti-infectives, anticancer agents and biotherapeutics delivered intravenous administration not only 
has considerable patient resistance, but their own attendant complications.  Intravenous administration is likely to 
require a 10 to 100 times higher dose than if it were administered by aerosol inhalation.  The ability to deliver 
these agents directly to the lungs markedly reduces the total dose of the agent, the cost of therapy, as well as 
systemic toxicities. 
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Figure 5 - The surface tensions of the surfactant prior to and following aerosolization by SUPRAER-CA 
through using Nozzle KB-N-500 to aerosolize 9.33% surfactant suspension with the aerosolization rate of 1 
ml/min at compressed air pressure (CA) of 40 psi. 


