
Ž .Biophysical Chemistry 84 2000 35]43

Ultrasonic surfactant nebulization with different
exciting frequencies

M.H. Wagner a,U, S. Wiethoff b, W. Friedrichc, I. Mollenhauer b,
M. Obladena, U. Boenickb

aDepartment of Neonatology, Charite, Campus Virchow-Klinikum, Humboldt-Unï ersity, Augustenburger Platz 1,´
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Abstract

Intratracheal bolus instillation of natural lung surfactant is the treatment of choice in neonatal respiratory distress
syndrome and an increasing part in adults’ therapy. For reasons of hemodynamics, surfactant distribution and
efficiency the application mode should be improved. Nebulization seems to have some advantages but its technical
realization is difficult. The aim of the present study was to investigate if ultrasonic nebulization with exciting
frequencies higher than 2.8 MHz can improve the efficiency of surfactant nebulization without changing the
surface-active properties of the material. Exciting frequencies of 1.7, 3.3 and 4.0 MHz were used to produce a
surfactant aerosol. The phospholipid content in the liquefied aerosol and particle size distinctly dropped with higher
frequencies. The surface activity was not altered in the produced aerosol and neither in the surfactant remaining in
the nebulizer. Although possible, ultrasonic nebulization of surfactant suspensions is ineffective because of a striking
decrease in phospholipid content. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Surfactant, a phospholipid]protein complex se-
creted into the fetal lung, facilitates lung expan-
sion and allows functional residual volume after
birth. In premature infants with lack of this sub-
stance, natural surfactant preparations are substi-
tuted to avoid or treat respiratory distress syn-

w xdrome 1]3 . Lung instillation of the } mostly
fluid } substance is done commonly by a bolus
injection into the intratracheal tube of the venti-
lated patient. The effect of a better lung inflation
occurs rapidly and improves oxygenation within
minutes. However, there are some reasons why
researchers are looking for other instillation
methods and especially focussing on aerosoliza-

Ž .tion of surfactant: 1 some undesired side effects
of surfactant bolus instillation could be observed,
such as drop in blood pressure, changes of cere-
bral blood flow velocity and a reduction in EEG

w xactivity 4]10 . Speculations were raised about a
possible association with cerebral hemorrhages,

w x Ž .but could not be proved 7,11 . 2 Distribution of
nebulized, inhaled surfactant is superior to
bolus-instilled surfactant, as it results in lower

w xdoses and better effects 12]14 . No side effects
w x Ž .have been observed 8,13]15 . 3 Already es-

tablished in neonatology, this therapy could be
successfully applied in adult respiratory distress

Ž .syndrome ARDS , if the more physiologic aero-
sol application leads to a better acceptance in
adults anesthesia. Until now, concerns still exist
regarding the excessive fluid load of the lung and

w xthe high costs in ARDS therapy 14,16 .
However, it is difficult to nebulize surfactant

effectively, economically and safely without de-
stroying the surface-active properties of the sub-
stance. Nebulization is characterized by a massive
loss of material within the nebulizer system and
the upper airways, until now no more than 10%
of the nebulized material could be recovered in

w xthe lung 8,12]15,17,18 . Studies on nebulization
are hard to compare because of different tech-

Ž .niques jet, ultrasonic and different surfactants
Ž .natural, artificial . Few, but conflicting reports
exist about the surface activity and the effect of

w xsurfactant after ultrasonic nebulization 14,17]22 .
Nevertheless, particularly in neonatology, small

airways and breathing volumes make ultrasonic
nebulizers appear advantageous compared to jet
nebulizers. Working as a demand system, they do
not produce additional airflow and pressure in
the ventilation system, work with low noise and

w xhigh humidity 23]25 . Droplet size and aerosol
densities are responsible for the deposition rate
and site of an aerosolized substance. According to
Mathieu’s differential equation, the droplet size
of an aerosol produced by ultrasound, depends on
the capillary wavelength of the nebulized sub-

Žstance and subsequently from the ultrasonic or
. w xexciting frequency 26]28 .

