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ABSTRACT: Dornase alfa (Pulmozyme1) is an inhaled mucus-active drug that decreases
viscoelasticity of sputum in vitro, improves lung function and reduces respiratory exacerbations
in cystic fibrosis (CF) patients of 5 years age and older. The regulatory approval of dornase alfa
15 years ago stipulated that only certain jet nebulizer-compressor combinations should be used
to deliver the drug. Since that time there have been significant advances in aerosol delivery
technology, including development of electronic perforated vibrating membrane devices. Three
independent laboratories studied aerosol characteristics, nebulization time, dose delivery, and
stability of dornase alfa after nebulization to determine the feasibility of using perforated
vibrating membrane devices to deliver the drug. These studies determined that the eFlow1

vibrating membrane technology delivers dornase alfa more rapidly and efficiently than jet
nebulizers, and does not affect the physicochemical properties of the drug. These in vitro results
demonstrate only the technical feasibility of using vibrating membrane devices to deliver
dornase alfa. Clinical studies will be required before any conclusions can be made regarding
clinical safety and efficacy of these drug-device combinations for cystic fibrosis. � 2010 Wiley-Liss,

Inc. and the American Pharmacists Association J Pharm Sci 100:98–109, 2011
Keywords: dornase alfa; pulmonary delive
ry; stability; jet; eFlow electronic nebulizers
INTRODUCTION

Dornase alfa (Pulmozyme1) is a highly purified
solution of recombinant human deoxyribonuclease
I, an enzyme which selectively cleaves DNA. Cystic
fibrosis (CF) patients have airway secretions with
high concentrations of extracellular DNA, which
increases viscosity, slows airway clearance and
causes obstruction of the lower airways. Dornase
alfa (supplied in ampoules containing 2.5 mg as a
1 mg/mL solution) has been shown to cleave the
extracellular DNA in CF sputum and reduce viscoe-
nce to: Steven J. Shire (Telephone: 650-225-2077;
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lasticity in vitro.1 Clinical studies of dornase alfa
delivered by jet nebulizers in CF show improvements
in lung function and a reduction in the number of
respiratory exacerbations over time.2,3 When the
FDA approved dornase alfa 15 years ago, it stipulated
that only the jet nebulizer-compressor combinations
used in clinical trials of dornase alfa should be used.2

Jet nebulizers convert a liquid medication into a mist
for inhalation, and while they are commonly used for
CF drug delivery, there are some disadvantages also.
Treatment times take several minutes, and nebuli-
zer-compressor systems are bulky, noisy, and require
an AC power source, so are not very portable. Some of
the nebulizers and compressors that were tested are
now outdated or no longer manufactured.4,5

The technology for nebulizers has improved sig-
nificantly in recent years, resulting in smaller, more
011



DORNASE ALFA DELIVERY WITH EFLOW1 NEBULIZERS 99
portable devices with faster delivery rates. Aerosol
generators that utilize a vibrating membrane with
multiple apertures have recently been introduced,
and have several advantages over jet nebulizers.
They are portable, silent, do not require a compressed
air source, and can operate with either battery or AC
power. Due to low shear stresses on the fluid, a
number of fragile molecules like proteins may be
aerosolized with this technology.

The PARI eFlow1 platform (PARI Pharma,
Munich, Germany) utilizes vibrating membrane
technology and allows for customized configurations
by using laser-drilled, stainless steel membranes
(Fig. 1a) with different sized perforations to alter
particle size. The size of the aerosol chamber can be
controlled to capture more or less of the aerosol
produced during exhalation, thus changing the
amount of drug available for the inhalation.6 Cur-
rently there are various investigational eFlow1

configurations in clinical studies that were optimized
for use with distinct drug products, and are from a
regulatory perspective a dedicated drug-device com-
bination. Investigational eFlow1 devices (like the
eFlow1 configuration 78G1004) have very low
residual doses left behind to reduce drug waste,
Figure 1. (a) Aerosol generation principle o
technology. (b) Main components of the eFlow
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and have an aerosol chamber that captures aerosol
produced during exhalation so that it is available for
the next inhalation (Fig. 1b).6 An eFlow1 device
similar to the investigational 78G1004 is available
as an open device on a limited basis in the U.S. for
CF drugs (Trio1, Eurand Pharmaceuticals, Yardley,
PA). The eFlow1rapid is a general-purpose nebulizer
available in Europe and a few other countries outside
the US. The eFlow1rapid and the investigational
eFlow1 78G1004 (henceforth called investigational
eFlow1) both use a perforated vibrating membrane
that produces a median particle size of 4 mm, similar
to the PARI LC PLUS1 jet nebulizer. They both
nebulize solutions at a much faster rate than
conventional jet nebulizers. These devices differ in
that the eFlow1 rapid retains more liquid in the
medication reservoir and has a smaller aerosol
chamber, so it produces a similar estimated pulmon-
ary dose as the PARI LC PLUS1 jet nebulizer. The
investigational eFlow1 has a very small residual
dose and a larger aerosol chamber to minimize drug
waste.

