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ABSTRACT: Leakage of plasma proteins Into the alveolar space may inhibit sur
factant function. We compared the surface properties and the sensitivity to inhlbi
tory proteins of different organic solvent surfactant extracts and a synthetic 
surfactant. 

Experiments were performed in the pulsating bubble surfactometer, with sur
factant concentrations ranging between O.J and 2 mg·mJ·•. (nhjbltion profdes t()
wards fibrinogen, albumin a.nd haemoglobin were obtained from calf lung 
surfactant extract'! (CLSE), Alveofact, Curosurf and Survanta (aU used in clinical 
replacement studi.es in respiratory distress syndrome (RDS) and of an apoprotein
based synthetic phospholipid mixture (PLM-C/B; DPPC:PG:PA- 68.5:22.5:9, supple
mented with 2% wtfwt non-palmitoylated human recombina.nt SP-C and 1% t/wt 
natural bovine SP-B). 

In the absence of inhibitory proteins, aU surfactaots exhibited dose-ilependent 
rapid adsorption (rank order of relative efficacy PLM-C/B - CLSE > Alveofact > 
Curosurf > Survanta). Minimal surface tension was reduced to near zero values 
under dynamic compression (rank order PLM-C/B > CLSE > Alveofact = Curosurt) 
and to """* mN·m·1 (Survaota). Curosurf and Survaota were dose-ilependeotly in
hibited by fibrinogen > haemoglobin > albumin, with far-reaching loss of surface 
activity at protein-surfactant ratios above 1:1. In contrast, CLSE and Alveofact 
we.re only moderately inhibited by fibrinogen, and were not affected by haemoglobin 
and albumin, up to protein-surfactant ratios of 2:1. PLM-C/B exhibited resistance 
to fibrinogen, intermediate sensitivity to albumin, and was severely inhibited by 
haemoglobin. 

We conclude that various natural surfactant extracts and an apoprotein-based 
synthetic surf.actant mixture markedly differ in their sensitivity to inhibitory plasma 
proteins. Differences in phospholipid profdes a.nd hydrophobic apoprotein contents 
(e.g. low SP-B quantities in Curosurf and Survanta, high quantities in CLSE and 
Alveofact) may underlie these findings. Such differences may be relevant for 
surfactant function under conditions of increased alveolar protein load. 
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Surfactant deficiency has been disclosed as the under
lying event of the respiratory distress syndrome in preterm 
infants (RDS) [1-3]. In addition to the primary lack of 
phospholipid and apoprotein components, substantial 
protein leakage into the alveolar spaces occurs in the fur
ther course of RDS, which may significantly contribute 
to the deterioration of swfactant function [3, 4]. Moreo
ver, augmented alveolar protein load, due to increased 
endothelial and epithelial permeability, represents one of 
the key events in the adult respiratory distress syndrome 
(ARDS) [5-8]. Blood, plasma and alveolar washings, ob
tained during states of severe plasma-leakage into the lung 
airspaces, were all noted to inhibit natural swfactant func
tion [4, 9-12). Accordingly, a variety of in vitro studies 
have demonstrated swfactant inhibiting properties of al
bumin [11. 13-15], haemoglobin [16] and, in particular, 
fibrinogen and fibrin monomer [11, 14, 15, 17-20]. 

Replacement therapy with a variety of natural surfactant 

extracts has proved beneficial in both experimental and 
clinical studies in RDS [1-3]. Differences in efficacy 
were, however, noted. These differences may be related 
to variations in the dosage of the material and the 
timing of administration (preventive versus rescue appli
cation). In addition, differences in the sensitivity of 
the various surfactant preparations to the inhibitory 
capacities of leaked proteins may be relevant in late 
RDS; and such differences will, supposedly, be critical 
for surfactant replacement in ARDS. In the present study, 
we compared the effects of plasma proteins with estab
lished surfactant-inhibitory properties on diff~rent sur
factant preparations, all used in clinical replacement 
studies, and on a synthetic apoprotein-based phospholi
pid mixture. Marked differences in "protein sensitivity" 
were noted, which may have an impact on surfactant 
function under conditions of increased alveolar protein 
load. 
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Materials and Methods 

Natural surfactant preparations 

The following organic solvent surfactant extracts, all 
used in RDS replacement studies, were generously sup
plied for the current investigation: calf lung surfactant 
extract (CLSE) (provided by R.H. Notter) [21, 22]); 
Curosurf (pig lung surfactant extract; provided by B. 
Robertson, Stockholm, Sweden and Chiesi Pharmaceuti
cals, Parma, Italy) [23, 24]; Survanta (bovine lung 
surfactant extract, supplemented with dipalmitoylphos
phatidylcholine, palmitic acid and tripalmitin; provided 
from Abbott, Wiesbaden, Germany) [25, 26]; Alveofact 
(bovine lavage surfactant extract; provided from B. Disse, 
Boehringer/Ingelheirn, Germany) [27, 28]. 

