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positive end-expiratory pressure. Tidal volumes as well as 
lung gas volumes at end-expiration were determined.  Re-
sults:  Treatment with 2% Mini-B (a short-cut version of SP-B) 
and 2% SP-C33, or its C-terminally truncated form SP-C30, in 
1,2-dipalmitoyl- sn -glycero-3-phosphocholine/1-palmitoyl-
2-oleoyl- sn -glycero-3-phosphoglycerol, 68:   31 (w/w) result-
ed in median lung gas volumes of 8–9 ml/kg body weight, 
while animals treated with 2% Mini-B surfactant or 2% SP-
C33/SP-C30 surfactant had lung gas volumes of 3–4 ml/kg, 
and those treated with Curosurf, a porcine surfactant, 15–17 
ml/kg. In contrast, mixing SP-C33 with peptides with differ-
ent distributions of positively charged and hydrophobic res-
idues did not improve lung gas volumes.  Conclusions:  The 
data indicate that synthetic surfactants containing ana-
logues of both SP-B and SP-C might be superior to single-
peptide surfactants in the treatment of RDS. 

 Copyright © 2010 S. Karger AG, Basel 
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 Abstract 
  Background:  Respiratory distress syndrome (RDS) is cur-
rently treated with surfactant preparations obtained from 
natural sources and attempts to develop equally active syn-
thetic surfactants have been unsuccessful. One difference in 
composition is that naturally derived surfactants contain the 
two hydrophobic proteins SP-B and SP-C while synthetic 
preparations contain analogues of either SP-B or SP-C. It was 
recently shown that both SP-B and SP-C (or SP-C33, an SP-C 
analogue) are necessary to establish alveolar stability at 
end-expiration in a rabbit RDS model, as reflected by high 
lung gas volumes without application of positive end-expi-
ratory pressure.  Objectives:  To study the efficacy of fully 
synthetic surfactants containing analogues of both SP-B and 
SP-C compared to surfactants with only one protein ana-
logue.  Methods:  Premature newborn rabbits, treated with 
synthetic surfactants, were ventilated for 30 min without 
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 Introduction 

 Respiratory distress syndrome (RDS) in preterm ba-
bies is today successfully treated by airway instillation of 
surfactant purified from animal lungs  [1] . These prepara-
tions are expensive and have a limited supply and there-
fore there is a need for synthetic surfactant substitutes 
which can be produced in large quantities at low cost. 
However, pulmonary surfactant has a very complex com-
position consisting of the four surfactant-specific pro-
teins SP-A, SP-B, SP-C and SP-D, and several species of 
phospholipids. SP-A and SP-D are mainly involved in 
host defense while SP-B and SP-C together with the lipids 
are responsible for the surface properties of surfactant 
 [2–4] .

  Attempts to develop a synthetic pulmonary surfactant 
have met several difficulties. The greatest obstacle has 
been to synthesize the surfactant proteins SP-B and SP-C 
due to a metastable secondary structure (SP-C) and a 
complex tertiary structure (SP-B). Phospholipids are the 
main constituents of surfactant and 1,2-dipalmitoyl- sn -
glycero-3-phosphocholine (DPPC) is the single most 
abundant species. SP-B and/or SP-C are important for 
optimal surfactant activity because of their ability to im-
prove the reduction of surface tension mainly obtained 
by DPPC  [3, 4] .

  SP-B and SP-C are structurally different. SP-C is a very 
hydrophobic lipoprotein which in its longest form has 35 
amino acid residues and thioester-linked palmitoyl 
groups in the N-terminal part  [5] . The  � -helical part of 
the molecule is inserted in the lipid bilayer and orientated 
near parallel to the phospholipid acyl groups  [6, 7] . SP-B 
has 79 amino acid residues with seven Cys residues, form-
ing three intramolecular disulfide bridges. The remain-
ing Cys is linked to the corresponding residue of another 
SP-B monomer  [8] . The homodimeric molecule may in-
teract with the surface of lipid bilayers by means of four 
or five amphipathic  � -helices in each monomer. SP-B be-
longs to the saposin family of proteins, in which all mem-
bers interact with lipids. The tertiary structures of sev-
eral saposins have been determined and show 4- or 5-
helix bundles. The tertiary structures, however, differ 
between saposins since the helix packing varies signifi-
cantly from closed  [9]  to open  [10]  conformations. The 
3D structure of SP-B has not been determined, but SP-B 
differs from the other saposins by being a covalent dimer, 
and not being soluble in water. The apparently simple  � -
helical structure of SP-C is not obtained in synthetic rep-
licas, but recombinant SP-C, produced as a fusion pro-
tein, is helical  [11, 12] .