Most CF patients take several aerosol drugs each
day, which imposes a significant time burden and
may lead to reduced adherence to therapy. Vibrating
f the eFlow electronic nebulizer platform
electronic nebulizer.
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100 SCHERER ET AL.
membrane devices are not included in the approved
label for dornase alfa, but patients may use them due
to the rapid nebulization times. Therefore, it is
important to evaluate these devices to assess their
ability to generate a respirable aerosol of dornase alfa
without changing the structure or integrity of the
protein. In the laboratory, some of the variables that
affect topical lung dose can be evaluated. Particle size
is one of the most important variables, as the
proportion of droplets in the size range under 5 mm
is often referred to as the ‘‘respirable fraction’’ (RF),
that is, that portion of the aerosol that will be most
likely delivered to the lower airways. Nebulizer
output efficiency can also be measured by using a
breath simulator to standardize testing and to collect
the drug delivered through the mouthpiece (‘‘deliv-
ered dose’’) on an absolute filter. Drug left behind
after nebulization is complete is referred to as the
‘‘residual dose’’ or ‘‘dead volume.’’ Since most nebu-
lizers operate continuously, some aerosol is lost while
the patient is exhaling. Thus, the ‘‘respirable dose’’
(the amount of drug with the highest probability of
depositing in the lungs) can be calculated by multi-
plying the delivered dose (mg DD) during simulated
tidal breathing by the respirable fraction.

The efficacy of dornase alfa administered by
nebulization depends not only on the respirable dose,
but also on the ability of this therapeutic protein to
retain activity throughout the nebulization and
delivery process. The actual process used to generate
the aerosol will subject the protein drug to different
stresses. In particular, air jet nebulizers accelerate
the liquid droplets to high velocities and the repeated
circulation of the aerosol suspension of droplets leads
to a prolonged exposure to high shear rates as well as
hydrophobic surfaces as a result of generation of air–
water interfaces. In contrast, an ultrasonic nebulizer
imparts large amounts of energy into the drug
solution (causing a rise in temperature), which
potentially could denature the protein; thus ultra-
sonic nebulizers are not used for dornase alfa
delivery. Vibrating membrane technology imparts
energy at high frequency of vibration of a stainless
steel perforated membrane subjecting the protein to
forces during extrusion through the pores. Thus, the
process of aerosol generation and delivery has the
potential to alter the protein as a result of different
stresses resulting in conformational changes or
generation of aggregates that may impact the safety
and efficacy of this drug. The recent in vitro studies of
dornase alfa using devices with perforated vibrating
membrane technology are incomplete since the use of
assays that only measure activity may not detect
these alterations.7,8 Thus, assessments of dornase
alfa quality following delivery by a nebulizer should
incorporate additional appropriate assays to assess
stability.
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 1, JANUARY 2011
Three separate laboratories studied different
aspects of dornase alfa delivery, and combined data
to present a more complete assessment of the chemical
stability of dornase alfa after nebulization using the
investigational eFlow1 and eFlow1 rapid systems
based on vibrating membrane technology, coupled
with comparisons of the atomization performance
to currently used jet nebulizers, such as the PARI LC
STAR1, PARI LC PLUS1, and Hudson T-Updraft1.
MATERIALS AND METHODS

Materials

Pulmozyme1 (dornase alfa) Drug Product at 1 mg/mL
(Lot N57292) was supplied by Genentech, Inc. (S. San
Francisco, CA) as 2.5 mL in 8.77 mg/mL NaCl
(150 mM), 1 mM CaCl2, pH 5.6–7.0.

The PARI LC STAR1, investigational eFlow1 and
eFlow1 rapid units were provided by PARI Pharma
GmbH (Starnberg, Germany). The other jet nebuli-
zers were purchased from a local distributor.

Methods

Generation of the Aerosols for Aerosol Characterization
and Delivered Dose Determinations

The experiments for the determination of the
delivered dose and characterization of the aerosols
generated by the different nebulizers were performed
in two different laboratories: Nemours Children’s
Clinic in Orlando (NCC) and PARI Pharma GmbH
(PARI) in Germany. Both laboratories used similar
techniques for aerosol characterization. The devices
studied at NCC were the investigational eFlow1, LC
PLUS1 (PARI GmbH, Germany), and Hudson T-
Updraft1 (DeVilbiss., Somerset, PA), and those
studied at PARI were the investigational eFlow1,
eFlow rapid1, LC PLUS1, and LC STAR1 (PARI
GmbH, Germany). The compressor used was the
PARI ProNeb Ultra1 compressor (similar in perfor-
mance to the DeVilbiss Pulmo-Aide1). For each
nebulizer configuration, three devices were studied
in duplicate (six studies per device).

Aerosol Characterization by Laser Diffraction and
In Vitro Dose Determination by Breath Simulation
The initial characterization of dornase alfa aerosols
was done using a seven-stage cascade impactor to
determine the mass median aerodynamic diameter
and droplet distribution.4,5 It has been demonstrated
that laser diffraction is a viable alternative method to
determine droplet size distribution where instead of
mass median aerodynamic diameter a volume median
aerodynamic diameter (VMD) is measured.9,10

Assessment of the droplet size distribution was
conducted by laser diffraction using a Malvern Insitec
DOI 10.1002/jps



Figure 2. Breath simulator test set-up.
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Particle Size analyzer at NCC or a Malvern Mas-
terSizerX at PARI (Malvern Instruments, Worcester,
UK). Breath-simulation studies were performed by
connecting the nebulizers to a COMPASS (PARI,
GmbH, Germany) breath simulator (Fig. 2). All
configurations were tested with 2.5 mL dornase
alfa using standard European Committee for
Standardization (CEN) breathing pattern settings
(500 mL tidal volume, 15 breaths/min, inhalation/
exhalation ratio¼ 1). The endpoint of nebulization
was determined by electronic shut off for the eFlow1

