
Pediatric Pulmonology 49:348–356 (2014)

Nebulizing Poractant Alfa Versus Conventional
Instillation: Ultrastructural Appearance and

Preservation of Surface Activity

Stefan Minocchieri, MD,1,2,3* Stephan Knoch,3 W. Michael Schoel, PhD,4

Matthias Ochs, MD,5,6,7,8 and Mathias Nelle, MD
3

Summary. Background: Nebulized surfactant therapy has been proposed as an alternative

method of surfactant administration. The use of a perforated vibrating membrane nebulizer

provides a variety of advantages over conventional nebulizers. We investigated the molecular

structure and integrity of poractant alfa pre- and post-nebulization. Method: Curosurf1 was

nebulized using an Investigational eFlow1 Nebulizer System. Non-nebulized surfactant (“NN”),

recollected surfactant droplets from nebulization through an endotracheal tube (“NT”) and

nebulization of surfactant directly onto a surface (“ND”) were investigated by transmission electron

microscopy. Biophysical characteristics were assessed by the Langmuir–Wilhelmy balance and

the Captive Bubble Surfactometer. Results: Volume densities of lamellar body-like forms (LBL)

andmulti-lamellar forms (ML) were high for “NN” and “NT” samples (38.8% vs. 47.7% for LBL and

58.2% vs. 47.8% for ML). In the “ND” sample, we found virtually no LBL’s, ML’s (72.6%) as well as

uni-lamellar forms (16.4%) and a new structure, the “garland-like” forms (9.4%). Surface tension

for “NN” and “NT” was 23.33 � 0.29 and 25.77 � 1.12 mN/m, respectively. Dynamic compres-

sion–expansion cycling minimum surface tensions were between 0.91 and 1.77 mN/m.

Conclusion: The similarity of surfactant characteristics of nebulized surfactant via a tube and

the non-nebulized surfactant suggests that vibrating membrane nebulizers are suitable for

surfactant nebulization. Alterations in surfactantmorphologyand characteristics after nebulization

were transient. A new structural subtype of surfactant was identified. Pediatr Pulmonol. 2014;

49:348–356. � 2013 Wiley Periodicals, Inc.

Key words: pulmonary surfactant; surface tension; aerosol drug therapy; nebulizer;

neonatal respiratory distress syndrome.

Funding source: Swiss National Science Foundation,

Number: PBZHP3-123293

1The University of Western Australia, Centre for Neonatal Research and

Education, Perth, Australia.

2Department of Neonatology and Intensive Care, University Children’s

Hospital, Zurich, Switzerland.

3Department of Pediatrics, University Hospital Bern, Bern, Switzerland.

4Department of Cell Biology and Anatomy, University of Calgary, Calgary,

Canada.

5Institute of Anatomy, ExperimentalMorphology, University of Bern, Bern,

BE, 3012, Switzerland.

6Institute of Functional and Applied Anatomy, Hannover Medical School,

Hannover, 30625, Germany.

7Biomedical Research in Endstage and Obstructive Lung Disease

(BREATH), Member of the German Center for Lung Research (DZL),

Hannover, Germany.

8REBIRTH Cluster of Excellence, Hannover, Germany.

Stefan Minocchieri and Stephan Knoch are contributed equally to this

manuscript.

Conflict of interest: None.

�Correspondence to: Stefan Minocchieri, MD, Department of Neonatology

and Intensive Care, University Children’s Hospital, Steinwiesstrasse 75,

CH-8032 Zurich, Switzerland. E-mail: stefan.minocchieri@gmail.com

Received 20 November 2012; Revised 23 April 2013; Accepted 20 May

2013.

DOI 10.1002/ppul.22838

Published online 30 August 2013 in Wiley Online Library

(wileyonlinelibrary.com).

� 2013 Wiley Periodicals, Inc.