The aim of this study was:

1. to investigate the efficiency of ultrasonic sur-
factant nebulization by applying frequencies
of 3.33 and 4 MHz in comparison to 1.8 MHz,
which is commercially used in medical neb-
ulization; and

2. to examine if this procedure influences phos-
pholipid content or surface active properties
of the aerosol.

2. Material and methods

Commercially available ultrasonic nebulizers
use almost exclusively exciting frequencies below
3 MHz. In order to increase the density of the
aerosol, by accepting lower particle sizes, two

Žpiezoelectric ceramic discs PZ 27, Ferroperm,
.Kvistgard, Denmark with diameters of 22.5 mm˚

and heights of 2.117 and 1.754 mm were excited
by their third parallel resonance frequency, so
that nebulization occurred at frequencies of 3.33
and 4 MHz. Additionally, the ultrasonic field was
focussed by an acoustic lens casted for this pur-
pose from an epoxide resin with a curvature ra-
dius of 25 mm. For comparison an ultrasonic

Žnebulizer MEDAP U 804 Medizinische Appa-
.rate GmbH, Usingen, Germany with a frequency

of 1.7 MHz was used.
W ŽThe porcine surfactant Curosurf Serono,

.Unterschleißheim, Germany consists of 99%
Žpolar lipids 75 mol% posphatidylcholin, 4 mol%

.phophatidylglycerol and 1% surfactant proteins
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Ž .B and C ratio approx. 1:3 . Neutral lipids and
hydrophilic proteins A and D are absent. The
usual concentration of 80 mgrml was diluted with
normal saline to approximately 20 mgrml by

Žsonication on ice 5 min, 35 kHz; Sonorex TK52,
. w xBandelin Elektronic, Berlin, Germany 25 . No

changes of the surface active properties of the
substance occurred, which was proved by bubble

Ž .surfactometer data not shown .
Fig. 1 shows the experimental design for neb-

ulization with frequencies of 3.33 and 4 MHz.
The Mass Median Aerodynamic Diameter
Ž .MMAD of the aerosols was determined by a

Žcascade impactor type ‘Berner’ Hauke GmbH,
.Gmunden, Austria for all frequencies. In a sec-

ond experiment the cascade impactor was re-
placed by a thin glass tube on ice for condensa-
tion. The then collected liquefied aerosol was
examined for its phospholipid content, as well as
for its surface active properties. The results were
compared with the values of the original surfac-
tant suspension before nebulization and with the
residual suspension in the nebulizer storage
chamber after nebulization. Phospholipid content

w xwas determined according to Morrison 29 . Sur-
face activity was measured by a pulsating bubble

Ž .surfactometer Electronetics, Amberst, NY, USA .
First measurement was made statically at mini-
mum bubble size after an adsorption time of 10 s
Ž .g , then bubble cycling was started at 20 cy-min

clesrmin and surface tension was determined at
20 s and 5 min for minimum as well as maximum

Ž . w xbubble size g 30]32 .max
We performed eight nebulizations for each fre-

quency. The nebulizer reservoir was refilled from
the same surfactant suspension pool when the
experiment took place the same day. All values
are given as means"S.D. PL content was de-
termined in eight samples before and after each
nebulization. In the reservoir remnant we mea-
sured the PL content in six samples for 1.7 and
3.3 MHz and in seven samples for 4 MHz, the
other specimen were used to investigate the in-
fluence of longer nebulization times. PL content
was determined twice in each sample and the
mean was taken as the result for this nebulization
performance. Surface tension, g, was determined

