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Abstract

For infants born with respiratory distress syndrome (RDS), liquid bolus delivery of surfactant
administered through an endotracheal tube is common practice. While this method is generally
effective, complications such as transient hypoxia, hypercapnia, and altered cerebral blood flow
may occur. Aerosolized surfactant therapy has been explored as an alternative. Unfortunately, past
efforts have led to disappointing results as aerosols were generated outside the lungs with
significant pharyngeal deposition and minimal intrapulmonary instillation.

A novel aerosol generator (Microjet™) is evaluated herein for intrapulmonary aerosol generation
within an endotracheal tube and tested with Curosurf and Infasurf surfactants.

Compared with other aerosol delivery devices, this process utilizes low air flow (range 0.01-0.2 L/
min) that is ideal for limiting potential barotrauma to the premature newborn lung. The mass mean
diameter (MMD) of the particles for both tested surfactants was less than 4 um, which is ideal for
both uniform and distal lung delivery. As an indicator of phospholipid function, surfactant surface
tension was measured before and after aerosol formation; with no significant difference.
Moreover, this device has an outside diameter of <lmm, which permits insertion into an
endotracheal tube (of even 2.0 mm). In the premature infant where intravenous access is either
technically challenging or difficult, aerosol drug delivery may provide an alternative route in
patient resuscitation, stabilization and care. Other potential applications of this type of device
include the delivery of nutrients, antibiotics, and analgesics via the pulmonary route.
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Introduction

An estimated 1% of newborns in the US (i.e. about 40,000 neonates per year) develop
respiratory distress syndrome (RDS) at birth (Rodriguez and Martin 1999). Such newborns
are normally given surfactant therapy in the delivery room, or shortly thereafter, in the
neonatal intensive care unit. Treatment with exogenous surfactant improves gas exchange
and optimizes survival in newborn babies with RDS (Jobe 1993; Mercier and Soll 1993;
Suresh and Soll 2002). Currently, surfactant is administered as a liquid bolus in the central
airways via an endotracheal tube followed by gradual distal pulmonary dissipation
(Rodriguez and Martin 1999). Up to 19% of infants require repeat dosing due to RDS
progression (Verder et al. 1994). Although this has improved survival, current therapy may
result in several complications. Specifically, rapid intratracheal administration of a large
volume of surfactant solution may cause transient hypoxia, hypercapnia, altered cerebral
blood flow, and increase the incidence of intraventricular hemorrhage (Cowan et al. 1991;
Gunkel and Banks 1993; Halliday and Robertson 1992). This is especially relevant in the
very premature infant and the critically unstable neonate. Therefore, it would be desirable to
deliver surfactant using a gentler modality that more readily allows for an effective and
uniform intra-pulmonary distribution. To this end, several animal experiments and clinical
trials have been conducted to deliver surfactant as an aerosol. Results of these trials have not
been promising and may preclude viable clinical application (Berggren et al. 2000; Fok et al.
1998; Lewis et al. 1991; Lewis and McCaig 1993). For instance, in a study by Jorch et al.,
only 10% of aerosolized surfactant was delivered in the pharyngeal tubing resulting in a
modest gain in lung function (Jorch et al. 1997). More recently, the synthetic surfactant
Aerosurf has been clinically evaluated for aerosolized delivery with variable outcomes
(Finer et al. 2010).

To our understanding, the above studies with natural surfactants were primarily limited by
the tested aerosol devices. Previous clinical work has been based on generating aerosols
outside the lung with subsequent delivery into the lung using various breathing support
devices (Mazela et al. 2007). These methods deliver less than 1% of surfactant to the lungs
(Berggren et al. 2000; Fok et al. 1998). Further, these devices were designed to aerosolize
and deliver drugs using high air flow (of several liters/minute) into the lungs of adults under
relatively stable conditions (Berggren et al. 2000). Such required air flow would almost
certainly induce barotrauma in the neonatal or infant lung. A low flow device developed to
match neonatal tidal volume and inspiratory phase with efficient surfactant delivery would
be an ideal solution to mitigate the above issues. Here, we present a novel device of narrow
gauge (OD<1mm) to be inserted into an endotracheal tube that should allow intra-
pulmonary aerosol generation and near complete drug delivery while maintaining low air
pressure and flow.