INTRODUCTION

Infant respiratory distress syndrome (IRDS) causes
significant morbidity in preterm newborns. IRDS typical-
ly affects infants below 35 weeks gestation and its
incidence is related inversely to gestational age and birth
weight.1 Surfactant deficiency is an important contributor
to the pathophysiology of IRDS, making surfactant
replacement therapy (SRT) a logical and now well-
established therapy. SRT is applied as rescue or
prevention therapy in preterm infants with respiratory
distress syndrome (RDS),2 usually in combination with
mechanical ventilation (MV).
MV is a major risk factor for the development of

bronchopulmonary dysplasia (BPD). Since even
brief MV may initiate lung damage from baro- and
volutrauma,3 different strategies to minimize MVor even
to avoid MV in IRDS have been proposed.4 Recent trends
towards non-invasive ventilation modalities such as nasal
continuous positive airway pressure (nCPAP) may lower
the incidence of BPD.5,6 The prophylactic application of
nebulized surfactant with nCPAP may potentially prevent
the need for endotracheal intubation. However, previous
clinical evaluation of this therapeutic option did not
demonstrate clinical efficacy.7–9

Aerosol therapy in the neonate is challenging due to
an irregular breathing pattern with low tidal volumes
(4–6 mL/kg), increased dead space to tidal volume ratio,
high breathing frequency (50–150 breaths/min) and
marked intra-subject and inter-subject variability in
respiratory rate and tidal volume.10 Lung deposition by
standard aerosol devices is limited to less than 1%,
arguably sufficient for bronchodilators,11 but insufficient
to demonstrate benefit with inhaled lung surfactants.12

Use of newer aerosol technology, the vibrating membrane
nebulizer, achieved higher lung delivery efficiency
(>14%) in animal and in vitro models, suggesting future
opportunities for effective delivery of nebulized surfac-
tant in infants.13

A study in neonates demonstrated safe administration
of nebulized synthetic surfactant via nCPAP.14 However,
little is known about the ultrastructure and integrity of
surfactant and its characteristics post-nebulization. It is
hypothesized that the process of disintegration of the bulk
liquid into fine aerosol droplets may deaggregate
surfactant components and negatively affect their func-
tional effect, namely reducing surface tension on the lung
lining tissue. Such disintegration may depend on the
surfactant-nebulizer combination.15 We investigated
physical characteristics and the morphology of a porcine
surfactant post-nebulization with a vibrating membrane
nebulizer.

MATERIALS AND METHODS

A stepwise approach was taken to investigate the
integrity of nebulized surfactant. Morphological inves-
tigations by electron microscopy were performed using
cryofixation of surfactant which was either nebulized
directly on a surface (“ND”) or indirectly through an
endotracheal tube (“NT”). The latter facilitated the
morphological investigation of the reassembling process.
The physical characteristics of surfactant were assessed
using two different methods: the modified Langmuir–
Wilhelmy balance and the Captive Bubble Surfactometer
(CBS). In each case, nebulized surfactant was compared
to non-nebulized (“NN”) surfactant.

Generation of Surfactant Aerosol

Poractant alpha (Curosurf1, 80 mg phospholipids/mL,
Chiesi Pharmaceuticals, Parma, Italy), a natural surfac-
tant derived from a homogenate of porcine lungs, was
used for these studies. The main constituents of
Curosurf1 are phospholipids with an additional 1–2%
of hydrophobic surfactant proteins B and C (SP-B, SP-C),
but no hydrophilic proteins SP-A and SP-D. For all
experiments Curosurf1was diluted at a ratio of 1:1 with a
0.9% NaCl solution.
For the generation of nebulized surfactant we used a

perforated vibrating membrane nebulizer (Investigational
eFlow1 Nebulizer System, PARI Pharma GmbH, Starn-
berg, Germany) with small aerosol droplet size (configu-
ration 25S) and a control unit with adjustable power
output (50% and 100%, respectively). Liquid drug
formulations are ejected from thousands of micron sized
holes in a thin stainless steel membrane actuated by a
piezo-electric element.16 Unlike jet or ultrasonic nebu-
lizers, vibrating membrane nebulizers are known to
maintain the integrity of fragile molecules due to minimal
shear stresses upon nebulization.17 We selected this type
of nebulizer as minimal potential damage could be
expected for nebulizing poractant alfa and sufficiently
small droplet sizes can be generated to penetrate the lower
respiratory tract of preterm infants.