Ž .in all samples before nebulization ns8 . In the
liquefied aerosol, surface active properties were
investigated in eight samples at 1.7 MHz and in
five samples at 3.3 and 4 MHz. Some of the
post-nebulization samples, with higher frequen-
cies, had such low PL concentrations that a de-
termination of surface tension was impossible.
For the same reason the samples of each neb-
ulization experiment were diluted with normal
saline to an equal concentration in order to make
surface tension values comparable. Therefore, the
samples for the 1.7 MHz nebulization were mea-
sured at 2 mg PLrml and the samples of the 3.3

Fig. 1. Schematic experimental design for ultrasonic nebulization with 3.3 and 4 MHz and determination of droplet size.
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and 4 MHz nebulization at 0.5 mg PLrml. The
same was done with the samples of the reservoir
remnant with ns6 for 1.7 and 3.3 and ns7 for
4 MHz, the other specimens were used for the
experiments with longer nebulization times.

3. Results

3.1. Phospholipid content

After nebulization the PL content in the lique-
fied aerosol decreased markedly in comparison to
the PL content of the surfactant suspension be-

Ž .fore nebulization Fig. 2 . During 1.7 MHz neb-
ulization, the concentration of PL decreased from
20.38"3.63 mgrml before to 2.74"2.23 mgrml
Ž .10.4%, Ps0.0117 after nebulization. Using the
higher frequency of 3.3 MHz the PL content of
the samples dropped from 19.74"2.62 to 0.84"

Ž .0.64 mgrml 4.2%, Ps0.0117 . Even worse was
the result with 4 MHz: 19.44"3.41 mgrml PL
before and 0.49"0.58 mgrml PL after nebuliza-

Ž .tion 2.4%, Ps0.0117 . In contrast, the PL con-
tent of the remaining suspension in the nebulizer

reservoir increased to 22.24"3.14 with 1.7 MHz
Ž . Ž .n.s. , to 28.52"5.21 with 3.3 MHz Ps0.0464 ,

Žand to 27.23"3.36 with 4 MHz nebulization P
.s0.018 .

4. Surface tension

Table 1 and Fig. 3 show the surface active
properties at the three different frequencies both
before and after nebulization. The samples of
liquefied aerosol showed less adsorption with an
approximately doubled surface tension after 10 s

Žof static measurement Ps0.027 for 1.7 MHz
.and Ps0.043 for 3.3 and 4 MHz , whereas the

samples of the remnant did not change adsorp-
tion behavior. After 20 s differences for g asmin
well as for g were significant only for themax
samples of liquefied aerosol and highest fre-

Ž .quency of 4 MHz Ps0.043 for both , no changes
for the remnant samples could be determined.
After 5 min no significant differences for g ,min
and g , could be found in samples before neb-max
ulization and liquefied aerosol, but the surface
tension was significantly lower for the remnant

Ž . Ž .Fig. 2. PL content of the surfactant suspension before ns8 , the liquefied aerosol after ns8 and the remnant in nebulizer
Ž . Ž . Ž .reservoir 1.7r3 MHz ns6; 4 MHz ns7 after nebulization with 1.7 MHz open columns , 3.3 MHz shaded columns and 4 MHz

Ž . Ublack columns . P-levels -0.05 are indicated with for differences between the suspension before and after nebulization and with
a for differences between the suspension before nebulization and the remnant in nebulizer.
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Table 1
aSurface tension measurements

Nebulization frequencies 1.7 MHz 3.33 MHz 4.0 MHz
Nebulization time 0 min 20 min 0 min 35 min 0 min 35 min

original liquefied original liquefied original liquefied
suspension aerosol suspension aerosol suspension aerosol
Ž . Ž . Ž . Ž . Ž . Ž .ns8 ns8 ns8 ns5 ns8 ns5

