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BACKGROUND: Inhaled recombinant human DNase I (rhDNase) improves clearance of visco-
elastic secretions in patients with cystic fibrosis. Because of their portability, newer-generation
vibrating-mesh nebulizers offer greater convenience for the patient, but their efficiency in deliver-
ing rhDNase has not been determined. METHODS: We compared a newer-generation vibrating-
mesh nebulizer (Omron MicroAir) to a Pari LC� with the Pari ProNeb Ultra compressor (a
commonly employed rhDNase administration system). With the Next Generation Pharmaceutical
Impactor, we determined aerosol particle distribution. We also measured mass output efficiency,
nebulization time, and mass of rhDNase that deposited on a filter during simulated breathing.
RESULTS: The mass median aerodynamic diameter (MMAD) and geometric standard deviation
(GSD) of aerosol from the MicroAir (MMAD 4.3 �m, GSD 2.8 �m) was equivalent to that from the
Pari LC� (MMAD 4.2 �m, GSD 2.7 �m). During simulated breathing the MicroAir had a higher
total mass output efficiency (88%) than the Pari LC� (68%) (P < .001), and total nebulization time
was shorter with the MicroAir (6.1 min vs 7.2 min, P � .03). When nebulized to dryness, the mass
of rhDNase delivered to the filter was comparable with the MicroAir (1.30 � 0.4 mg) and Pari LC�
(1.21 � 0.05 mg). CONCLUSION: The MicroAir could be employed as a portable nebulizer for
rhDNase therapy in patients with cystic fibrosis. Key words: nebulizer, vibrating mesh, aerosol,
inhalation, cystic fibrosis, recombinant human DNase I. [Respir Care 2008;53(12):1703–1708. © 2008
Daedalus Enterprises]

Introduction

Respiratory complications, including persistent bacterial
infections, recurrent exacerbations, and lung destruction,1,2

are a major cause of morbidity and mortality in patients with
cystic fibrosis (CF). Deoxyribonucleic acid (DNA) released
locally by degenerating neutrophils, which accumulate in re-
sponse to infection in the airways, is highly viscous and con-
tributes to development of chronic airway obstruction.3,4 In-
haled recombinant human DNase I (also known as rhDNase,
dornase alfa, and Pulmozyme) hydrolyzes extra-cellular DNA
in purulent secretions of patients with CF, reduces the secre-
tions’ visco-elasticity, and improves secretion clearance.5 A
few investigators have found that rhDNase nebulized via a
conventional jet nebulizer is safe and improves symptoms
and pulmonary function in patients with CF.6-11

With advances in device technology, a plethora of aero-
sol devices and drug formulations are available for clinical
use.12-17 For example, recent advances in nebulizer design
have introduced small portable devices based on either a
vibrating mesh or a plate with multiple apertures.12,16,17

The vibrating-mesh nebulizers are being tested for various
clinical indications.18,19 To the best of our knowledge, these
newer nebulizers have not been evaluated for aerosol de-
livery of rhDNase.
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We compared the delivery of rhDNase from the Mi-
croAir nebulizer (Omron Healthcare, Bannockburn, Illi-
nois) to that from the Pari LC� disposable jet nebulizer
(Pari Respiratory Equipment, Midlothian, Virginia) with
the Pari ProNeb Ultra compressor (Pari Respiratory Equip-
ment, Midlothian, Virginia). We choose this jet nebulizer/
compressor system because it is one of the systems rec-
ommended by the manufacturer of rhDNase for delivery
of rhDNase20 and is commonly employed in clinical prac-
tice for this application.

Methods

Devices and Drug

The MicroAir nebulizers (lots 32A and 44A) were gifts
from Omron Healthcare. We purchased the Pari LC� neb-
ulizer and Pari ProNeb Ultra Compressor. In all the tests
we used a commercial preparation of rhDNase (Pulmozyme,
Genentech, South San Francisco, California) that comes in
2.5-mL ampules (1.0 mg/mL, 2,500 U) of a solution for
inhalation formulated in 8.77 mg/mL sodium chloride, or
0.15 mg/mL calcium chloride dehydrate and sterile water
for injection.

Deoxyribonuclease Activity of rhDNase

Enzymatic activity in nebulized rhDNase samples was
determined by the Kunitz method.21,22 The reaction rate
(maximum enzyme velocity) was measured by the rate of
hydrolysis of DNA, measured spectrophotometrically at
260 nm and 25°C. The stock DNA substrate solution con-
tained 4 mg of salmon testes DNA in 0.5 M acetate buffer,
pH 5.0, and 0.05 M magnesium chloride solution. Aliquots
of the test samples collected from the cascade impactor
(Next Generation Pharmaceutical Impactor [NGI], MSP
Corporation, Shoreview, Minnesota) plates or inhalation
filters were added to 1 mL DNA test solution, and the
reaction rate was measured over 6 min. The calculated
maximum enzyme velocity reaction rate was used to de-
termine DNase activity. The sensitivity of the assay was
10 units, based on a 3-point standard curve prepared with
1,000 units/mL rhDNase, as reported for each manufac-
tured test lot, with an assay variability of � 10%.