Apoprotein-based synthetic surfactant 

A synthetic phospholipid mixture (PLM) was prepared 
from dipalmitoylphosphatidylcholine (DPPC) (68.5%), egg 
phosphatidylglycerol (PG) (22.5%) and palmitic acid (PA) 
(9% wt/wt) according to T ANAKA et al. [29]. To receive 
a synthetic apoprotein-based surfactant preparation with 
surface properties corresponding to natur.al surfactant 
preparations, this mixture was enriched with both natural 
bovine surfactant protein (SP-B...) (1% wt/wt) and non
palmitoylated human recombinant surfactant protein C 
(SP-Crec) (2% wt/wt) as described previously [30). The 
amino acid sequence of the recombinant SP-C is identi
cal to that reported by other others [31-33]. This mix
ture will henceforth be referred to as PLM-C/B. 

Surface tension measurements 

All surfactant preparations were diluted with saline con
taining 3 mM calcium to the appropriate phospholipid 
concentrations directly before experimental use. For 
establishing dose-effect curves, the diluted preparations 
were vortexed for 1 min, and gently shaken for 30 min 
at 37°C, before performing bubble studies. To assess the 
inhibitory effect of different proteins, fibrinogen (Kabi
Vitrum, Stockholm, Sweden; 95% purity), albumin 
(Sigma, Munich, Germany; 98% purity), or haemoglobin 
(Sigma, Munich, Germany; 98% purity), were admixed 
to the surfactant preparations in a small volume of cal
cium containing saline (albumin, haemoglobin), or as 
lyophilized protein (fibrinogen) 25 min after vortexing. 
The final phospholipid concentration of this mixture was 
then 2 mg·mi·', and the protein concentrations varied be
tween I and 8 mg·ml·'. The mixture was sonicated for 
I min (20 kHz, 50 W Bandelin Sonopuls HD 60), and 
gently shaken for another 5 min, before performing sur
face tension measurements. 

The oscillating bubble technique was applied as de
scribed previously [34], using a pulsating bubble surfacto
meter (Electronetics Co., Amherst, NY, USA). After the 
30 min incubation period, the surfactant material was 

transferred to the disposable sample chamber. A bubble 
of minimal radius (r=0.4 mm) was automatically created 
at 37°C, and while the bubble was not pulsating but 
maintained at that minimal size, pressure was continu
ously recorded for 12 s. Initially, the surface tension val
ues at 2, 4, 6, 8, 10 and 12 s were taken to characterize 
adsorption rate. However, no additional information was 
obtained by such multiple point characterization of ad
sorption kinetics, and therefore only the 12 s values (y..ss; 
given in mN·m-1) were used for final evaluation of data .. 
Next, pulsation was started at a cycling rate of 20 
cycles·min·1• The bubble rn.dius then varied between 0.4-0.55 
mm. Using the Laplace equation p=2 x y/r, the surface 
tension was calculated continuously with a microproces
sor. The minimal surface tension ('Ymin) was read after 5 
min of osciUation at minimal bubble radius. 

Analysis of phospholipid classes and SP-B 

Lipids were extracted from the surfactants used in this 
study, according to the method of BLIGH and DYER [35]. 
The phospholipid classes were separated by high perform
ance thin-layer chromatography, using silica gel 60 plates 
(Merck, Darmstadt, FRG). Samples (30 J.l.g) were applied 
with a Linomat IV applicator (Camag, Muttenz, Switzer
land). Chloroform:methanol:acetic acid:distilled water 
(50:37.5:3.5:2; voVvol) was used as the mobile phase, and 
the phospholipids were stained with molybdenum blue 
reagent according to GuSTAVSSON [36], and quantified by 
densitometric scanning at 700 nm with TLC-Scanner II 
(Camag, Muttenz, Switzerland). 

SP-B was quantified by a solid phase enzyme-linked 
immunosorbent assay (ELISA) technique (W. Seeger, G. 
Becker, H.J. Kramer and A. Giinther; manuscript in 
preparation). 

Statistics 

For measuring statistical differences, two-way analyses 
of variance were performed. 