Materials and Method

Catheter-based Aerosolization Device

A catheter-based aerosolization device (Microjet™) developed by Powerscope Inc. (now
part of MSP Corporation, MN, USA) was tested in this study. The proof-of-concept
experiments were conducted with a prototype device that consists of two concentric needles
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at the delivery tip (Fig. 1a). Gas is injected through the inner needle allowing for
entrainment of surfactant through the gap between the two needles. The gap between the
concentric needles is designed to control particle size (The needle pair in the upper image in
Fig. 1a would generate larger drops compared to the pair in the lower image). In our current
study, this device was used to aerosolize surfactant into droplets of approximately 4 um in
diameter dispersed in a cone with an approximately 30 degree vertex angle (Fig. 1b). The
proximal orifices of the needles are attached to standard needle hubs that are combined into
an assembly, which is then used to infuse liquid drug (surfactant) and compressed air in the
manner described above. Adaptation of this device for in vivo delivery is illustrated in Fig.
1c, where the hub is connected to a dual-tip flexible catheter for intra-tracheal instillation.
The flow of liquid and the particle size were controlled by the rate of air flow and the gap
between the needles, respectively.

Measurement of surfactant aerosol

Two commercially available surfactants, Curosuf (Chiesi Farmaceutici, Parma, Italy) -
derived from porcine lung - and Infasurf (ONY Inc, NY, USA) - derived from calf lung -
were selected for their different phospholipid concentrations (Curosurf: 106 mg/ml, Infasurf:
51mg/ml) (Farmaceutici 2011). For all measurements, surfactants were injected into the
Microjet and aerosolized within 30 minutes. An oil-free diaphragm air compressor
(CO2MAC, Freeman Tools) with a range of 0-120 psi was used to evaluate device
performance. An air flow meter (0 - 0.5 L/min Rotameter, Dwyer) was used to measure
resultant flow. At a given air pressure, the rate of aerosol formation was documented. The
delivery time for a known volume of liquid was used to quantify surfactant flow. The same
protocol was used for both surfactants at increasing air pressures. At each pressure point, the
aerosol was collected in a test-tube for surface tension measurements.

Particle characterization of surfactant aerosol

Surfactants aerosolized with the Microjet device were characterized using a Phase Doppler
Interferometer (PDI, Artium Technologies, CA, USA), which takes in situ measurements of
droplets crossing the intersection region of two laser beams to infer drop size. Specifically,
the Microjet was mounted on a dual-axis micrometer and positioned to spray downward
with the spray needle tip 1 cm above the PDI, which was centered in the spray field. For
each applied air flow, count, velocity and size distribution of the particles were measured.
This procedure was repeated with distilled water as a control. Curosurf and Infasurf
surfactants were tested at room temperature.

Surface tension quantification of surfactant aerosol

The surface tensions of water, liquid surfactant, and previously aerosolized surfactant were
measured at room temperature (~25° C). The modified hanging drop method was used for
the measurement of surface tension. The test solution was ejected from a blunt 1.26mm
diameter needle of a 1 cc syringe (Fig. 4a). Using Equation 1 (Harkins. W. D and
Humphrey. E. C 1916) surface tension (y) was calculated for each solution with water that
was used as a control. In Equation 1, (m) is the mass of an individual droplet, (g) is
gravitational acceleration and (d) is the diameter of the blunt needle tip.
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y=mg/md Equation 1

Statistics
At least 3 or more repeat measurements (=3) were undertaken with values presented as mean
+SD. Statistical analysis was performed in Graphpad PRISM®,
ANOVA was performed with Tukey post-hoc analysis to calculated differences at p<0.05.
Significant differences are shown with paired symbols.

Results

Pressure and flow characteristics

The Microjet nebulizer was tested with compressed air pressures of 25 to 100 psi with
corresponding air flows from 0.05 to 0.24 L/min. Fig. 2a shows the relationship between the
flow rate and the air pressure. At three compressed air pressures (40, 60 and 80 psi),
surfactants (Curosurf and Infasurf) were aerosolized and the rate of aerosol flow was
measured. Fig. 2b shows the aerosol flow rates of these two surfactants. No significant
differences were observed between the test surfactants at any given air pressure. There was a
significant increase in aerosolized surfactant flow rate with increased applied air pressure.
The resultant surfactant flow rate ranged from 35 to 108 pl/min.