ABBREVIATIONS:

IRDS Infant respiratory distress syndrome

SRT Surfactant replacement therapy

MV Mechanical ventilation

RDS Respiratory distress syndrome

BPD Bronchopulmonary dysplasia

nCPAP Nasal continuous positive airway pressure

CBS Captive Bubble Surfactometer

TEM Transmission electron microscopy

UL Uni-lamellar forms

ML Multi-lamellar forms

LBL Lamellar body-like forms

G Garland forms

DPPC Dipalmitoylphosphatidylcholine

Nebulized Surfactant Characterization 349

Pediatric Pulmonology



The droplet size characteristic was measured by laser
diffraction (MalvernMasterSizer X, Malvern Instruments
GmbH, Herrsching, Germany) using Curosurf1 as
follows: mass median diameter (MMD) ¼ 2.6 mm,
geometric standard deviation (GSD) ¼ 1.5, output rate
¼ 0.25 mL/min (nebulization of 3 mL poractant alfa,
residual volume <0.1 mL).

Stereological Analysis Following Cryofixation

Quantitative structural analysis of nebulized versus
non-nebulized surfactant was performed by stereology at
the electron microscopic level using cryofixed samples.
Surfactant was pipetted as a bolus (non-nebulized),
nebulized directly or nebulized via a 2.5 mm ID
endotracheal tube (Portex1 Blue Line1, Smiths Medical
International Ltd, Hythe, Kent, UK) onto the surface of an
isopentane (Sigma-Aldrich, Buchs, Switzerland) bath.
Nebulization through an endotracheal tube allowed
aerosol droplets to deposit and accumulate at the inner
wall thus facilitating examination of the reassembling
process of poractant alfa after they dropped by gravitation
on to the isopentae bath. The isopentane/surfactant
mixture was cooled down with liquid nitrogen (Carbagas,
Guemligen, Switzerland). Care was taken to maintain the
isopentane temperature between�130 and�1508C, close
to its freezing point. Ten microliters aliquots of the
isopentane/surfactant mixture at a time were pipetted into
tubes, freeze substituted (AFS2, Leica, Bensheim,
Germany) in methanol containing 0.5% uranyl acetate
(Sigma-Aldrich) at �908C for 24 hr. The temperature of
the substitution medium was subsequently raised to
�458C at a rate of 58C/hr. The specimen was then washed
with pure methanol and finally embedded in Lowicryl
HM20. Embedding was completed by polymerization of
the Lowicryl under UV-light irradiation.18

Systematic uniform random sampling was used to
obtain representative samples for stereological analy-
sis.19,20 From each block, ultrathin sections (50–100 nm,
Ultracut E, Reichert-Jung, Vienna, Austria) were cut and
additionally stained with lead citrate and uranyl acetate
(Ultrostain, Leica, Glattbrugg, Switzerland). Transmis-
sion electron microscopy (TEM) was performed using a
CM 12 (FEI, Eindhoven, the Netherlands), fitted with a
digital camera (Morada, Olympus Soft Imaging Solu-
tions, Münster, Germany) and image analysis software
(iTEM; Olympus Soft Imaging Solutions). Digital micro-
graphs were taken by systematic uniform random
sampling of the ultrathin sections at a magnification of
11,500�. A transparent line grid was superimposed
on each field of view. Test points (P) at grid line
intersections hitting surfactant structures as well as
intersections with test lines (I) were counted on each
micrograph. Grid line spacing (from 1.0 to 1.5 mm)
was adjusted to obtain a valid number of counts per

sample. This point and intersection counting allows for
mathematical estimation of the volume and surface
densities of subtypes within the surfactant material.19,20