Results 

Biochemical analysis 

The phospholipid profiles of the different natural 
surfactant preparations are given in table 1. All con
tained phosphatidylcholine percentages between 74-
90%; however, marked differences were noted in the 
smaller phospholipid fractions. The phosphatidylglycerol 
contents varied between 1-9%, those of lysophos
phatidylcholine between 0-7%, and significant quan
tities of sphingomyelin were detected in Curosurf and 
Survanta, but not in Alveofact and CLSE. Similarly, con
siderable variation in SP-B contents was observed. Re
lated to the total amount of phospholipids ( wt/wt), the 
SP-B was measured to be 1.7% in the CLSE and 
Alveofact preparations used, 0.2% in Curosurf and <0.1% 
in Survanta. 
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Table 1. - Phospholipid classes of natural surfactant 
preparations* 

PC LPC SPH PI PE PG CL 

Survanta 87.2 2.2 4.8 0.5 2.2 3.2 NO 
±1.2 ±0.2 ±0.8 ±0.1 ±0.3 ±0.2 

AJveofact 82.0 4.0 1.4 0.5 3.0 9.0 NO 
±1.4 ±0.2 ±0.3 ±0.2 ±0.4 ±1.3 

CLSE 89.3 ND 1.4 2.5 2.5 3.6 0.8 
±1.1 ±0.3 ±0.5 ±0.3 ±0.3 ±0.2 

Curosurf 74.5 6.9 8.1 3.3 4.5 1.2 NO 
±0.8 ±0.7 ±0.8 ±0.4 ±0.6 ±0.3 NO 

*: Phospholipids were quantified as detailed in Materials and 
Methods. Mean values (n=5) ±so of each phospholipid class 
are given in percentage of total phospholipid. PC: phos
phatidylcholine; LPC: lysophosphatidylcholine; SPH: sphingo
myelin; PI: phosphatidylinositol; PE: phosphatidy-lethanolamine; 
PG: phosphatidylglycerol; CL: cardiolipin; NO: not detectable; 
CLSE: calf lung surfactant extract. 
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0.5 mg·ml·1 and by CLSE at 1 mg·ml·1 phospholipids. 
In accordance with these differences in the dose-effect 
curves, near zero 'Ymin data were reached within <3 bub-
ble pulsations at 2 mg·m1·1 PLM-CJB, and within <10 os-
cillations at 2 mg·m1·1 CLSE in all experiments, whereas 
> 1 min of pulsation was necessary to achieve such low 
surface tension upon use of 2 mg·ml·1 Curosurf or 
Alveofact. Survanta displayed 'Ymin values of =4 mN·m·1 

at 2 mg·mi·1 lipids; additional experiments showed that 
>5 mg·ml·1 of this swfactant preparation was necessary 
to establish near zero surface tension in the bubble 
surfactometer (data not given in detail). 

Sensitivity to protein inhibition 

Marked differences in the sensitivity to surfactant in
hibitory proteins were displayed by the various surfactant 
preparations (figs. 2-4). Both adsorption kinetics and 
dynamic surface tension lowering properties of CLSE and 
Alveofact were only moderately affected by fibrinogen up 
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Fig. I. - a) Dose-dependent adsorption facilities (Y..s.) read after 12 s): and b) dose-dependent dynamic surface tension lowering properties 
(y....,) after 5 min oscillation, of different surfactant prepar.1tions. Mean±sEM of at least five experiments each are given. sEM bars are missing 
when falling into symbol. PLM·CIB: apoprotein C- and B-based phospholipid-fatty acid mixture; CLSE: calf lung surfactant eJttract. 

Baseline biophysical properties 

Dose-dependency of adsorption kinetics was displayed 
by all surfactant preparations within the currently used 
range of phospholipid concentrations (fig. 1). With the 
exception of Survanta, all Yads values at 2 mg·ml·1 

phospholipids ranged between 20-25 mN-m·•. Similar 
rapid adsorption was achieved by CLSE and PLM-C/B 
at only 0.5 mg·mJ·1 lipids, and by Alveofact at 1 mg·m1·1• 

y..,. values of Survanta did not fall below 35 mN·m·1 at 
any of the phospholipid concentrations used. 