and by the assessment of the sputtering point plus
30 s (NCC) or sputtering point plus 1 min (PARI) for
the jet nebulizers. Glass-fiber filters (GF 50, Schlei-
cher & Schuell, Dassel, Germany) at PARI and Vital
Signs glass fiber filters (Vital signs, Totowa, NJ at
NCC) were used to capture the inhaled dose (both
labs) and exhaled dose (PARI only). Collection filters
were either changed after every 2 min of nebulization
(PARI) or after nebulization was complete (NCC). The
recovery of dornase alfa from the filters was verified
by PARI and NCC (data not shown). When dornase
alfa was pipetted directly onto the filter material the
enzyme could be completely recovered. However,
when dornase alfa was nebulized onto the filter,
recovery was found to be slightly less in the range of
80–94%, possibly due to better contact of the aerosol
with the filter material. This recovery improves with
higher amounts of dornase alfa loaded onto the filters.
This means that, for the breath simulation experi-
ments, times to exchange inhalation filters need to be
chosen in such a way, that filter loading is as high as
possible. Taking these considerations into account,
the method for collecting the aerosol and recovering it
from the filter material is suitable for the purpose of
this study. Filters and nebulizers were rinsed after
nebulization was completed to elute the dornase alfa
and calculate delivered dose, respirable dose, and
residual dose. The differences between the loaded
dose and sum of the delivered dose, residual dose, and
aerosol lost (when determined) are also listed in the
table as unaccounted mass, and ranged from 0.1 to
DOI 10.1002/jps JO
0.8 mg. The measurements at NCC did not include
assessment of ‘‘aerosol lost’’ and likely would lower
the difference of 0.8 mg observed for the eFlow
(column 3 in Tab. 2). Measurements at PARI were
done with the methyl green activity assay, which
typically has a CV of �20%, and is within the
observed variability.

At NCC, samples were analyzed by spectrophoto-
metry to measure the absolute amount of dornase
alfa. At PARI, all samples were stored at 2–88C until
shipment to Medizinische Hochschule Hannover for
analysis using the activity assay as described below.
Suitable control samples were prepared and diluted,
handled and stored in the same way as the test
samples to correct for any activity loss incurred
during storage and shipment.

Dornase Alfa Product Quality: Generation of Aerosols
and Analytical Assays for Assessing Dornase
Alfa Stability

Samples to assess dornase alfa stability after
nebulization from the investigational eFlow1 were
generated at Genentech by performing nebulizations
for each of four devices with dornase alfa equilibrated
at either room temperature or 2–88C, but operating
the devices at room temperature. The studies at
2–88C were done to simulate a patient loading a
refrigerated ampoule into the nebulizer without first
letting it come up to room temperature. The device
was assembled (see Fig. 1b for identification of the
device components) and instead of the mouthpiece, a
polyethylene cap was placed over the opening of the
aerosol chamber. Ampoule contents were loaded into
the medication reservoir of the device, the device was
actuated, and the duration to complete nebulization
was recorded. The aerosol that was trapped in the
closed aerosol chamber resulted in a saturated
atmosphere inside that quickly formed a condensate,
which was collected by transferring the resulting
solution to a polypropylene test tube. Control (non-
nebulized dornase alfa) samples were generated by
transferring dornase alfa ampoule contents at 2–88C
into similar polypropylene storage test tubes.
Samples from each nebulization and device were
individually collected and stored at 2–88C. Specific
nebulized samples loaded in the nebulizer at room
temperature and 2–88C were tested against their non-
nebulized samples as the controls. The dornase alfa
product quality was determined by using the follow-
ing assays at Genentech (note that one version of the
activity assay was used independently at PARI):

Dornase Alfa Activity Assay

The enzymatic activity of dornase alfa was deter-
mined using an assay that measures release of a
colorimetric substrate, methyl green, from DNA after
URNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 1, JANUARY 2011
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digestion by dornase alfa. A version of this assay used
by PARI was based on the original work by Sinicropi
et al.11 The assay was conducted at the Medizinische
Hochschule Hannover using a kinetic measurement
of the methyl green-DNA reaction using an auto-
mated analyzer system (Cobas Mira).12 Results of
samples are reported as enzyme activity found in
percentage of theoretical enzyme activity expected.
To take into account any activity loss incurred during
storage, shipment and handling of samples, suitable
control samples were prepared and treated identi-
cally to test samples.

An alternative version of this assay implemented at
Genentech uses a Molecular Devices SpectraMax
M5e Plate Reader and SoftMax Pro 5.2 (Sunnyvale,
CA). In this assay, standards were prepared and
samples were diluted in Assay Diluent (25 mM
HEPES, 4 mM CaCl2, 4 mM MgCl2, 0.1% BSA,
0.01% Thimerosal, 0.05% Polysorbate 20, pH 7.5–
7.6). Equal volumes of standards, controls, and
samples were each mixed with a solution of the
DNA-methyl green complex. H2O2 (4 mM) in Assay
Diluent was also added. After a 4-h incubation at
258C, the rate of blue-green color disappearance of the
DNA-MG complex was measured in the plate reader
at the visible absorbance at 620 nm and the reference
at 490 nm which were used to calculate for the
activity.

The average activity from three sample dilutions
(200:1, 400:1, and 600:1) was obtained as mg/mL and
converted to units of activity using reference material
specific activity value. Dornase alfa activity was
defined as U/mL relative to reference standard with a
specific activity of 1.00� 103 U/mg.

Tentacle Ion Exchange Chromatography (T-IEC)

The effect of vibrating membrane nebulization
with the investigational eFlow on dornase alfa
chemical changes was measured with tentacle ion
exchange chromatography (T-IEC). The tentacle
IEC method is specific for deamidation of dornase
alfa at Asn74, the major chemical change on
stability. Percent deamidated dornase alfa mea-
sured by T-IEC has also been shown to correlate
inversely with dornase alfa potency.13 This mea-
surement is more precise than the activity assay,
and thus a more reliable assessment of potency. The
percent deamidated and percent nondeamidated
dornase alfa was determined using a modification of
the assay of Cacia et al.14 The chromatography was
performed using an Agilent and HP 1100 HPLC
system (Santa Clara, CA) and a Dionex ProPac1

SCX-10 (4 mm� 250 mm) analytical column (Sun-
nyvale, CA). The protein was eluted at ambient
temperature using a flow rate of 0.8 mL/min on a
gradient of two solvents, Solvents A and B, for
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 1, JANUARY 2011
37 min. Solvent A contained 1 mM CaCl2, 0.1%
acetate, at pH 4.7� 0.1. Solvent B contained Solvent
A with 1.0 M NaCl, pH 4.7� 0.1. The UV absorbance
at 280 nm was used to detect and quantify eluted
protein. All samples were analyzed neat as 150 mL
aliquots loaded into autosampler vials. Fifty micro-
liter injections were made.