Aerosol Particle Size Distribution

Aerodynamic particle sizing of the rhDNase aerosols
was via cascade impaction with the NGI, as previously
described.18,23 rhDNase I aerosols were generated from the
MicroAir nebulizer and the Pari LC� nebulizer with one
ampule of rhDNase and drawn through the cascade im-
pactor with a vacuum pump at 15 L/min, at a controlled
temperature of 23–24°C, and at 50 � 5% relative humid-

ity. The nebulizer was connected to the induction port of
the NGI with a mouthpiece adapter. The positions of the
devices simulated those used in clinical practice, and the
aerosols from both devices were entrained into the NGI in
line with the horizontal axis of the induction port. Aerosols
were sampled for 2 min, and the experiments were re-
peated in triplicate or quadruplicate with each device. The
impacted rhDNA was eluted from the NGI plates after
agitation for 5 min with 10 mL of ultrapure water.

After determination (via Kunitz assay) of the enzyme
concentrations deposited in the induction port, on each
NGI stage, and on the final filter, the mass median aero-
dynamic diameter (MMAD) and geometric standard devi-
ation (GSD) of the aerosol were calculated on a log prob-
ability scale on which the effective cutoff diameter is on
the ordinate and the cumulative percent less than the size
range (by concentration) is on the abscissa (KaleidaGraph
3.51, Synergy Software, Reading, Pennsylvania). The
MMAD and GSD were determined by the rhDNase con-
centration distributed within the array of aerosol droplets.
The respirable fraction was calculated as the percentage of
aerosol particles � 5.0 �m, and the fine-particle fraction
was calculated as the percentage of aerosol drug particles
� 3.3 �m.24,25

Measurement of Mass Delivered to the Filter

To determine the amount of nebulized rhDNase deliv-
ered to the filter, samples were collected in a simulated
human lung system.26 We used a respirator pump (Harvard
Apparatus, Dover, Massachusetts) and employed an exha-
lation valve, such that aerosol samples were collected onto
a bacteria/virus filter (Respirgard, Marquest Medical Prod-
ucts, Englewood, Colorado) (Fig. 1). The exhaled air was
vented into a hood.

Total rhDNase delivered from the MicroAir and
Pari LC� with 2.5 mL rhDNase was collected on the
filters (5 of each), at 12 breaths/min with tidal volume of
500 mL, and inspiratory-expiratory ratio of 1:1. The Mi-
croAir was held in a horizontal position (see Fig. 1). Both
devices were connected to the proximal port of the filter.
The MicroAir was connected to the filter with a mouth-
piece adapter and mouthpiece. The Pari LC� was con-
nected to the filter with a mouthpiece adapter. The nebu-
lization began immediately before the inspiratory stroke of
the pump piston. The nebulizers were run to dryness. Be-
cause the solution remaining in the jet nebulizer gave in-
consistent results with the enzyme assay, we determined
mass output of rhDNase based on nebulizer weights before
and after nebulization. The nebulizer efficiency was cal-
culated by the following formula:

[(pre-nebulization weight – post-nebulization weight)/
pre-nebulization weight] � 100
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The rhDNase deposited on the filter was extracted via
agitation for 5 min with 10 mL ultrapure water, and the
DNase activity was determined via Kunitz assay.21,22

Data Analysis

We used statistics software (Instat 3, GraphPad Soft-
ware, La Jolla, California) to tabulate the data and calcu-
late the mean � SD values. We analyzed the MMAD,
GSD, mass delivered to the filter, respirable fraction, and
fine-particle fraction data with 2-tailed paired t tests. P val-
ues � .05 were considered significant.

Results

The experiments were designed to measure aerosol de-
livery of rhDNase from the MicroAir and the Pari LC�
with Pari ProNeb Ultra compressor.

Aerosol Particle Size and Distribution

Table 1 compares the aerosol characteristics of rhDNase
nebulized with the MicroAir versus with the Pari LC�, via
NGI analysis. Both devices produced a heterodisperse aero-
sol with comparable distribution of particle sizes (MMAD
4.3 � 0.5 �m and GSD 2.8 � 0.3 �m with MicroAir vs
MMAD 4.2 � 0.5 �m and GSD 2.7 � 0.4 �m with
Pari LC�). The 2 devices’ aerosol particle distributions in

the respirable range were not statistically different. The
respirable fraction from the MicroAir was 56.7 � 3.0%,
compared to 56.3 � 4.1% from the Pari LC�. The fine-
particle fraction from the MicroAir was 40.7 � 6.1%,
compared to 44.0 � 6.2% from the Pari LC� (see Ta-
ble 1).