Ž .g After 10 s mNrm 26.98"1.83a 44.74"17.39 26.25"0.54a 50.54"14.43 26.79"5.36a 58.12"9.69
Ž .g After 20 s mNrm 14.33"4.58 28.49"16.91 16.80"2.32 26.28"12.82 18.41"3.68a 37.86"13.47min
Ž .g After 20 s mNrm 35.39"3.52 51.06"17.87 33.84"0.39 56.72"14.62 34.66"1.72 63.7"9.17max
Ž .g After 5 min mNrm 9.23"4.90 14.8"12.29 10.61"1.98 16.96"9.6 11.65"5.87 21.36"9.34min
Ž .g After 5 min mNrm 39.0"6.52 51.79"13.56 44.26"1.09 53.36"12.46 43.21"3.17 57.9"9.9max

a Surface tension after adsorption, minimal and maximal surface tension after 20 s and 5 min in the original suspension, and in
the liquefied aerosol after 20 min nebulization with 1.7 MHz, and 35 min with 3.3 and 4 MHz. Values are mean"S.D. P-level 0.05
for differences between suspension before and after nebulization is marked with a.

Ž . Žsamples after 3.3 Ps0.028 and 4 MHz Ps
.0.042 .

Surface tension of the remnant in the nebulizer
reservoir was determined after influence of ultra-
sonic waves with different frequencies from 0 to
120 min. No negative effect on surface tension
could be found, not even with the highest fre-
quency of 4 MHz and longest time of 120 min
Ž .data not shown .

5. Particle size

The particle size of the produced aerosols mea-
sured as Mass Median Aerodynamic Diameter
distinctly decreased from 4.98 mm at 1.7 MHz
nebulization to 0.47, mm respectively, 0.48 mm
with the higher frequencies of 3.3 and 4 MHz.

6. Discussion

6.1. Methods

Although surfactant bolus instillation is an es-
tablished method for the treatment of RDS in
neonatology, the search for improved or even
alternative application methods continues
w x5,8,12]15,18 . Nebulization seems to be promis-
ing and ultrasonic nebulization may have some
advantages in comparison to jet nebulization }
aerosol is produced without additional flow or

pressure on a demand principle in the ventilation
system, which is particularly important for prema-

w xture infants 23,24 .
The aerosol generation by ultrasound is not a

thermic process, rather the aerosol is generated
by capillary waves whose amplitude determines
the intensity of nebulization and whose wave-

w xlength correlates with the droplet size 27 . We
decided to use exciting frequencies higher than
those of commercially available ultrasonic neb-
ulizers in order to enhance the effectiveness of
nebulization by increasing the aerosol density and
at the same time admitting a small droplet size.
The range of the droplet size consequently is on
the lower edge of medical aerosols.

Furthermore, we investigated whether natural
surfactant is altered in surface active properties
or not. Since the study intended to test a
commercially available surfactant, which is also in
clinical use, economical considerations were of
importance too. Therefore, the nebulization times
are different for 1.7 MHz and the higher frequen-
cies due to different collecting times for the sam-
ples. A pulsating bubble surfactometer was cho-
sen to determine the surface active properties
since this method enables measurements of very
small sample volumes with sufficient precision
w x30]32 .

6.2. Results

In this study, surface tension of a surfactant
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Ž . Ž . Ž .Fig. 3. Surface tension measured in bubble surfactometer after adsorption time a , 20 s b , and 5 min c for surfactant suspension
Ž . Ž . Žbefore ns8 , liquefied aerosol after 1.7 MHz ns8, 3.3r4 MHz ns5 , and remnant in nebulizer reservoir 1.7r3 MHz ns6, 4

. Ž . Ž . Ž .MHz ns7 after nebulization with 1.7 MHz open columns , 3.3 MHz shaded columns and 4 MHz black columns . P-levels
-0.05 are indicated with U for differences between the suspension before and after nebulization and with a for differences
between the suspension before nebulization and the remnant in nebulizer.

suspension after nebulization was significantly
higher only after adsorption time and for gmin
and g after 20 s at 4 MHz. After achieving themax

Žsteady state in the bubble surfactometer gmin

.after 5 min a trend can be seen showing greater
Ž .differences although not significant , with higher

nebulization frequencies. Looking at the reservoir
remnant after nebulization this trend seems to be
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vice versa } the higher the nebulization fre-
quency, the lower the achieved surface tension in
the reservoir remnant.