At 2 mg·m1·1 phospholipids, PLM-C/B, CLSE, Curo
surf and Alveofact achieved near zero swface tension 
within the 5 min bubble oscillation period (fig. 1). 
Such low 'Ymin values were reached by PLM-C/B at only 

to 8 mg·ml·1, and both surfactant preparations were 
virtually unaffected by albumin and haemoglobin up to 
corresponding protein concentrations. In contrast, Curo
swf and Survanta were markedly inhibited by all three 
proteins, both with respect to adsorption facilities and 
minimal surface tension upon bubble osciUation. Only 
I mg·mi·1 fibrinogen sufficed to raise the y..,. values to 
nearly 50 mN·m·1; and at 4 mg·ml·1 of all proteins, 'Ymio 
data of Curosurf and Survanta ranged above 20 mN·m-1

• 

PLM-C/B displayed differential sensitivity to the various 
proteins. This synthetic mixture was only moderately af
fected by fibrinogen, it showed intermediate sensitivity to 
albumin and was markedly inhibited by haemoglobin, 
both in terms of adsorption kinetics and dynamic surface 
tension lowering properties. 
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Fig. 2. - Dose-related in!luence of fibrinogen (FBG): a) on adsorption kinetics; and b) on dynamic surface tension lowering properties, of 
diffe.rent surfactant preparations. All surfactants were used at 2 mg·mJ·' phospholipids. Mean±sEM of at least five experiments each are given. 
sEM bars are missing when falling into symbol. Curosurf and Survanta differ from CLSE, PLM-C/B, or Alveofact (p<O.OOl). For abbreviations 
see legend to figure I. 
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Fig. 3. - Dose-related influence of haemoglobin: a) on adsorption kinetics; and b) dynamic surface tension lowering properties, of different 
surfactant preparations. All surfactants were used at 2 mg·mJ·' phospholipids. Mean±sEM of at least five experiments each are given. SFJ,f bars 
are missing when falling into symbol. Curosurf, Survanta and PLM-C/B significantly differ from CLSE or Alveofact (p<O.OOI). For abbrevia
tions see legend to figure I. 
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Fig. 4. - Dose-related influence of albumin: a) on adsorption kinetics; and b) on dynamic surface tension lower properties, of different sur
factant preparations. All surfactants were used at 2 mg·mJ·• phospholipids. Mean±sEM of at least five experiments each are given. SEM bars are 
missing when falling into symbol. Curosurf and Survanta differ from CLSE or AJveofact with p<O.OOI. For abbreviations see legend to figure L 
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Discussion 

The surface properties of the natural surfactant prepa
rations CLSE, Alveofact and Curosurf meet generally 
accepted criteria of satisfying surfactant function. At 
2 mg·ml·', rapid adsorption was noted ('yads ""22-25 
mN·m·'), and near zero minimal surface tension was 
reached upon bubble oscillation within <3 min. The 
dose-response curves revealed a rank order of efficacy 
with CLSE > Alveofact > Curosurf, both with respect to 
adsorption facilities and dynamic surface tension lower
ing properties. Obviously, deviating surface properties 
were registered for Survanta in the presently used con
centration range (yads ""36 mN-m·• and 'Ymia :::4 mN·m·• at 
2 mg·rnl·' phospholipids). These data correspond to pre
vious investigations in this surfactant preparation [11, 25]; 
serial studies with higher strengths of Survanta in order 
to achieve lower yads and 'Ymin values were not performed 
in the current study. 

Since the discovery of the extreme hydrophobic surfactant 
apoproteins SP-B and SP-C, their essential role in adsorp
tion and dynamic surface tension lowering facilities of 
alveolar surfactant has become increasingly evident [37-
43]. In a precedihg investigation, supplementation of a 
synthetic phospholipid mixture, composed according to 
TANAKA et al. [32], with both non-palmitoylated SP-C and 
SP-B, was optimized for assessment of high standard sur
face tension properties, including low sensitivity to the 
inhibitory capacity of fibrinogen [33]. The dose-effect 
curves of this synthetic material displayed similar. (yads), 
or even slightly higher (ymin), relative efficacy as compared 
to CLSE, the most potent natural surfactant preparation 
presently studied. 

In accordance with previous investigations [11, 14, 15, 
17-20, 33, 44] fibrinogen caused dose-dependent inhibi
tion of all natural surfactant preparations employed. 
Marked differences in the sensitivity to this inhibitory 
plasma protein were, however, noted. Whereas the sur
face activities of Curosurf and Survanta were severely 
deteriorated by low protein concentrations, a fibrinogen
phospholipid ratio of more than 2:1 was needed for sig
nificant inhibition of the surface properties of CLSE and 
Alveofact. In accordance with this differential sensitiv
ity to fibrinogen, surface tension characteristics of Curo
surf and Survanta were dose-dependently inhibited by 
albumin and haemoglobin, whereas these proteins exerted 
no significant effect on CLSE and Alveofact As stated 
above, PLM-C/B was "designed" to achieve far-reaching 
resistance to the inhibitory capacity of fibrinogen, and was 
thus only slightly affected by this plasma protein. In con
trast, haemoglobin severely deteriorated the surface activ
ity of this synthetic surfactant mixture, and it displayed 
intermediate sensitivity to albumin. Several aspects may 
underlie these marked differences in protein sensitivity of 
the various surfactant preparations. 