In this model, the volume density is derived from the
number of test points and the surface density from the
number of intersections with test lines. The volume
density of a structure within its reference space is
estimated as the number of test points hitting the structure
divided by the number of test points hitting the reference
space. The surface density is estimated as two times
the number of test line intersections with the structure
divided by the total test line length in the reference
space (which is estimated via the number of test points
hitting the reference space multiplied by the unit test
line length associated with one test point). According
to current models of intraalveolar surfactant metabolism
and the expected surfactant subtypes in poractant
alfa,21,22 the following subtypes of surfactant were
distinguished and analyzed: (a) uni-lamellar forms
(UL), (b) multi-lamellar forms (ML), and (c) lamellar
body-like forms (LBL). Qualitative examination of the
samples made the addition of a fourth subtype necessary:
(d) “garland” forms (G). The volume fraction (density,
VV) of subtypes is:

VVðsubtypeÞ ¼ PðsubtypeÞ=PðtotalÞ

with P as the number of test points. The surface fraction
(density, SV) can be derived from:

SVðsubtypeÞ ¼ 2 � IðsubtypeÞ=½PðtotalÞ � lðpÞ�

with I as the number of intersectionswith test lines and l as
the test line length per test point p.19,20 The volume to
surface ratio (V/S) of subtypes is calculated according to:

VðsubtypeÞ=SðsubtypeÞ¼PðsubtypeÞ � lðpÞ=½2 � IðsubtypeÞ�

The V/S ratio is independent of changes in the
reference space and directly related to the mean caliper
diameter of particles provided their shape remains
constant.

Modified Langmuir–Wilhelmy balance Set Up

To detect potential changes in surface tension attribut-
able to nebulization of surfactant, we designed an in vitro
model based on the principle of a Langmuir–Wilhelmy
balance (Fig. 1) in which surface tension was measured
through a capillary effect on water surface. A three-
centimeter strip of filter paper (Whatman Switzerland
AG, Bottmingen, Switzerland) was attached to a precision
balance (Mettler PM460 DeltaRange, Mettler Toledo,
Greifensee, Switzerland) and immersed with one third
of its length into a flat water pool. The pool extended over
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a surface area of approximately 1 m2 (142 cm � 70 cm),
comparable to the lung surface of a preterm infant,
and was maintained at a physiological temperature
of 378C.
Different administration modes were simulated to

compare the properties of nebulized versus non-nebulized
poractant alfa. Equal volumes of surfactant were either
injected onto or nebulized and deposited on the water
surface at the farthest distance from the filter paper and
precision balance. For non-nebulized delivery surfactant
was dosed from a glass syringe (Hamilton, 1700 Series,
Bonaduz, Switzerland) onto a small glass sheet held just
below the water surface in order to prevent the higher
density surfactant from sinking to the bottom of the water
bath. Alternatively, nebulized surfactant was emitted
during 20–30 sec at 2 cm distance from the water surface
and deposited by gravitation. Unlike other conventional
nebulizers, the Investigational eFlow System used in
our set up allowed for complete nebulization of the
surfactant and, therefore, the same volume could be filled
as for non-nebulized delivery with a syringe. To facilitate
dosing, poractant alfa was diluted at a ratio of 1:1 with
0.9%NaCl of which a volume of 80 mLwas dosed in each
of these experiments. This volume was shown to be
sufficient to form a surfactant film covering the entire
surface of the water bath since no further reduction
of surface tension could be achieved by using larger
volumes.
In each setting, the capillary force on the filter strip was

measured as a function of time from the moment of
introducing the surfactant until being fully distributed on
the water surface. This point in time was indicated by the
decreasing capillary force reaching equilibrium. Each
experiment was repeated six times using the same
quantity and mixing ratio of Curosurf1.

Captive Bubble Surfactometer Set Up

A CBS has frequently been used to characterize the
physical properties of lung surfactant.23 In our set up, the
sample chamber of the surfactometer was filled with a
solution composed of 0.9% NaCl and 10% saccharose
dissolved in Millipore grade distilled water and heated to
body temperature (378C). Through an opening at the
bottom of the chamber a small volume of air was sucked
into the chamber forming a bubble which floated up to a
completely wetted concave agarose gel ceiling (1%
agarose gel, 0.9%NaCl, 10% saccharose). One microliter
of poractant alfa was injected using a graduated precision
syringe via a small Teflon tube passing through the same
opening where the air bubble was introduced (Fig. 2).
Video images were recorded for 5 min starting just before
the injection of surfactant to the air–water interface of the
bubble. At the beginning of each experiment surface
tension was 60–65 mN/m (surface tension of H2O),
whereas surface tension dropped to equilibrium (24–
22 mN/m) after injection of the surfactant. Subsequently,
the chamber was sealed and the bubble rapidly expanded
by about 300% in volume by means of a motor actuated
piston. The bubble expansion allows for adsorption of