Different reports exist about the effect of ultra-
sonic waves on surfactant suspensions. Winsel et

w xal. 20 found an increased surface tension due to
lowered PL content in the aerosol as well as in
the nebulizer remnant, which they explained by a
chemical destruction of the phospholipids. Marks

w xet al. 19 found unchanged surface active proper-
ties and adsorption characteristics of nebulized
surfactant, but did not determine the PL content.
Both authors used animal lung surfactant } from

w x w x w xguinea pigs 20 and cattle 19 . Ikegami et al. 21
tested the clinical effect of surfactant in rats and
found a very poor reaction on nebulized surfac-
tant but an unchanged surface tension. Li et al.
w x17 , in contrast, found a good response } sur-
face tension was not influenced by exposure to
ultrasound up to 30 min, but they tested only the
remnant for surface activity in vitro, the effect of
the aerosol was proved in vivo.

Efforts to design and test an artificial surfac-
tant gave rise to the discussion about the effect of
nebulization by ultrasound. It is proved that the
effect of artificial surfactant greatly depends on
preparation techniques and the morphological as-
pects of the produced material. Large unilamellar

Žvesicles of artificial surfactant mainly a phos-
.phatidylcholinrphosphatidylglycerol mixture are

surface active but can be transformed to small
unilamellar vesicles which are not surface active

w x w xany more 22,33 . Fok et al. 18 recently tested
natural and artificial surfactant in rabbits. They
found no differences in clinical effects, but a
slightly better deposition rate of artificial surfac-
tant. In connection with our findings this could be
explained by two different mechanisms: artificial
surfactant is better nebulized by ultrasound, but
the material is changed morphologically and
therefore not active; in contrast, natural surfac-
tant is more stable in its biophysical appearance,
but so little material is nebulized that this cannot
cause good clinical effects. These results confirm

w xthe findings of Winsel 20 of a very low PL
content after ultrasonic nebulization and an un-
changed surface activity } specially since the
differences for g after 5 min before and aftermin

nebulization are very small for all frequencies.
Additionally, higher exciting frequencies produce,
according to the physical principles, a smaller
droplet size but the aerosolization could not be
intensified to achieve a higher PL content. The
increase of PL content in the remnant after neb-
ulization indicates that mostly saline is aerosol-
ized whereas the PL’s stayed in the suspension.
Although ultrasonic nebulization seems not to
influence the surface active properties of natural
surfactant, a raise of the exciting frequency does
not help to solve the problem of effectiveness of
surfactant nebulization. On the contrary, the
lower frequency of 1.7 MHz appears to be advan-
tageous because of the higher phospholipid con-
tent. We speculate that lower frequencies and
higher capillary wavelengths, respectively, enable
an easier detachment of the phospholipids out of
the complex lipoprotein bonds of the surfactant
solution. This phenomenon could explain the
lower PL content of natural surfactant aerosols
produced by higher frequencies and the better
nebulization of artificial surfactants, since no
lipoprotein bonds can stabilize the large unilamel-
lar vesicles so that they are cleaved to small
unilamellar vesicles which are not surface active.

Although probably not changing surface active
properties, ultrasonic nebulization of surfactant
with frequencies higher than 2.8 MHz does not
have advantages compared to traditional neb-
ulization. Further investigations should pay atten-
tion to the frequency of the used nebulizer and
characterize the produced aerosol in vitro before
blaming the loss of material within the nebulizer
and ventilation system for impaired in vivo effi-
cacy of surfactant.

Acknowledgements

This work was supported by Deutsche
Forschungsgemeinschaft Ob 43r6-2.

References

w x1 T. Fujiwara, H. Maeta, S. Chida, T. Morita, Y. Watabe,
T. Abe, Artificial surfactant therapy in artificial hyaline

Ž .membrane disease, Lancet 1 1980 55]59.