Aerosolized surfactant characterization

Surfactant aerosol size distribution was akin to a log-normal distribution, with tail
elongation towards larger particles (Fig. 3a). The mass mean surfactant droplet size
decreased with increased air flow for both test surfactants (Fig. 3b). Specifically, the particle
size for Curosurf did not have a statistically significant change in the tested range; while the
mean particle size for Infasurf decreased significantly with increasing air flow (40 psi vs.
120 psi, p<0.05). In addition, the particles were normally distributed with respect to
velocity, with a broader range at higher air flow (Figs. 3c for Curosurf & 3d for Infasurf).
Average particle velocity ranged from 5 m/sec to 18.6 m/sec, at 1.0 cm from the needle tip.

Aerosolization causes no change in functional properties of surfactant

Aerosolized surfactant particles were collected and evaluated for surface tension
characteristics. Fig. 4a shows the modified hanging drop test using previously aerosolized
test surfactants. Water was used as control with a surface tension of 72.2 mN/m. At room
temperature (~25° C), the surface tension of Curosurf and Infasurf liquids were 37.2 mN/m
and 34.9 mN/m, respectively. No significant deterioration in surface tension of either
surfactant was observed after aerosolization through the Microjet device (Fig. 4b).

Discussion

Surfactant aerosol therapy may be a viable alternative to liquid bolus therapy, which has
certain inherent complications. To date, several animal and clinical trials have been
attempted with extracorporeal generation of surfactant aerosol and delivery through an
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endotracheal tube. These studies have resulted in limited success (Berggren et al. 2000;
Finer et al. 2010; Fok et al. 1998; Jorch et al. 1997; Lewis et al. 1991; Sun et al. 2009).
Although an animal model showed promise, Berggren et al. found no significant benefit in a
clinical trial of neonatal respiratory distress syndrome (Berggren et al. 2000). Moreover,
actual pulmonary deposition could not be measured accurately. Factors that may
compromise clinical utility include aerosol loss via deposition in the pharyngeal space,
which curtails an extracorporeal aerosol generation approach. Variable compliance in
diseased lung segments may also limit or alter distal pulmonary aerosol delivery. An
obstacle in translating aerosol therapy to the neonatal patients has been a lack of an
appropriate device (Mazela and Polin 2011). For instance, the majority of aerosol nebulizer
devices are designed to operate with an air flow of 5-8 L/min, which may be a suitable air
flow for an adult with a lung tidal volume of 500 mL and a high inspiratory to expiratory
ratio (I:E of 3:5). However, these devices cannot be safely applied to an infant with an
average tidal volume of 50 mL and an I:E ratio of 1:5 (Dolovich 2002). Further,
commercially available devices have high environment and pharyngeal losses as shown by
Fok et al, where more than 99% of surfactant was lost in the device chamber and ventilator
tubing (Fok et al. 1998). Similarly, commercial nebulizers designed for adults demonstrate
low efficiency when applied to neonates (Amirav et al. 2003; Amirav et al. 2002; Tal et al.
1996). More recently, a vibrating mesh device with low flow has been tested using Aerosurf,
a synthetic surfactant developed by Discovery Lab (not currently approved by the FDA)
(Finer et al. 2010). It remains to be seen if a vibrating mesh nebulizer can be applied to a
wide array of surfactant products without clogging the mesh.

Given the need for a low flow aerosol generator, the Microjet device was evaluated. The
Microjet is a narrow bore (<1 mm OD) device with concentric needle tips that allows for air
shearing of liquid particles to generate a fine aerosol. The small size of the air needle (33
gauge) allows the device to generate a high air velocity without requiring a high air flow
which is especially attractive for neonatal application. Moreover, the PDI flow meter system
measured an almost complete decline in air velocity within 2 cm from the needle tip. By
eliminating the impactor dome found in a majority of commercially available jet nebulizers,
this device also avoids potential impaction damage to large molecules like surfactants,
proteins and plasmids (unpublished data). In this study, aerosol testing was performed with
Curosurf (porcine) and Infasurf (bovine) surfactants, which were chosen for their wide
variation in total phospholipid concentrations (Farmaceutici 2011).