Firstly, variations in lipid composition. Comparing 
available data concerning the lipid composition of dif
ferent surfactant preparations, liALLIDAY (45] considered 
the relative phospholipid content to be 84% (Survanta), 
92% (CLSE) and 99% (Curosurf); for Alveofact, the 
phospholipids were reported to represent 88% of the 

lipids. Correspondingly, triglycerides and free fatty ac
ids were noted to be virtually absent (Curosurf [46)), or 
to range up to ~% each (Survanta [25]). Cholesterol 
was missing in Curosurf (46], and Survanta [25], and was 
reported to range at :::4% in CLSE [22) and Alveofact 
[47]. As detailed in table l, marked differences in the 
phospholipid profiles were additionally noted, in particu
lar with respect to the percentages of phosphatidyl
glycerol, sphingomyelin and lysophosphatidylcholine. 
These variations in the lipid composition of the different 
surfactant preparations must be assumed to influence their 
surface properties under baseline conditions, and in the 
presence of inhibitory proteins. 

Secondly, variations in apoprotein composition. Since 
all natural surfactants underwent an organic solvent ex
traction procedure, no substantial quantities of surfactant 
protein A (SP-A) are present in these preparations. SP
B and SP-C are eo-extracted with the lipids, and thus 
contained in these preparations; however, their ratio has 
hitherto only been reported for Curosurf (1:3, [46]). 
Quantification of the SP-B contents by ELISA technique 
revealed marked differences between the various surfac
tants, with CLSE and Alveofact containing high amounts 
(>1.5%, related to phospholipids), and Curosurf and 
Survanta containing low percentages ( <0.25%) of this 
hydrophobic apoprotein. Interestingly, these differences 
correspond to the differential sensitivities to inhibitory 
proteins noted for the various surfactant preparations (high 
sensitivity of Curosurf and Survanta, low susceptibility 
of CLSE and Alveofact). Preceding studies in our 
laboratory showed that the fibrinogen inhibition of a 
recombinant SP-C based phospholipid mixture is mark
edly counteracted by supplementation with small amounts 
of SP-B. Conversely, the fibrinogen sensitivity of a natu
ral surfactant preparation (CLSE) was found to be 
substantially increased by functional inhibition of SP-B 
with use of antibody [33]. The low sensitivity of the SP
C/B-based synthetic phospholipid mixture to fibrinogen 
was confirmed in the present study. Interestingly, how
ever, this feature contrasted with a high sensitivity of the 
synthetic material towards the inhibitory capacity of 
haemoglobin, which suggests different underlying mecha
nisms of interference with surfactant function for these 
two proteins. Supplementation of an organic extract of 
bovine surfactant with SP-A was recently noted to coun
teract the inhibitory effect of fibrinogen [15]. Accord
ingly, SP-A enrichment of a solvent extracted bovine 
lavage material was reported to improve its functional 
activity in a pretenn ventilated rabbit model, in which al
veolar protein leakage is known to occur rapidly [48]. 
Altogether, these studies suggest that differences in the 
hydrophobic apoprotein contents, in particular SP-B, may 
have considerable impact on plasma protein sensitivities 
of natural and synthetic surfactant materials, and that this 
might be further modulated by additional supplementation 
with SP-A. 

Thirdly, presence of contaminating materials. CLSE and 
Alveofact, which were extracted from lavage fluids, dis
played low sensitivity to fibrinogen, and were resistant to 
haemoglobin and a.lbumin, whereas Curosurf and 
Survanta, solvent extracted from minced lung tissues, 
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were severely inhibited by all three proteins. This may 
suggest eo-extraction of compounds from the lung tissue, 
which are not present in the alveolar space assessed by 
lavage. Extracted membrane lipids and constituents of 
lung ground substance have been suggested as tissue
derived candidates with surfactant inhibitory properties 
[16, 20]. However, no definite data on putative contami
nating material in the minced tissue extracts are presently 
available. 

In conclusion, natural surfactant extracts, used for RDS 
replacement therapy, and an apoprotein-based synthetic 
phospholipid mixture displayed marked differences in 
their sensitivity to inhibitory plasma proteins. Such 
differences may have considerable impact on surfactant 
function under conditions of increased alveolar protein 
load, such as late RDS and ARDS. Further work will be 
necessary to relate the differential protein sensitivity to 
variations in surfactant apoprotein and/or lipid composi
tion, or to putative eo-extracted compounds. 
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