Aggregation/Fragmentation by Size Exclusion
Chromatography (SEC)

Dornase alfa physical instability may result in the
formation of higher molecular weight species, which
can be readily detected by SEC. The physical
degradation of dornase alfa resulting from nebuliza-
tion with vibrating membrane technology was a
concern in our evaluation, and thus was monitored
closely and with caution to integrate data in a uniform
manner. The percent monomer for dornase alfa was
determined as described previously4 by using an
Agilent 1100 HPLC system and TOSOH Bioscience
LLC TSKgel G2000SWXL (7.8 mm ID� 30 cm 5 mm)
column (King of Prussia, PA). The protein was eluted
at ambient temperature using an isocratic flow rate of
0.5 mL/min of mobile phase for 30 min. The mobile
phase contained 5 mM HEPES, 250 mM NaCl, 1 mM
CaCl2�2H2O, 0.3% PEG 6000. The UV absorbance at
214 nm was used to detect and quantify the eluted
protein. All samples were diluted twofold in sample
diluent (Mobile Phaseþ 0.12 g HEPES, pH 7.0� 0.1)
and analyzed as 150 mL aliquots loaded into inserts.
Fifty-microliter injections were made. SEC % Mono-
mer results represent the average value obtained
from samples generated with four devices at each
actuation interval.

Protein Concentration by UV Spectrophotometric Scan

Dornase alfa was diluted twofold into sample
formulation buffer containing 150 mM NaCl, 1 mM
CaCl2�2H2O so that the maximum UV absorbance
was between 0.5 and 1.0 OD. The diluted sample was
loaded into a 1 cm cuvette, and the absorbance read in
a diode array spectrophotometer (Model 8453, Hew-
lett Packard, Mountain View, CA). The concentration
of dornase alfa was then determined using an
absorptivity of 1.6 (mg/mL)�1 cm�1 after correcting
for dilution and for light scattering by subtracting the
absorbance at 320 nm from the maximum absorbance.
The absorptivity was determined for dornase alfa
using a modification of the method of Bewley.15

Color, Opalescence, and Clarity (COC)

The color, opalescence, and clarity of 100 mL dornase
alfa were determined at ambient temperature by
visual inspection under a fluorescent light in a light
box with a black and white background. Comparisons
DOI 10.1002/jps
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of two bracketing European reference standards I and
II16 (prepared using a mixture of hydrazine sulfate
and hexamethylene tetramine) and a water blank
were made with undiluted samples.

Osmolality

The osmolality for dornase alfa was measured at
ambient temperature using a freezing-point depres-
sion measurement with an Advanced Instruments,
Inc. (Norwood, MA) Osmometer Model 3320. The
osmolality standards, 50, 100, 500, and 850 mOsm/kg
(Advanced Instruments, Inc.), were used to calibrate
the osmometer. Samples were analyzed without
dilution.

Turbidity by UV

The turbidity for dornase alfa was measured at
ambient temperature by using an Agilent and a
Hewlett Packard 8453 Spectrophotometer. The tur-
bidity was calculated as the average of the absorbance
over the wavelength range 340–360 nm. The mea-
surements were performed in a quartz cuvette with a
1 cm pathlength without dilution of the sample.

pH Determination

The pH for dornase alfa was measured at ambient
temperature using a Mettler Toledo Seven-Multi pH
meter and a Beckman FuturaTM Micro Combination
Glass pH electrode (Beckman Coulter, Brea, CA,
Catalog# 511063). The pH 7 and 4 standard solutions
(EMD) were used to calibrate the pH meter. The
samples were analyzed without dilution.

Nebulization Time

The average nebulization time for four investiga-
tional eFlows1 was recorded for 60 actuations of
each device to examine the effect of repeated use.
Duration was measured for nebulizations 1–3, 15,
30, and 45 (samples loaded at room temperature)
and nebulizations 46–48 and 60 (samples loaded at
2–88C). Analysis of the eFlow nebulization data as a
function of nebulization time, nebulization number,
and sample nebulization temperature was conducted
using Statistical Analysis Software’s JMP software
package. A linear least squares analysis was
conducted to investigate the correlation of nebuliza-
Table 1. Aerosol Characteristics for Dornase Alfa Delivery (n

eFlow Rapid
(PARI)

eFlow
(PARI)

eFlow
(NCC)

VMD (mm) 3.9�0.2 4.3� 0.1 4.0� 0.06
GSD 1.57�0.02 1.57� 0.02 1.62� 0.03
RF (<5 mm) % 72�3 64� 1 66� 1

DOI 10.1002/jps JO
tion number, nebulization time, and nebulization
temperature.