Fig. 1. Modified Langmuir–Wilhelmy balance experimental set-

up. A strip of filter paperwas attached to abalance and immersed

with one-third of its length into a water pool. The pool extended

over a surface area of approximately 1 m2, comparable to the

lung surface of a preterm infant.

Fig. 2. Sample chamber of the Captive Bubble Surfactometer

(CBS). Through an opening at the bottom of the chamber a small

volume of air was sucked into the chamber forming a bubble,

which floated to a hydrophobic concave agarose gel ceiling. The

surfactant was injected using a graduated syringe via a small

Teflon tube passing through the same opening where the air

bubble was introduced.
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more surfactant material to the air/water interface.24 Four
consecutive quasi-static compression–expansion cycles
were performed with a 1-min resting phase after each
cycle. During each cycle, the bubble volume was reduced
(�50%) until the minimum surface tension (�1 mN/m)
was reached. Care was given to prevent “Bubble
Clicking” by stopping the compression before clicking
could occur.25 Subsequently, we performed 20 dynamic
cycles at 20 cycles/min and recorded cycle 1, 2, 9, 10, 11,
19, and 20 for later quantitative evaluation. Each of the
experiments was repeated six times after thorough
cleaning of the whole equipment with 80% alcohol and
rinsing with distilled water.
The nebulized surfactant was collected and compared

to non-nebulized surfactant. This was achieved by closing
the mouthpiece connector opening of the nebulizer with
Parafilm (Pechiney, Chicago, IL) and allowing the aerosol
to deposit within the nebulizer. Volumes of 1 mL were
drawn from droplets accumulated on the inner walls of the
nebulizer and injected into the sample chamber of the
CBS.

RESULTS

Qualitative Findings of Nebulized and Native
Surfactant

The TEM images of the three experimental groups
show clear differences in their structure. In the first group,
non-nebulized surfactant exhibits its typical ultrastructur-
al appearance of subtypes (see Fig. 3a). Non-nebulized
poractant alfa has been found to primarily consist of
lamellar-body like forms (LBL) and ML forms. In
contrast, as shown in Figure 3b, nebulization of surfactant
directly on to a surface changes constituents to smaller
structures such as UL forms, ML forms (ML) and a new
subtype of surfactant with a “garland-like” (G) appear-
ance. The last experimental group, derived from
accumulated aerosol droplets in a tube, show larger
structures (LBL, ML) similar to those found in the non-
nebulized group (Fig. 3c).

Stereological Findings of Nebulized and
Non-Nebulized Poractant Alfa

Quantitative analysis (point and intersection counting)
reflects the qualitative findings as demonstrated in
Table 1a and Figure 4. The volume densities of LBL
and ML are high for the “NN” and nebulization via tube
(“NT”) groups (38.8% vs. 47.7% and 58.2% vs. 47.8%,
respectively) with very few UL and G types. Direct
nebulization (“ND”) virtually removes LBL and increases
the fractions of ML (72.6%) as well as UL (16.4%) and G
(9.4%).
The volume to surface ratios of the subtypes are listed

in Table 1b reflecting a characteristic size scale of actual

Fig. 3. TEM micrographs of surfactant obtained from non-

nebulized (NN) bolus injection (a), direct nebulization (ND) (b),

and nebulization via endotracheal tube (NT) (c). UL, uni-lamellar

forms; ML, multi-lamellar forms; LBL, lamellar body-like forms;

G, garland form. Scale bar ¼ 2 mm.
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constituents in the surfactant. For the “NN” and “NT” it is
apparent from the results that UL and G have very small
V/S ratios (0.066 vs. 0.035 and 0.056 vs. 0.020 mm)
compared to ML and LBL (0.183 vs. 0.117 and 0.807 vs.
1.244 mm). For the “ND” UL and G V/S ratios are in a
similar range as with the other experimental groups,
whereas ML’s are substantially smaller in this group.