( )M.H. Wagner et al. r Biophysical Chemistry 84 2000 35]4342

w x2 B. Robertson, H.L. Halliday, Principles of surfactant
Ž .replacement, Biochim. Biophys. Acta 1408 1998

346]361.
w x3 H.L. Halliday, Natural vs. synthetic surfactants in neo-

Ž .natal respiratory distress syndrome, Drugs 51 1996
226]237.

w x4 H. Segerer, W. van Gelder, F.W.M. Angenent et al.,
Pulmonary distribution and efficacy of exogenous sur-
factant in lung-lavaged rabbits are influenced by the

Ž .instillation technique, Pediatr. Res. 34 1993 490]494.
w x5 H. Segerer, A. Scheid, M.H. Wagner, M. Lekka, M.

Obladen, Rapid tracheal infusion of surfactant versus
bolus instillation in rabbits: effects on oxygenation, blood
pressure and surfactant distribution, Biol. Neonate 69
Ž .1996 119]127.

w x6 M. Wagner, H. Segerer, H. Koch, A. Scheid, M. Obladen,
Circulatory changes after surfactant bolus instillation in

Ž .lung lavaged adult rabbits, Exp. Lung Res. 22 1996
667]676.

w x7 A. Moen, T. Rootwelt, B. Robertson, T. Cursted, C.
Hall, O.D. Saugstad, Hemodynamics and tissue blood
flow after porcine surfactant replacement in surfactant-

Ž .depleted newborn piglets, Pediatr. Res. 40 1996
215]224.

w x8 A.D. Edwards, D.C. McCormick, S.C. Roth et al., Cere-
bral hemodynamic effects of treatment with modified
natural surfactant investigated by near infrared spec-

Ž .troscopy, Pediatr. Res. 32 1992 532]536.
w x9 P.H. Dijk, A. Heikamp, S. Bambang Oetomo, Surfactant

nebulization prevents the adverse effect of surfactant
therapy on blood pressure and cerebral blood flow in
rabbits with severe respiratory failure, Intensive Care

Ž .Med. 23 1997 1077]1081.
w x10 L. Hellstrom-Westas, A.H. Bell, L. Skov, G. Greisen,¨

N.W. Svenningsen, Cerebroelectrical depression fol-
lowing surfactant treatment in preterm neonates, Pedi-

Ž .atrics 89 1992 643]647.
w x11 F. Cowan, A. Whitelaw, D. Wertheim, M. Silverman,

Cerebral blood flow velocity changes after rapid admin-
Ž .istration of surfactant, Arch. Dis. Child 66 1991

1105]1109.
w x12 J. Lewis, M. Ikegami, A. Jobe, B. Tabor, Aerosolized

surfactant treatment of preterm lambs, J. Appl. Physiol.
Ž .70 1991 869]876.

w x13 J. Lewis, B. Tabor, M. Ikegami, A. Jobe, M. Joseph, D.
Absolom, Lung function and surfactant distribution in
saline lavaged sheep given instilled vs. nebulized surfac-

Ž .tant, J. Appl. Physiol. 74 1993 1256]1264.
w x14 R. Schermuly, T. Schmehl, A. Gunther, F. Grimminger,¨

W. Seeger, D. Walmrath, Ultrasonic nebulization for
efficient delivery of surfactant in a model of acute lung

Ž .injury, Am. J. Respir. Crit. Care Med. 156 1997
445]453.

w x15 K. Tashiro, K. Yamada, W. Li, Y. Matsumoto, T.
Kobayashi, Aerosolized and instilled surfactant thera-

pies for acute lung injury caused by intratracheal endo-
Ž .toxin in rats, Crit. Care Med. 24 1996 488]494.

w x16 D.A. Evans, R.W. Wilmott, J.A. Whitsett, Surfactant
replacement therapy for adult respiratory distress syn-