Effect of Cleaning and Disinfection Methods

As part of reducing the increased risk of pulmonary
infections when using nebulized therapies, CF
patients are instructed to regularly clean and
disinfect their nebulizers. The eFlow1 vibrating
membrane nebulizer is constructed with reusable
components, thus an evaluation was made to
determine the effect of recommended cleaning
procedures for the handset. After an actuation, the
device was disassembled and handset components
were cleaned with diluted Sunlight Detergent, rinsed
with Milli-Q water, dried with filtered N2 gas, and
reassembled, following the suggested recommenda-
tions provided by PARI. With every seventh usage,
the nebulizer parts were also disinfected by submer-
sion in boiling water for 5 min as per the Cystic
Fibrosis Foundation (CFF) recommendation.17 Alter-
nate disinfection methods of soaking in diluted
Control III Disinfectant Germicide or Cidex Activated
Dialdehyde Solution were also studied. Dornase alfa
product quality after cleaning and disinfection of the
eFlow was assessed by analyzing the nebulized
materials post cleaning and/or disinfection from three
devices by using the previously described analytical
assays. All nebulized materials were tested against
the control, non-nebulized samples.
RESULTS

Aerosol Characterization by Laser Diffraction

The droplet size distributions determined by laser
diffraction for the eFlow1 and jet nebulizers are
shown in Table 1. Results obtained with dornase alfa
show that the VMD of the PARI LC PLUS1 (4.1–
4.4 mm) is closely matched by the investigational
eFlow (4.0–4.3 mm) and the eFlow rapid1 (3.9 mm).
The robustness of these studies is shown by the fact
that in different laboratories using different laser
diffraction equipment, very similar results for the
PARI LC PLUS1 and investigational eFlow1 were
obtained (Tab. 1, NCC, and PARI data). The VMD for
the Hudson T-updraft1 is significantly larger and
more variable than all the other nebulizers tested
(7.27 mm vs. 3.5–4.4 mm). This value is somewhat
¼ 6)

LC Plus
(PARI)

LC Plus
(NCC)

LC Star
(PARI)

Hudson T
Updraft (NCC)

4.1�0.1 4.4�0.13 3.5�0.1 7.3� 0.37
2.08�0.03 2.24�0.07 1.9�0.02 2.07� 0.04

61�2 55�1 73�1 37� 1

URNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 1, JANUARY 2011



Table 2. In Vitro Dose Determination by Breath Simulation (n¼ 6)

eFlow Rapid
(PARI)

eFlow
(PARI)

eFlow
(NCC)

LC Plus
(PARI)

LC Plus
(NCC)

LC Star
(PARI)

Hudson T
Updraft (NCC)

Delivered dose (mg) 0.67� 0.16 1.39� 0.14 1.43� 0.14 0.69�0.06 0.85�0.03 0.80�0.06 0.64�0.05
Respirable dose (mg) 0.48� 0.13 0.89� 0.09 0.95� 0.09 0.42�0.34 0.47�0.01 0.58�0.04 0.24�0.02
Residual dose (mg) 1.63� 0.25 0.73� 0.05 0.28� 0.10 1.10�0.1 1.45�0.14 1.10�0.15 1.57�0.14
Aerosol loss (mg) 0.1�0.75 0.30�0.063 ND 0.26� 0.021 ND 0.068� 0.07 ND
Unaccounted mass (mg)a 0.1 0.1 0.8 0.5 0.2 0.5 0.3
Nebulization time (min) 2.3� 0.2 3.7� 0.2 4.1� 0.3 5.8�0.1 5.6� 0.37 8.4�0.4 5.4�0.7
Specific activity 0.96�0.2 0.97�0.1 ND 0.82�0.2 ND 0.79� 0.1 ND

ND, not done.
aDetermined as follows: 2.5 - (delivered doseþ residual doseþ aerosol loss).
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greater than that obtained previously with a Pulmo-
Aide1 compressor (4.9� 0.5 mm)5 or with a CR-50
compressor (6.87 mm).18 These differences may be due
to the use of different compressors with different
operating characteristics, or from changes in the
Hudson T-Updraft1 manufacturing process since the
studies were performed over a decade ago.

The droplet size distributions of the investigational
eFlow1 and eFlow rapid1 are narrower than the
droplet size distributions of the three jet nebulizers.
This is reflected in the Geometric Standard Deviation
(GSD), a parameter that indicates the spread of the
size distribution curves (lower GSD means more
uniform particle sizes). The PARI LC PLUS1, PARI
LC STAR1, and Hudson T-Updraft1 generate aero-
sols with GSD values of �2. The eFlow electronic
nebulizers have a GSD of 1.57 with fewer droplets
above 5 mm.

In Vitro Dose Determination by Breath Simulation
Breath simulation results for each device are
summarized in Table 2. The data shows mg of active
dornase alfa as determined by the methyl green-DNA
assay (PARI) or concentration of dornase alfa as
determined by spectrophotometry (NCC). There is a
difference in the residual dose as determined by NCC
and PARI with the eFlow. It is likely that this
difference occurred because NCC used the mouth-
piece that comes with the device, whereas PARI used
a Y-piece with an exhalation filter to capture exhaled
dose in order to perform mass balance. The larger Y-
piece will capture more drug than the standard
mouthpiece, thus yielding a larger residual in the
device. Figure 1b shows the usual mouthpiece, and
Figure 2 shows the one used at PARI with the
exhalation filter attached. In addition, Table 2 shows
the time for completion of nebulization as defined in
the Materials and Methods Section. The investiga-
tional eFlow had significantly better nebulization
efficiency over all jet nebulizers tested, with higher
respirable dose and shorter nebulization times. The
respirable dose of the investigational eFlow was about
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twofold greater than the LC PLUS1 and fourfold
greater than the Hudson T-Updraft1 nebulizers. The
LC STAR1 had the slowest delivery time but
produced smaller droplets, so it had the highest
respirable dose of the jet nebulizers (though the LC
STAR1 is not listed on the package insert for dornase
alfa). The eFlow rapid1 matched the respirable dose
of the LC PLUS1 but delivered the dose in less than
half the time.