  No method to produce the disulfide-bonded homodi-
meric structure of SP-B has been presented thus far. At-
tempts to overcome these problems have included design 
of SP-B and SP-C analogues  [13] . Analogues, structural 
and/or functional, have been included in different phos-
pholipid mixtures and evaluated in both premature ani-
mals with surfactant deficiency  [14–21]  and in adult ani-
mals with experimental acute respiratory distress syn-
drome  [22–26]  .  All synthetic surfactants analyzed so far 
have contained a single peptide or peptoid, being de-
signed to mimic SP-B or SP-C, mixed with comparative-
ly simple lipid mixtures. Some of these preparations have 
shown activity similar to natural derived surfactant prep-
arations as regards increased lung compliance in animal 
models of RDS. However, alveolar stability at end-expira-
tion has been inferior to what is obtained by treatment 
with natural derived surfactants, as measured by require-
ment of ventilation with a positive end-expiratory pres-
sure (PEEP) or lower lung gas volumes, reflecting the 
functional residual capacity, in the absence of PEEP  [15, 
17, 27] .

  The quality of an exogenous surfactant is dependent 
on both its ability to increase lung compliance and to sta-
bilize the alveoli at end-expiration. For proper evaluation 
of the latter function, animal experiments need to be per-
formed without PEEP, since PEEP will at least to some 
degree prevent alveolar collapse at end-expiration and 
hence make it difficult to differentiate between exoge-
nous surfactants of optimal and medium quality  [17] . Re-
cently we found that addition of porcine SP-B to a syn-
thetic surfactant composed of the analogue SP-C33 mixed 
with DPPC/1-palmitoyl-2-oleoyl- sn -glycero-3-phospho-
glycerol (POPG), 68:   31 (w/w) (SP-C33 surfactant) result-
ed in increased lung gas volumes in premature newborn 
rabbit ventilated without PEEP  [28] . This indicates that 
SP-B and SP-C fulfill different functions and that both 
proteins are required to prevent alveolar collapse at the 
end of expiration.

  In the present study, using the premature rabbit mod-
el, we have investigated whether Mini-B  [29]  and two 
model peptides with primary structures different from 
SP-B may work as a functional SP-B analogue when add-
ed to SP-C33 surfactant. SP-C33 is a full-length protein 
analogue of SP-C that retains the transmembrane helical 
domain by substituting leucines for valines and has 
serines replacing the palmitoylated cysteines in the N-
terminal segment of the protein ( fig. 1 a). As shown in 
 figure 1 b, Mini-B is a ‘truncated’ analogue of SP-B in 
which the positively charged N-terminal amphipathic 
helix is connected to the positively charged C-terminal 
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amphipathic helix by an engineered loop and it contains 
two intrachain disulfide bridges present in SP-B  [30]  
( fig. 1 b).

  Materials and Methods 

 Lipids and Polypeptides 
 DPPC and POPG were obtained from Sigma Chemical (St. 

Louis, Mo., USA).
  SP-C33 (IPSSPVHLKRLKLLLLLLLLILLLILGALLMGL) was 

provided by Chiesi Farmaceutici SpA (Parma, Italy). SP-C33 has 
a modified sequence compared to human SP-C  [17] .

  SP-C30 (IPSSPVHLKRLKLLLLLLLLILLLILGALL) is a C-
terminally truncated version of SP-C33, and was obtained from 
Thermo Fisher Scientific (Ulm, Germany).

  Mini-B (CWLCRALIKRIQAMIPKGGRMLPQLVCRLVL-
RCS), with Cys1–Cys33 and Cys4–Cys27 linkages, was synthesized 
using a FastMoc protocol as described previously, HPLC purified, 
folded and air oxidized in trifluoroethanol:buffer  [29] . Mini-B po-
sitions 1–18 represent human SP-B positions 8–25 and positions 
19–34 in Mini-B represent human SP-B positions 63–78.

  The peptide KL 2,3  (LLLKLLKLLLKLLKLLLKLLL) was syn-
thesized and purified as described previously for other helical 
peptides  [16]  whereas KLK 3  (LLKLKLLLLLLLKLKLLLLLLLKL-
KLL) was obtained from Thermo Fisher Scientific.

  Porcine SP-B was isolated from Curosurf paste using size ex-
clusion chromatography over a LH-20 resin in chloroform/meth-
anol as described  [28] .