Microjet was evaluated at operating air pressures up to 80 psi with a corresponding air flow
of <0.2 L/min, yielding a surfactant aerosol flow of 0.11 ml/min. Based on these conditions,
1 ml of surfactant can be delivered in less than 10 minutes. For the pre-term neonate, a dose
of 100 mg/kg would be required (Mazela et al. 2007). Based on a 100 mg/ml concentration
of Curosurf and a 50 mg/ml concentration of Infasurf, total therapy would require 10-20
minutes. Due to its lack of dead space and intra-tracheal aerosol generation for drug
delivery, this device may even enable lower drug dosing. Further studies are required for
clinical feasibility. Theoretically, low air flow complements pressure support ventilation and
continuous positive pressure support, without exceeding normal neonatal tidal volumes.
Moreover, it may be coordinated to match inspiratory cycles on a ventilator. Resultant
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surfactant particles had a mass mean diameter (MMD) of <4 um. This is attractive, as prior
research has shown uniform lung distribution with particles of <4 um (Asgharian et al. 2003;
Raabe et al. 1988).

Another catheter-style aerosol device was tested by Murgia et al. using Curosurf (Murgia et
al. 2011). The air flow with this catheter was greater than 1 L/min and aerosol particle size
ranged from 8 to 30 um. Although this catheter design also allows for endotracheal delivery,
the greater air velocity may cause epithelial trauma; and with larger aerosol particles
generated, may compromise distal lung delivery (Raabe et al. 1988). Of benefit, Microjet
has an air flow of less than 0.2 L/min, but it is unclear what air velocity is safe to minimize
epithelial damage during intra-tracheal surfactant aerosol generation.

Drug formulation may also affect surfactant delivery (Fok et al. 1998). At varied air
pressures, Infasurf (with a lower phospholipid concentration), but not Curosurf (with a
higher phospholipid concentration), yielded variable particle sizes (see Fig. 3). Fok et al,
showed that a synthetic surfactant (Exosurf, GlaxoSmithKline, UK) with a low phospholipid
concentration had higher deposition in an animal model than a natural surfactant (Survanta,
Abbot Pharma, US) with a higher phospholipid concentration. Both Curosurf and Infasurf
had velocity distribution profiles that changed with increased air pressure. The ability to
adjust particle size and velocity for a given drug or formulation, may allow for targeted lung
distribution.

In conclusion, this study tested Microjet, an aerosol device that operates at low air flow,
generates small aerosol particles, and maintains tested surfactant surface tensions. This
device may overcome challenges faced by current nebulizer technology (Fok et al. 1998).
Future preclinical and clinical studies will be required to determine if this provides a safe
and efficacious treatment option for RDS and other lung diseases. The potential of intra-
pulmonary drug aerosol generation and delivery is an especially attractive clinical
application in premature and neonatal patients and warrants further development and testing.
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Design of needle-based aerosol generator (Microjet) a. End-on view of needle tip showing
concentric needles with inner needle for air flow and outer cavity for liquid flow. Two
different outer needle sizes are shown with a gap of 200 um and 100 um b. Image of aerosol
spray from the tip of the needle at 40 psi air pressure. c. Schematic of catheter based device
(diameter 1.5mm) with needle tip and flexible plastic tubing to supply air and liquid.
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a. Air flow as a function of applied back pressure using a compressor pump. b. Flow rate of
Curosurf and Infasurf as a function of applied back pressure. Symbol * and ** represent

significant differences among all three applied pressures at p<0.05.
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Aerosol characterization of surfactant using a Phase Doppler Interferometer (Artium
Techologies, CA, USA) a. Aerosol particle size distribution profile for Curosurf. b. Average
MMD as a function of air pressure. Symbol * indicates significant difference between paired
groups (P<0.05). c. Velocity profile of Curosurf aerosol. d. Velocity profile of Infasurf
aerosol at 40, 60 and 80 psi back-pressure.
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Figure 4.
a. Image of the modified hanging drop method for measuring surface tension. b. Surface

tension of Curosurf and Infasurf before (Liquid, solid color bars) and after aerosolization
(Aerosol, hash-line bars) with water as a control (white bars). Symbols * and ** represent
significant differences between Curosurf and Infasurf compared to water. No significant
difference was noted pre and post aersolization for both surfactants.
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