Dornase Alfa Product Quality

The activity of dornase alfa after nebulization with
the PARI investigational eFlow1 and eFlow rapid1,
PARI LC1 PLUS and Star was determined at PARI
using a variation of the methyl green activity assay.
The nominal dose of 2.5 mg was used to compute the
fractional or specific activity listed in Table 2. This
was done by summing the total amount of dornase
alfa detected by the methyl-green assay (delivered
doseþ residual doseþ aerosol lost) and dividing by
the nominal loading dose of 2.5 mg. As shown in Table
2 dornase alfa retains full activity compared to the
non-nebulized control within the error in the mea-
surements.

The dornase alfa product quality was assessed at
Genentech, and Tables 3 and 4 show the average (for
four devices) for analytical test data per nebulization
number at both room temperature and 2–88C loading
temperatures, respectively. Controls, as non-nebu-
lized materials, were analyzed with each set of new
samples (controls 1 and 2 for 228C sample loads,
control 3 for 2–88C sample loads) and their average
values represent results from four samples. Standard
Deviation values (General SD) represent the stan-
dard deviation of results for both nebulized samples
and non-nebulized controls for each analysis set. For
the 45 nebulizations of dornase alfa loaded at room
temperature, all samples analyzed at the indicated
nebulization number were liquid, clear, and colorless.
The samples’ pH, protein concentration, turbidity,
and osmolality-averaged data were comparable with
the averaged results for control-1 or control-2 samples
DOI 10.1002/jps



Table 3. Product Quality Data for Ampoules Loaded at 228C Compared with Non-nebulized Control Ampoule (n¼ 4)�

Nebulization
Time (min)

IEC %
Deamidated

SEC %
Monomer pH

Protein
Conc.

(mg/mL)

COC

Turbidity
Neat

Osmolality
(mOsm/kg)

MG Assay
Specific
Activity

(�103 U/mL)Appearance Clarity Color

Nebulization no.
1 2:26 66.05 99.94 6.24 0.97 Liquid Clear None 0.009 283 1.01
2 2:39 65.94 99.92 6.26 0.97 Liquid Clear None 0.007 283 1.00
3 2:44 65.99 99.93 6.26 1.03 Liquid Clear None 0.005 285 0.96
Control 1 0 65.71 99.93 6.12 0.97 Liquid Clear None 0.002 282 1.00
General SD 0:18 0.16 0.02 0.09 0.04 — — — 0.00 1.49 0.05
15 2:54 65.88 99.91 6.35 0.98 Liquid Clear None 0.009 285 1.02
30 3:00 65.81 99.92 6.29 0.98 Liquid Clear None 0.010 283 0.94
45 2:52 65.92 99.91 6.38 0.97 Liquid Clear None 0.008 283 1.00
Control 2 0 65.82 99.93 6.34 0.99 Liquid Clear None 0.012 284 1.01
General SD 0:33 0.07 0.01 0.06 0.01 — — — 0.01 1.41 0.09

�All nebulizations done at 228C.
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(Tab. 3). For the additional fifteen nebulizations
conducted with the contents of the ampoules at 2–88C
(resulting in a total of 60 nebulizations), all nebulized
samples were liquid, clear, and colorless, and the
samples’ pH, protein concentration, turbidity, and
osmolality averaged data showed no change when
compared to the averaged results for control 3 (Tab. 4).

Comparing measured average pHs for actuations
1–3 were outside assay variability only relative to the
control 1 sample average. However, the SD among
these samples remained low, and the values were
within dornase alfa specifications, 6.3� 0.7. The
average pH values of all other nebulized samples
compared to their respective controls (2 or 3)
remained within the historic pH assay variability.
Considering these results collectively, and that
dornase alfa consists of an unbuffered saline solution,
the aerosol generation and recondensation had no
significant effect on dornase alfa pH. Although no
historical trending or assay variability data were
available for the COC, concentration, turbidity, and
osmolality, no changes were observed in data from
these methods for nebulized samples compared to the
non-nebulized controls.
Table 4. Product Quality Data for Ampoules Loaded at 2–88C

Nebulization
Time (min)

IEC %
Deamidated

SEC %
Monomer pH

Protein
Conc.

(mg/mL) Ap

Nebulization no.
46 3:02 65.64 99.91 6.53 0.96
47 3:16 65.67 99.91 6.45 0.95
48 3:18 65.73 99.91 6.45 0.96
60 3:16 65.61 99.91 6.46 0.96
Control 3 0 65.58 99.95 6.48 0.96
General SD 0:35 0.09 0.03 0.07 0.01

�All nebulizations done at 228C.
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The measurement of dornase alfa potency and
deamidation measured by T-IEC shows that nebuli-
zation at room temperature with the investigational
eFlow1 device of solutions starting at either room
temperature or 2–88C resulted in no changes in %
deamidated product when compared to control
samples (Tabs. 3 and 4).

The aggregation and/or fragmentation of dornase
alfa resulting from nebulization by the investiga-
tional eFlow1 device was monitored by SEC and
reported as percent monomer species. The SEC
results obtained for samples loaded at either room
temperature or 2–88C, nebulized with the investiga-
tional eFlow (at room temperature) show that there is
no change in the percent monomer relative to non-
nebulized dornase alfa solutions (Tabs. 3 and 4).
Thus, no physical degradation of dornase alfa as
assessed by SEC was observed.