  Surfactant Preparations 
 DPPC/POPG (68:   31, w/w) was dissolved in chloroform:meth-

anol (1:   1, v/v) and mixed with SP-C33, SP-C30, Mini-B, porcine 
SP-B, KL 2,3 , KLK 3 , or combinations thereof, in the same solvent. 
The peptide content in the preparations was 1 or 2% of each pep-
tide in relation to the phospholipid weight. The solvents were 
evaporated with nitrogen and the preparations were resuspended 
in saline to a final phospholipid concentration of 80 mg/ml by 
slow rotation at 37   °   C. The preparations were stored at –20   °   C. Be-

fore examinations in vitro, all solutions were diluted in saline to 
a final phospholipid concentration of 10 mg/ml.

  In vivo Experiments 
 The pregnant rabbit does were sedated and anesthetized by 

intramuscular injections of diazepam (Stesolid � ), 5 mg/kg, and 
fentanyl citrate/fluanisone (Hypnorm � ), 0.3 ml/kg. Preterm 
newborn rabbits obtained by hysterotomy at a gestational age of 
27 days (term 31 days), were anesthetized with intraperitoneal 
sodium pentobarbital, 25 mg/kg, and tracheotomized at birth. 
The animals were randomly allocated to different treatments 
and 2.5 ml/kg of surfactant, 80 mg/ml, was administered via a 
tracheal cannula at a total dose of 200 mg/kg. Animals receiving 
the same dose of Curosurf served as positive controls and non-
treated littermates as negative controls. The animals were kept 
in plethysmograph boxes at 37   °   C and ventilated in parallel with 
100% oxygen at a frequency of 40/min and an inspiration/expira-
tion ratio 1:   1. Peak inspiratory pressure was first set at 35 cm 
H 2 O for 1 min in order to open up also the lungs of the non-
treated controls. Then pressure was lowered to 25 cm H 2 O for 15 
min and further on to 20 cm H 2 O for 5 min and 15 cm H 2 O for 
5 min. Finally, pressure was raised again to 25 cm H 2 O for 5 min 
after which the lungs were ventilated for additional 5 min with 
nitrogen. The pressure changes are included to determine the 
surfactant effect on the tidal volumes at lower pressures and the 
capability of surfactant to reopen the lung after a period with low 
tidal volumes, while the nitrogen ventilation at the end of ex-
periment was included to prevent oxygen diffusion into the lungs 
and thus allow accurate determination of lung gas volumes. The 
experiments were performed without PEEP. Tidal volumes were 
recorded every 5 min. At the end of the experiment the tracheal 
cannula was clamped at end-expiration, the trachea ligated, and 
the lungs were excised and weighed. Lung gas volumes were de-
termined by water displacement technique as described  [28, 
31] .

  Lung Histology 
 The lungs were fixed by immersion in 4% neutral formalin, 

dehydrated and embedded in paraffin. Transverse sections, 
stained with hematoxylin and eosin, were examined by light mi-

a b

  Fig. 1.   a  Molecular graphics illustration of 
SP-C33 in methanol based on the struc-
ture of native porcine SP-C (1SPF). Helical 
residues in the transmembrane sequence 
are in red, the N-terminal serine residues 
are in yellow, and disordered segments are 
in green.  b  Mini-B structure in methanol 
based on the structure of Mini-B (1SSZ) 
with the helical segments in red, the engi-
neered loop in green and the disulfide 
linkages in yellow. 
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croscopy with particular reference to alveolar expansion and air-
way epithelial necrosis. The proportion of well-aerated alveoli was 
estimated and classified semiquantitatively according to a 5-
grade scale (0: 0, 1: 1–25, 2: 26–50, 3: 51–75, 4:  1 75%) while a 4-
grade score was used for estimation of airway epithelial necrosis 
(0 = absent, 1 = mild, 2 = moderate, 3 = prominent). In addition, 
alveolar volume density (V v ) was measured with a computer-aid-
ed image analyzer using total parenchyma as reference volume 
 [32] .

  Molecular Graphics 
 The models of SP-C33 and Mini-B used the protein backbone 

structure of the lowest energy conformers of porcine SP-C (PDB 
1SPF) and Mini-B (PDB 1SSZ) as molecular templates. The se-
quences were aligned and homology modeled with Modeller ver-
sion 9v4 (http://www.salilab.org/modeller/). The SP-C33 and 
Mini-B structures were further refined using the Gromacs suite 
of molecular dynamics programs  [33] . The homology structure 
was placed in a periodic 80 cubic Å box of methanol to emulate 
an environment of intermediate polarity similar to surfactant 
phospholipids, minimized by the steepest descent method as im-
plemented, the solvent pre-equilibrated for 100 ps and the system 
then subjected to 10 ns of molecular dynamics at 300K in the 
GROMACS version 3.3 environment [ 33 ; http://www.gromacs.
org] to obtain a final structural approximation of the peptides.