Comparison Using modified Langmuir–Wilhelmy
balance

The effect of surfactant delivered either as a bolus (non-
nebulized) or as an aerosol is illustrated in Figure 5 and
reflects spreading and creation of a surfactant monolayer
on the surface of the water bath. The graphs represent
mean values and standard deviation of the surface tension

from six tests, each. The solid line shows a rapid
spreading of a surfactant bolus starting with the surface
tension of water and ending at a level of 26.11 �
0.52 mN/m. Surface spreading is completed within
30 sec. Nebulized surfactant surface spreading (dotted
line) was completed within 50 sec with an equilibrium
surface tension of 25.77 � 1.12 mN/m. No difference
was found with respect to equilibrium surface tensions
between the two administration modes.

Comparison Using Captive Bubble Surfactometer

With each experiment surface tension of the bubble
interface was first measured as a reference using the CBS.
On average the results exhibited a surface tension slightly
below that of pure water (64.20 � 1.24 mN/m). After
spreading surfactant at the air–liquid interface surface
tensions of 23.33 � 0.29 mN/m (non-nebulized) and
23.19 � 0.21 mN/m (nebulized) were obtained.
Figure 6 shows the variation of the surface tension as

a function of bubble surface area during dynamic

TABLE 1—Distribution of Volume Densities VV (Subtypes) (a) and V/S Ratios (b) of Surfactant Subtypes for Different
Sampling Methods: Non-Nebulized Surfactant (“NN”), Direct Nebulization onto a Surface (“ND”), and Nebulization via an
Endotracheal Tube (“NT”)

(a) Subtype Vv (UL) (%) Vv (ML) (%) Vv (LBL) (%) Vv (G) (%)

NN 2.6 58.2 38.8 0.4

ND 16.4 72.6 1.6 9.4

NT 3.6 47.8 47.7 0.9

(b) Subtype V/S (UL) (mm) V/S (ML) (mm) V/S (LBL) (mm) V/S (G) (mm)

NN 0.066 0.183 0.807 0.056

ND 0.027 0.045 0.500 0.034

NT 0.035 0.117 1.244 0.020

Data are shown as means from three individual experiments (n ¼ 3) for each group.

Fig. 4. Volume densities of subtypes according to data in

Table 1a. Bars indicate volume density VV in % of NN (black), ND

(light gray), nebulization via endotracheal tube followed by

analysis of resultant drops (“NT”) (dark gray). UL, uni-lamellar

forms; ML, multi-lamellar forms; LBL, lamellar body-like forms;

G, garland form. Data are shown as means and standard

deviations (error bars) from three runs.

Fig. 5. Surface tension measured using Langmuir–Wilhelmy

balance: delivery of non-nebulized surfactant (solid line) versus

delivery of nebulized surfactant (dotted line) onto the surface of

a water bath, both deliveries started at T0. Data are shown as

means and standard deviations (error bars) from six individual

measurements, each. Nebulized surfactant needed more time to

reach a comparable plateau with constant surface tension.
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compression–expansion cycling. Surface tensions show
repeatable characteristics during multiple cycling with
lowest values between 0.91 and 1.77 mN/m. No differ-
ences were observed between non-nebulized and nebu-
lized surfactant. Results were also similar for the quasi-
static compression–expansion procedure with the only
exception that lowest surface tensions were occasionally
only achieved after one or two cycles (between 1.04 and
1.82 mN/m).