Ž .drome in children, Pediatr. Pulmonol. 21 1996 328]336.
w x17 W. Li, W. Chen, T. Kobayashi, Aerosolized surfactant

reverses respiratory failure in lung lavaged rats, Acta
Ž .Anaesthesiol. Scand. 38 1994 82]88.

w x18 T.F. Fok, M. Al-Essa, M. Dolovich, F. Rasid, H. Kir-
palani. Nebulization of surfactants in an animal model
of neonatal respiratory distress. Arch. Dis. Child Fetal

Ž .Neonatal Ed, 78 1998 F3]F9.
w x19 L. Marks, R. Notter, G. Oberdorster, J. McBride, Ultra-¨

sonic and jet aerosolization of phospholipds and the
Ž .effects on surface activity, Pediatr. Res. 17 1983

742]747.
w x20 K. Winsel, K. Bergmann, B. Lachmann, Ultrasonic

atomization of surface active agents from lung tissue
and lecithin dispersions with reference to the artificial

Ž .spraying of lungs, Z. Erkr. Atmungsorgane 140 1974
151]158.

w x21 M. Ikegami, T. Hesterberg, M. Nozaki, F. Adams,
Restoration of lung pressure]volume characteristics with
surfactant: comparison of nebulization versus instillation
and natural versus synthetic surfactant, Pediatr. Res. 11
Ž .1977 178]182.

w x22 M. Obladen, F. Brendlein, B. Krempien, Surfactant sub-
Ž .stitution, Eur. J. Pediatr. 131 1979 219]228.

w x23 S. Thomas, M. O’Doherty, H. Fidler, C. Page, D.
Treacher, T. Nunan, Pulmonary deposition of a neb-
ulised aerosol during mechanical ventilation, Thorax 48
Ž .1993 154]159.

w x24 S. Thomas, M. O’Doherty, C. Page, D. Treacher, T.
Nunan, Delivery of ultrasonic nebulized aerosols to a
lung model during mechanical ventilation, Am. Rev.

Ž .Respir. Dis. 148 1993 872]877.
w x25 R. Notter, S. Smith, R. Taubold, J. Finkelstein, Path

dependence of adsorption behavior of mixtures contain-
ing dipalmitoyl phosphatidylcholine, Pediatr. Res. 16
Ž .1982 515]519.

w x26 W. Eisenmenger, Dynamic properties of the surface
tension of water and aqueous solutions of surface active
agents with standing capillary waves in the frequency

Ž .range from 10 kHz to 1.5 MHz, Acustica 9 1959
326]340.

w x27 R.J. Lang, Ultrasonic atomization of liquids, J. Acust.
Ž .Soc. Am. 34 1962 6]8.

w x28 T. Mercer, Production of therapeutic aerosols; princi-
Ž .ples and techniques, Chest 80 1981 313]818.

w x29 W.R. Morrison, A fast simple and reliable method for
the microdetermination of phosphorus in biological ma-

Ž .terial, Anal. Biochem. 224 1963 218]224.
w x30 G. Enhorning, Pulsating bubble technique for evaluating

Ž .pulmonary surfactant, J. Appl. Physiol. 43 1977
198]203.



( )M.H. Wagner et al. r Biophysical Chemistry 84 2000 35]43 43

w x31 G. Putz, J. Goerke, H. Taeusch, J. Clements, Compar-
ison of captive and pulsating bubble surfactometers with

Ž .use of lung surfactants, J. Appl. Physiol. 76 1994
1425]1431.

w x32 E. Scarpelli, E. David, M. Cordova, A. Mautone, Surface
Žtension of therapeutic surfactants exosurf neonatal, in-

.fasurf, and survanta as evaluated by standard methods
Ž .and criteria, Am. J. Perinatol. 9 1992 414]419.

w x33 O. Ferrer-Roca, M.C. Padilla, E. Domenech, Factors
that influence the distension of immature lung with

Ž .artificial surfactant, Biol. Neonate 57 1990 61]71.