Dornase alfa activity of all nebulized and non-
nebulized samples showed no change in activity when
nebulized using the investigational eFlow either as a
function of temperature of loading into the nebulizer
(RT or 2–88C) or the number of device uses, indicated
by the nebulization number.
Compared with Non-nebulized Control Ampoule (n¼ 4)�

COC
Turbidity

Neat
Osmolality
(mOsm/kg)

MG Assay
Specific Activity

(�103 U/mL)pearance Clarity Color

Liquid Clear None 0.01 282 0.96
Liquid Clear None 0.00 282 0.98
Liquid Clear None 0.00 282 0.98
Liquid Clear None 0.00 282 0.96
Liquid Clear None 0.002 281 1.00

— — — 0.00 0.92 0.08
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Nebulization Time of Dornase Alfa with Repeated
Use of the PARI Investigational eFlow

The average nebulization times for 60 actuations of
the investigational eFlow1 are shown in Tables 3
and 4. The average nebulization times for the first
45 uses ranged from 2:26 to 3:00 min (Tab. 3). The
average nebulization times for subsequent uses for
samples at 2–88C ranged from 3:02 to 3:18 min
(Tab. 4). Analysis of the average nebulization time
data using statistical data analysis software (JMP)
evaluated the relationship between nebulization time
and factors such as nebulization number, tempera-
ture of dornase alfa at loading, and their cross
product. Results indicated a correlation of nebuliza-
tion time with nebulization number (p< 0.028), but
no effect of loading temperature or interaction of
loading temperature and nebulization number on the
duration of nebulization. A replacement period
proposed by Pari for the eFlow membrane was every
3 months, irrespective of number of nebulizations/
uses. In Figure 3 average nebulization time in
seconds (for nebulizations 1–60) are plotted as a
function of nebulization number. A linear regression
analysis of data is extended to show expected
nebulization times over the recommended lifetime
of an eFlow1 membrane with 95% confidence limits
and 95% prediction limits. The analysis extends out to
180 nebulizations, or up to 2� daily dornase alfa use
for 3 months. Linear regression analysis of data and
the calculated lower 95% prediction limit (upper line)
provide an estimate of the average duration of the
Figure 3. Plot of average nebulization time versus actua-
tion # with linear fit of data for actuations 1–60 for four
investigational eFlow devices. A Linear fit to data extended
to show expected nebulization times over PARI’s recom-
mended use lifetime of the investigated eFlow membrane.
One hundred eighty actuations correspond to 2� daily
Pulmozyme use by the patient for 3 months.
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180th nebulization with dornase alfa calculated of
between 4 and 4.5 min. Thus, if the device per-
formance continues to decline in a linear fashion then
in 3 months the delivery time will be less than 5 min,
close to the shortest time for delivery by most
jet nebulizers.5 These results are based on a linear
regression analysis of limited data, and should
therefore not be used to predict long-term device
performance with dornase alfa, as actual device
performance trends may be nonlinear.

Dornase Alfa Mass Recovery and Distribution in
the eFlow Device

In an effort to verify that the dornase alfa recovered
during protein stability characterization (above) was
representative of the material emitted as an aerosol,
the distribution of dornase alfa after device actuation
was also determined. The mass aerosolized and the
residual mass remaining in the device components
after nebulization of one dornase alfa dose in each
of four devices was determined from recovered
protein concentrations and volumes measured for
each fraction (Tab. 5). The average recovered mass of
condensed (intentionally trapped) dornase alfa solu-
tion from the aerosol chamber was 78% based on an
initial concentration of 0.97 mg/mL. The average total
recovered protein mass for the four devices, deter-
mined by A280 for each was 95%. The aerosol chamber
had an average of 16% residual product postnebuliza-
tion and condensate collection. The medication
reservoir had an average of less than 1% residual
product, which was not nebulized. Unrecovered
dornase alfa (�5%) material may have been lost
through protein adsorption to product contact (plas-
tic) components and test tubes. Thus, the samples
taken during this study provided representative
results for product quality attributes of the entire
aerosol emitted by the investigational eFlow device.

Cleaning and Different Disinfection Methods Evaluation

Table 6 shows that the results for all assays for the
nebulized samples after cleaning and disinfection
compared with the averaged data for their non-
nebulized controls. Although the average specific
activity of 0.94 U/mL for the samples nebulized after
the boiling water treatment was slightly lower
compared to the average seen for the rest of the
samples, this was not considered a significant change
since the results are well within the variability for the
methyl green activity assay. Device component
sterilization with boiling water also did not affect
the dornase alfa product quality after repeated
nebulizations throughout when this method was
used to sterilize devices. In addition, the average
protein concentration remaining in the medication
reservoirs and aerosol chambers for all devices was
DOI 10.1002/jps



Table 5. Mass Balance Distribution in eFlow Device Parts as Labeled in Figure 1b

Device

Total Cumulative
Recovered Mass

Condensate
Recovered (%)

Residual Medication
Reservoir (%)

Residual Aerosol
Chamber (%)mg %

1 2.32 94.40 75.92 0.40 18.08
2 2.27 93.71 77.46 0.35 15.89
3 2.37 96.42 80.52 0.74 15.16
4 2.33 94.87 77.69 1.57 15.61
Average 2.32 94.85 77.90 0.77 16.18
SD 0.04 1.15 1.92 0.56 1.30
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undetectable and demonstrated that cleaning after
each use was as effective as the disinfection methods
after every seventh usage in removing protein from
device parts (data not shown).
DISCUSSION

We have shown that the eFlow1 perforated vibrating
membrane devices can nebulize dornase alfa with an
equal or greater predicted respirable dose and at a
much faster rate than approved jet nebulizers. This
occurred with no observable effect on the structure or
function of the protein drug, measured by several
methods. In terms of speed, the eFlow rapid nebulized
a unit dose the fastest (about 2 min) and had a similar
respirable dose as the LC PLUS1 jet nebulizer.
However, in terms of delivery efficiency, the inves-
tigational eFlow produced the highest respirable dose
due to its very low residual dose. The actual output of
respirable dose per minute is the same between
eFlow1 devices, but the total respirable dose from the
investigational eFlow is double that of the eFlow
rapid1 and LC PLUS1, and quadruple that of the
Hudson T-Updraft1 nebulizer. The results from two
independent labs (PARI and NCC) are very similar to
each other despite subtle procedural differences,
demonstrating the robustness of the data.