DISCUSSION

Our study targeted at identifying potential changes of
microscopic structures and surface activity of a commer-
cial surfactant upon nebulization by a perforated vibrating
membrane nebulizer. We could show that porcine-derived
lung surfactant (poractant alfa) can be nebulized by
this type of nebulizer and while the ultra structure was
changed immediately after nebulization, we could
demonstrate that after presumably rearranging on a
surface, initial biophysical and possibly ultrastructural
properties were reinstated. To investigate morphology we
used cryofixation, TEM, and stereology, for the physical
examinations we used the modified Wilhelmy balance

and the CBS. This study serves as a first step for proof of
principle for nebulized surfactant administration in a
clinical setting.
Intra-alveolar surfactant consists of several subtypes

that correlatewith different functional stages in surfactant
metabolism. Surface-active large aggregates mainly
include tubular myelin and LBL forms whereas inactive
small aggregates mostly consist of UL vesicles. In acute
lung injury, alterations in surfactant function are reflected
by an increased small to large aggregate ratio.26,27

Corresponding ultrastructural alterations can be observed
by stereology and electron microscopy of surfactant
subtypes in the lung.21. This approach can also be applied
to analyze exogenous surfactant preparations.22,28 Non-
nebulized poractant alfa samples show highest volume
densities for ML forms and LBL forms both accounting
for more than 90% of volume of all subtypes in the
surfactant. This finding correlates well with the literature
where non-nebulized poractant alfa has been found to
consist primarily of LBL andML.22,28 Direct sampling of
nebulized surfactant reveals that volume densities are
shifted from LBL to ML and UL (see Table 1),
respectively, indicating initial disintegration of larger
structures into smaller components. This observation may
be explained by mechanical shear forces to which
surfactant constituents were exposed when passing
through themicron-sized holes of the vibratingmembrane
nebulizer.
Our TEM pictures taken from nebulized surfactant

identified a new structural subtype of surfactant, which
may be described as “garland” or “tentacle” like
structures, a thin membrane layer with attached UL.
This structure might show a state of surfactant aggrega-
tion prior to reaching steady state. There are two possible
explanations for these structures. Either they represent the
unfolding of lamellar forms into a film or the formation of
larger aggregates (towards lamellar forms) from a film
that is a reeling process. Stereological results obtained
from drops accumulated in the tube and subsequently
dropped into the collecting site (“NT”) showed larger
structures compared to those of directly nebulized
surfactant (“ND”). This finding suggests that surfactant
can morphologically rearrange on a surface after
nebulization. We speculate that these droplets had more
time for rearrangement on the inner surface of the tube, in
contrast to the aerosol particles, which froze shortly after
impaction by direct nebulization. Both the qualitative and
quantitative results indicate that in these experiments a
partial reconstitution of larger structures may have
occurred (see Table 1; Fig. 4).
No direct conclusions with respect to the surface

activity of the surfactant post-nebulization can be drawn
from the stereological analysis. Therefore, as nebulization
was shown to have an impact on the relative distribution
and constitution of subtypes in the surfactant, assessment

Fig. 6. Bubble surface tension characteristics obtained during

dynamic cycling (cycles 1, 2, 9, 10, 11, 19, and 20) using non-

nebulized (a) and nebulized (b) surfactant, each averaged from

six individual experiments.
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of surface activity was essential to determine if nebulized
surfactant maintains its physical properties.
We observed in the Wilhelmy balance experiment a

rapid spreading of a surfactant bolus ending at a surface
tension of 26.11 � 0.52 mN/m. Surface spreading was
completed within 30 sec. In contrast, nebulized surfactant
needed more time (50 sec) to reach a comparable plateau
with constant surface tensions (25.77 � 1.12 mN/m).
This may result from a prolonged delivery time when
using a nebulizer (20–30 sec) instead of a syringe
(instantaneous) and might possibly indicate the time
needed for the above-mentioned re-arrangement process
being negligibly short. No difference was found with
respect to equilibrium surface tensions between the two
administration modes. The results of the CBS are in good
agreement with the results of the Wilhelmy balance
experiments. When adding the surfactant to the water/air
interface spontaneous adsorption occurred (within about
1 sec) as indicated by a sudden decrease of the bubble
surface tension. Surface tensions of 23.33 � 0.29 mN/m
(pre-nebulization) and 23.19 � 0.21 mN/m (post-nebu-
lization) were obtained. During dynamic compression–
expansion cycling surface tensions show cycle-to-cycle
consistency with lowest values between 0.91 and
1.77 mN/m. No differences were observed between
pre- and post-nebulization surfactant. Results were also
similar for the quasi-static compression–expansion
procedure with the only exception that lowest surface
tensions (between 1.04 and 1.82 mN/m) were occasion-
ally only achieved after one or two compression
cycles. The results of dynamic cycling show identical
characteristics (Fig. 6) and these properties (rapid film
formation, low film compressibility and effective replen-
ishment of the surface film) are essential for normal lung
function.25