Nebulization Time, Output Efficiency, and Mass
Delivered to the Filter

Table 2 shows the devices’ nebulization characteristics
with a simulated breathing system. With a charge dose of
2.5 mL of rhDNase, the MicroAir nebulized to dryness in
6.1 min, versus 7.2 min with the Pari LC� (P � .03). As
determined via nebulizer weight before and after nebuli-
zation, the total drug output from the MicroAir
(2.2 � 0.03 mg) was higher than that from the Pari LC�
(1.7 � 0.1 mg, P � .001) (see Table 2). This resulted in
higher nebulizer efficiency with the MicroAir (88%) than
with the Pari LC� (68%, P � .001), mainly due to the
MicroAir’s lower residual volume. There was, however,
no significant difference in the amount of rhDNase depos-
ited on the filter (MicroAir 1.30 mg, Pari LC� 1.21 mg)
(see Table 2).

Discussion

The present study compared the MicroAir to a currently
utilized breath-enhanced nebulizer (Pari LC�) for deliv-

Fig. 1. Test setup.

Table 1. Aerosol Characteristics of the Nebulizers

MMAD (�m)*
Geometric Standard

Deviation†
Respirable Fraction‡

%
Fine Particle Fraction§

%

MicroAir (mean � SD) 4.3 � 0.5 2.8 � 0.3 56.7 � 3.0 40.7 � 6.1
Pari LC� (mean � SD) 4.2 � 0.5 2.7 � 0.4 56.3 � 4.1 44.0 � 6.2

* P � .77
† P � .69
‡ P � .92
§ P � .66
MMAD � mass median aerodynamic diameter
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ery of rhDNase. We found that the MicroAir is a conve-
nient and efficient hand-held aerosol generator that pro-
vides comparable rhDNase output to Pari LC�.

The MicroAir has several distinctive features. It is a
battery-operated, portable device that employs a vibrating
mesh for aerosol generation, and it produces a fine aerosol
with a low velocity.18,27 The MicroAir rapidly aerosolizes
drug solutions, so 2.5 mL of rhDNase is nebulized in a
shorter time than with Pari LC� with the ProNeb Ultra
compressor. The aerosol particle distribution analysis with
the NGI revealed that both devices produced heterodis-
perse aerosols with similar particle sizes. Both MicroAir
and Pari LC� generate aerosol particles within the range
required for relatively uniform delivery to the airways
within the lung.24-26,28

In the present study we employed an enzymatic method
to assay the rhDNase and determine the MMADs and
GSDs. Previous studies29-31 with jet nebulizers employed
different cascade impaction techniques30 or laser diffrac-
tion,29,31 and no previous studies have been performed
with rhDNase delivered by a vibrating-mesh nebulizer.
Recently, the European Standard (EN 13544-1) was de-
veloped to standardize laboratory methods for determina-
tion of particle size in nebulized aerosols.32 In our study,
which was conducted according to the guidelines of the
European Nebulizer standard,32 the distribution of rhD-
Nase particles in the aerosol generated by both devices
was equivalent.

In related studies, previous investigators employed jet
nebulizers and various techniques to size rhDNase aero-
sols.29-31 Cipolla and colleagues30 used dry weights to de-
termine rhDNase deposition on the impactor plates. Other
investigators employed laser diffraction to size aerosol par-
ticles.29,31 Those studies assumed that rhDNase and ex-
cipients distribute equally among all aerosol particles, but
the amount of rhDNase in various fractions cannot be
directly determined by the techniques employed in previ-
ous studies.29-31 In contrast, we determined rhDNase dep-
osition by direct measurement of its activity in various
particle fractions. In our previous study with the MicroAir
we found that various laboratory techniques yielded dif-
ferent results for particle size distribution.18 Other factors,

such as the ionic strength, density, surface tension, and
viscosity of the solution, also influence drug output and
particle size from a nebulizer that employs a vibrating
aperture plate to generate aerosol.33 Despite the differ-
ences in test methods, our results (MMAD approximately
4.2 �m) are comparable to values obtained by previous
investigators. Cipolla and colleagues reported an MMAD
range of 2.6–5.6 �m for aerosols of rhDNase generated by
various Pari nebulizers.30 With other jet nebulizers the
particle size distribution of rhDNase aerosols have also
been comparable to our results.29,31