While this in vitro study cannot be used to support
the use of vibrating membrane nebulizers for dornase
alfa clinically, it does show that it is technically
Table 6. Dornase Alfa Quality Postnebulization After Cleanin

Sample Name
IEC %

Deamidated
SEC %

Monomer pH COC

Postsunlight detergent nebulized
material

66.06 99.92 6.39 Liquid

Postcidex nebulized material 66.01 99.91 6.34 Liquid
Postboil water nebulized material 66.04 99.93 6.31 Liquid
Post-control III nebulized material 65.82 99.92 6.37 Liquid
Control 65.84 99.92 6.42 Liquid
General SD 0.11 0.01 0.04 —
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possible and raises a few interesting clinically
relevant issues. There are many novel compounds
in development for CF that utilize faster delivery
methods.10 The initial nebulizers tested for dornase
alfa had a wide range of particle sizes and delivery
efficiencies, including those on the package label.3

Thus, variability in approved devices is already a
given fact. Also, early clinical studies used doses as
high as 20 mg twice daily,19 and a dose-ranging study
found similar responses in lung function between
groups receiving 0.6, 2.5, or 10 mg twice daily for
2 weeks via Marquest nebulizer (similar to the
Hudson T-Updraft).20 We also know that in vitro
tests cannot predict with accuracy the lung dose in
any given patient, as the variables governing lung
deposition are many (age, disease severity, breathing
pattern). In a bronchoscopic study of young children
taking a dose of dornase alfa, there was over a
200-fold difference in levels of drug found in the
bronchoalveolar lavage fluid,21 indicating that
patient variables likely eclipse differences between
nebulizer output efficiencies.

The product quality of dornase alfa after nebuliza-
tion with the investigational eFlow and use of
recommended cleaning and disinfection procedures
was investigated using several assays. The results
show that the quality of the dornase alfa is unaffected
by vibrating membrane nebulization coupled with
cleaning and disinfection procedures. Our investiga-
tion of the investigational eFLow performance with
repeated use showed that there was a gradual
g and Disinfection Procedures

Protein Conc. (mg/mL)

Turbidity
(Neat)

Osmolality
(mOsm/kg)

MG Assay
Specific
Activity

(�103 U/mL)Appearance Clarity Color

Clear None 0.97 0.002 283 1.08

Clear None 0.98 �0.002 285 1.04
Clear None 0.98 0.000 285 0.94
Clear None 0.96 0.000 285 1.05
Clear None 0.99 �0.002 283 1.14

— — 0.01 0.00 1.10 0.07
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increase in the eFlow nebulization time as the
number of use and cleaning cycles increased.
One of the potential drawbacks of vibrating mem-
brane technology is that the tiny pores of the
membrane can become clogged over time, which
would affect the performance of the device (i.e. longer
nebulization times). After cleaning procedures, the
Genentech lab could not find any drug residue in
the investigational eFlow, so the clogging may not be
due to drug residues. The PARI lab has extensive
experience examining eFlow membranes after clin-
ical use. Scanning electron microscopy has shown
clogging of the membrane pores, but confocal Raman
microscopy demonstrated that the material clogging
the pores was not drug residue, but rather a variety of
inorganic and organic debris that may come from the
environment (ex: hard water, particles in the air)
(data at PARI). One study22 showed that after
6 months of use with inhaled tobramycin twice daily,
many eFlow membranes were fouled or did not
nebulize as fast as when they were new. However,
despite being instructed to the contrary, most of the
patients in the study were nebulizing several drugs
with the same device. The exact cleaning and
sterilization procedures were not delineated in that
paper, but clearly the function of any device including
jet nebulizers23 depend on how well they are cared for.
To exemplify this point, Bakuridze et al.,24 put eFlow
rapid nebulizers through 60 cycles of nebulization
(with tobramycin or colistin) followed by cleaning
with soapy water and rinse� 2, followed by disinfec-
tion with a steam sterilizer. They found almost no
change in nebulization time using this cleaning
regimen. There are many different cleaning regimens
available for cleaning nebulizers, so it is important to
find the one that best preserves a perforated mesh
nebulizer, and to replace membranes periodically to
assure proper device function.

It should be noted that the process used to make a
biological therapeutic may have a major impact on the
quality of the protein therapeutic that impacts safety
and efficacy of the drug.25–27 Thus, the studies
described here only pertain to dornase alfa produced
and formulated as Pulmozyme1. Although the
Pulmozyme1 label specifically cautions against mix-
ing Pulmozyme1 with other drugs, papers have been
published describing studies that lead to recommen-
dations for mixing of Pulmozyme1 with other
drugs.28–30 These studies used visual observation of
the mixtures as well as an activity assay for
Pulmozyme1 to conclude whether it is acceptable
to prepare mixtures for nebulization. Furthermore,
such studies without characterization of aerosol
properties and detailed quantitative analysis of
protein quality, as described in this publication, are
incomplete and may alter the safety of the products
and prove harmful to patients.
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CONCLUSIONS

Overall, these comprehensive in vitro results suggest
that a larger amount of dornase alfa could be
delivered in less time without a significant impact
on product quality when using an eFlow vibrating
membrane nebulizer compared to currently approved
jet nebulizer systems. These in vitro results demon-
strate only the technical feasibility of using vibrating
membrane devices to deliver dornase alfa. Clinical
studies will be required before any conclusions can be
made regarding clinical safety and efficacy of these
drug-device combinations for cystic fibrosis.
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