SRT is currently performed by intubation and subse-
quent instillation of exogenous surfactant via an
endotracheal tube. This is a proven and well-established
therapy. Different minimally invasive modes of adminis-
tration have been proposed, some with success, but
inhalation of surfactant only has shown an effective
response in an animal model. One explanation is a
possibly inappropriate mode of delivery resulting in low
lung deposition. Most of these studies used jet nebulizers,
with driving gas flows of 4–8 L/min, exceeding by up to
10-fold the minute ventilation of a preterm infant. As a
consequence, the majority of the aerosol was never
inhaled and only a small percentage of the generated
aerosol could potentially reach the infants lungs.
Vibrating membrane nebulizers like the Investigational
eFlow Nebulizer System used here generate a standing
cloud of highly concentrated aerosol. This aerosol cloud
is not diluted by entrained air and, therefore, this type of
nebulizer seems to be more appropriate for aerosol
administration in preterm infants.

Lung deposition also depends on the amount of
nebulizer residue as lung dose increases with decreasing
nebulizer residue.13 Jet nebulizers have residual volumes
of 50% or more of the initially filled dose (nominal dose).
With regard to surfactant costs this type of nebulizer is
highly inefficient. Membrane nebulizers typically utilize
their fluid load to less than 5%. Drug losses mainly occur
in connecting parts and tubes.29

Beside the above-mentioned possible advantages of
SRT by nebulization, this application form could offer
additional benefits. In RDS, protein influx in to the
alveolar space inhibits surfactant function. It was
demonstrated that sprayed dipalmitoylphosphatidylcho-
line (DPPC) on to a DPPC/albumin (bovine serum
albumin) mixture formed a new monolayer which was
prevented from serum protein adsorption. If this finding
is transferable to the clinical setting, aerosolized surfac-
tant would coat the aqueous surface and facilitate
DPPC adsorption with less interference by albumin and
possibly other serum proteins, thus addressing the
problem of surfactant inhibition by leaking serum
proteins.30

In this study, we focused on the technical suitability of
vibrating membrane nebulizers for the use of lung
surfactant nebulization rather than on how to improve
lung deposition. The position of a vibrating membrane
nebulizer within a CPAP circuit needs to be further
investigated. Its position in front of the nose promises an
efficient approach for effective nebulized lung surfactant
delivery as its aerosol will not be diluted by the bias flow
of the CPAP system. Further optimizations of delivery
technique to current systems will include selection of an
optimal patient interface minimizing leaks of the nCPAP,
minimization of dead space and flow resistance of the
nebulizer and optimization of the aerosol droplet size to
the requirements of preterm infants. Clinical and in vitro
data regarding optimal particle size for aerosol therapy in
preterm infants are still lacking and will be in the focus of
future research.

CONCLUSION

The similarity of characteristics between nebulized and
non-nebulized (bolus) surfactant suggests a similar
clinical effect. It also shows that vibrating membrane
nebulizers are suitable for surfactant nebulization.
Alterations in surfactant morphology and characteristics
after nebulization were transient yet had no influence on
surface tension. We identified a new structural subtype of
surfactant which may demonstrate a reeling effect from a
monolayer to a higher organized (lamellar) structure or
unfolding of a surfactant droplet to a monolayer.
Our findings support the initiation of clinical studies to

assess safety and efficacy of surfactant nebulized with a
perforated vibrating membrane nebulizer in preterm
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infants. Efficiency of this mode of delivery is dependent
not only upon physical or morphological characteristics
of the surfactant alone, but also on successful administra-
tion techniques to achieve high lung deposition.
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