In our study the Pari LC� aerosolized only 68% of the
rhDNase, whereas 88% of the drug placed in the MicroAir
was aerosolized. However, despite the difference in mass
output, the mass of rhDNase delivered to the filter in the
simulated breathing experiment was comparable with the
MicroAir and Pari LC�, which suggests a higher rhDNase
deposition in the inspiratory tubing en route to the filter
with the MicroAir. The similarity in the mass of rhDNase
on the filter and the particle size of the aerosols generated
by the 2 devices suggests that a comparable amount of
rhDNase would be available to the patient with either de-
vice, and the difference in pulmonary deposition of rhD-
Nase between the 2 devices is probably not clinically im-
portant. Ideally, these observations would be confirmed
with scintigraphic studies with radiolabeled rhDNase in
patients with CF. A study with healthy adults and the
Pari LC� found very close agreement between the respi-
rable fraction of tobramycin measured via laser diffraction
and the in vivo respirable fraction measured via scintigra-
phy.34 However, in general, in vitro assessments tend to
overestimate lung deposition.24,28 In previous investiga-
tions, clinical response to inhaled rhDNase was similar
with jet nebulizers with comparable performance and aero-
sol characteristics.31,35 The similarity in aerosol character-
istics and mass delivered to the filter with MicroAir and
Pari LC� suggests that clinical response would be com-
parable with these 2 devices.

The Kunitz assay gave unreliable results when assaying
for rhDNase in the solution remaining in the jet nebulizer
after nebulization, so we had to resort to weighing the
nebulizers to determine total drug output. Because of their

Table 2. Nebulizer Characteristics With a Simulated Breathing System

Time to
Dryness (min)*

Output
Efficiency (%)†‡

Total Nebulizer
Output (mg)†‡

Filter
Mass (mg)§�

MicroAir (mean � SD) 6.1 � 0.5 88.0 � 1.7 2.2 � 0.03 1.30 � 0.4
Pari LC� (mean � SD) 7.2 � 0.5 67.8 � 4.6 1.7 � 0.1 1.21 � 0.05

* P � .03
† Output is determined via nebulizer weight difference before and after nebulization.
‡ P � .001
§ Filter mass � amount of rhDNase deposited on filter, assayed via enzyme activity.
� P � .24
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ampipathic nature, protein molecules tend to occupy the
surface in protein solutions, and they may undergo surface
denaturation during jet nebulization.36 In contrast to our
findings, earlier investigators29 found that enzymatic ac-
tivity of rhDNase was preserved in the solution remaining
in the nebulizer cup after jet or ultrasonic nebulization.
However, the assay employed by Cipolla and co-workers29

did not directly assess the action of rhDNase on DNA.
CF is a chronic illness that requires routine and frequent

treatments. Similar to other jet nebulizers,29,36 rhDNase
delivered to the filter retains its activity after nebulization
with MicroAir. In patients with CF, MicroAir would be
expected to produce clinical improvement comparable to
that with other jet nebulizers.6-11 Because of its higher
drug-output rate, the MicroAir takes less time to nebulize
rhDNase than does the Pari LC� (see Table 2). MicroAir’s
faster nebulization rate, compactness, and portability might
improve patient adherence to treatment. MicroAir is also
quieter than a conventional jet nebulizer.

Limitations

Our testing was under controlled laboratory conditions
and therefore did not consider potential problems with
patient coordination and irregular breathing patterns that
may be encountered in clinical use.

We did not test the MicroAir over an extended period,
as would be required in clinical practice.

The cost of the MicroAir (approximately $200) is higher
than that of Pari LC� and compressor (approximately
$70). The MicroAir also needs rigorous cleaning; the man-
ufacturer recommends disassembly, immersion in water,
and disinfection with 10% distilled vinegar after each use
to prevent clogging of the mesh apertures with drug par-
ticles, salts, or microbes. Cleaning and reassembling the
MicroAir requires several minutes after each treatment.
Aperture clogging was not a problem in our experiments,
because we adhered to a cleaning regimen. The latest rec-
ommendation on cleaning the MicroAir (effervescent den-
ture cleanser) might further reduce aperture clogging.

Conclusions

The MicroAir produces a fine-particle, heterodisperse
rhDNase aerosol that is comparable to that from the
Pari LC�. These 2 devices deliver comparable amounts of
active rhDNase to the airways. The MicroAir has the ad-
vantages of higher efficiency, better portability, shorter
drug-delivery time, and greater convenience of use, com-
pared to conventional jet nebulizers. The MicroAir could
be employed as a portable device for rhDNase therapy in
patients with CF. Further studies are needed to determine
MicroAir’s clinical efficiency.
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