  Statistics 
 One-way ANOVA was followed by the Newman-Keuls mul-

tiple comparison test for the in vivo data. Histological scores were 

analyzed by one-way ANOVA, non-parametric as described by 
Kruskal-Wallis, and followed by Dunn’s multiple comparison 
post-test. Statistical significance was considered when p  !  0.05. 
The data were statistically evaluated using Statistica (Statsoft, 
Inc., Tulsa, Okla., USA).

  Ethics 
 The animal experiments were approved by the local ethical 

committee for animal research, Stockholms norra Djurförsökse-
tiska Nämnd (316/06).

  Results 

 The efficacy of 2% each of Mini-B + SP-C33, 2% 
Mini-B, 2% SP-C33, all combined with DPPC/PPOPG, 
68:   31 (w/w), and Curosurf was compared in premature 
newborn rabbits. After 30 min of ventilation without 
PEEP, animals treated with SP-C33 + Mini-B surfactant 
had lung gas volumes of about 8 ml/kg, which is signif-
icantly higher than the 3–4 ml/kg obtained for the prep-
arations containing either SP-C33 or Mini-B, but infe-
rior to the about 15 ml/kg obtained in animals treated 
with Curosurf ( fig. 2 ). Animals treated with Mini-B + 
SP-C33, Curosurf, or SP-C33 surfactants had similar 
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 Fig. 2. Lung gas volumes in preterm newborn rabbits treated with 
surfactants containing SP-C33 + Mini-B, Mini-B, SP-C33, or 
Curosurf, and in non-treated controls. Two percent of each of the 
synthetic peptides were mixed with DPPC/POPG (68:   31, w/w). 
All surfactants were administered at a dose of 80 mg phospholip-
ids/ml, 2.5 ml/kg. Levels of statistical significance: Curosurf: p  !  
0.0005 vs. all other groups; 2% SP-C33 + 2% Mini-B: p  !  0.02 vs. 
2% SP-C33, 2% Mini-B and non-treated controls, respectively. 2% 
SP-C33: p  !  0.001 vs. non-treated controls. 2% Mini-B: p  !  0.005 
vs. non-treated controls. The lines indicate median values. 
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 Fig. 3. Tidal volumes in preterm newborn rabbits treated with 
surfactants containing 2% SP-C33 + 2% Mini-B, 2% Mini-B, 2% 
SP-C33, or Curosurf, and in non-treated controls (see figure 2 for 
details). No significant differences were observed between Curo-
surf, 2% SP-C33 and 2% SP-C33 + 2% Mini-B. These groups had 
significantly higher tidal volumes than non-treated controls (at 
5–20 and 30 min) and the 2% Mini-B group (at 5–15 min) (p    !  
0.05–0.001). Non-treated controls and 2% Mini-B were signifi-
cantly different only at 30 min (p  !  0.05). The results are given as 
median values.     
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tidal volumes ( fig. 3 ). Animals treated with Mini-B sur-
factant had lower tidal volumes than the other surfac-
tant-treated animals throughout the 30-min ventilation 
period, except at the lowest pressure of 15 cm H 2 O 
( fig. 3 ). Histologically, animals treated with Curosurf 
showed a significantly higher grade of alveolar expan-
sion than all other groups, and those receiving Mini-B 
+ SP-C33 had better lung expansion than the single-
peptide mixtures ( table 1 ). No significant difference was 
seen between the groups treated with SP-C33 or Mini-B 
alone. Regarding epithelial necrosis, all surfactant-
treated groups showed similar behavior, but only the 
Curosurf-treated animals showed statistically signifi-
cant less necrosis than non-treated controls ( table 1 ). In 
surfactant-treated animals, tidal volumes at 30 min were 
not correlated to lung gas volumes (r = 0.28, p  1  0.05) or 
alveolar volume densities (r = 0.04, p  1  0.05), while a 
positive correlation was observed between lung gas vol-
umes and alveolar volume densities (r = 0.84, p  !  0.05) 
indicating that tidal volume and lung gas volume/alveo-
lar volume density measure different surfactant proper-
ties.

  Reducing the amounts of Mini-B and SP-C33 to 1% 
each in the same phospholipid mixture as used above 
resulted in no improvement of lung gas volumes and al-
veolar expansion, measured as alveolar volume density, 
compared to SP-C33-treated animals and both surfac-
tant mixtures gave clearly inferior values compared to 
those obtained after treatment with Curosurf ( table 2 ). 
Addition of 1% of porcine SP-B to 1% of SP-C33 surfac-

tant increased lung gas volumes and tidal volumes but 
the improvements were not statistically significant ( ta-
ble 2 ).

  Next, the in vivo efficacy of SP-C30, a three-residue 
C-terminally truncated version of SP-C33, mixed with 
Mini-B was investigated. Two percent each of SP-C30 and 
Mini-B in DPPC/POPG, 68:   31 (w/w), gave lung gas vol-
umes of 9 ml/kg, which was significantly higher than the 
about 4 ml/kg for SP-C30 surfactant ( table 2 ). These re-
sults correlated with the alveolar volume densities ( ta-
ble 2 ). The tidal volumes after 30 min of ventilation for 
Mini-B + SP-C30 surfactant, and SP-C30 surfactant, were 
significantly lower than for Curosurf ( table 2 ).

  Mixing 2% each of the peptides KL 2,3  and SP-C33 in 
DPPC/POPG, 68:   31 (w/w), resulted in lung gas volumes 
of about 5 ml/kg, and surfactants containing one of the 
peptides only also gave lung gas volumes of about 5 ml/
kg ( table 2 ). Tidal volumes for KL 2,3  + SP-C33 and SP-
C33 only surfactants were similar ( table 2 ). In a simi -
 lar manner, mixing the peptide KLK 3  with SP-C33 in 
DPPC/POPG 68:   31 (w/w) resulted in lung gas volumes 
of about 6–7 ml/kg, similar to surfactants containing 
KLK 3  only, and SP-C33 only surfactant gave 3 ml/kg ( ta-
ble 2 ). Addition of KL 2,3  or KLK 3  to SP-C33 surfactant 
had no significant effect on alveolar volume density ( ta-
ble 2 ). Tidal volumes after 30 min of ventilation were 
similar for all surfactant-treated groups ( table 2 ).

Table 1. Histological observations in preterm newborn rabbits treated with 2% Mini-B, 2% SP-C33, 2% Mini-B
+ 2% SP-C33, all in DPPC/POPG (68:31, w/w), Curosurf, or non-treated controlsa 

Treatment n Grade of expansion
(0–4)

Epithelial necrosis
(0–3)

Alveolar volume
density (%)

Curosurf 12 3 (1–3)* 1 (0–1)# 64 (52–71)**, ***
2% SP-C33 11 1 (0–2)# 1 (0–2) 53 (49–57)
2% Mini-B 12 1 (0–2)# 1 (0–2) 52 (38–59)
2% SP-C33 + 2% Mini-B 10 2 (1–3)##, x, § 1 (0–2) 58 (50–65)x, §

Non-treated controls 11 0 (0–1) 1.5 (1–3) 57 (48–62)

Values are given as median (range). n = Number of animals.
aAll surfactants were administered at a dose of 80 mg phospholipid/ml, 2.5 ml/kg.
* p < 0.01 vs. all other groups; ** p < 0.02 vs. 2% SP-C33 + 2% Mini-B; *** p < 0.001 vs. 2% SP-C33, 2% Mini-

B and non-treated controls, respectively.
# p < 0.05 vs. non-treated controls; ## p < 0.01 vs. non-treated controls.
x p < 0.01 vs. 2% Mini-B.
§ p < 0.05 vs. 2% SP-C33.
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  Discussion 

 Premature infants with RDS are routinely treated with 
airway instillation of surfactant extracted from animal 
lungs and the covalent structures of SP-B and SP-C are 
known  [34, 35] . In spite of these advances, attempts to 
formulate a synthetic surfactant have not yet resulted in 
a preparation which is comparable to naturally derived 
surfactants. Herein we addressed the question whether 
synthetic analogues of both SP-B and SP-C, in mixture 
with DPPC/POPG, 68:   31, give a better response in an 
RDS model in which premature rabbit fetuses are venti-
lated without PEEP, than preparations containing only 
one of the analogues. Surfactant preparations containing 
only SP-C33, or porcine SP-C, are sufficient to give ade-
quate tidal volumes in the rabbit RDS model. However, 

the inclusion of porcine SP-B improves lung gas volumes, 
suggesting that this experimental model can be used to 
identify SP-B analogues, which in combination with SP-
C33 give an optimal synthetic surfactant  [28] . The pres-
ent study is the first one that investigates a fully synthet-
ic surfactant containing analogues of both SP-B and
SP-C.

  Mini-B is a structural analogue of SP-B. It represents 
a ‘short-cut’ version of human SP-B in which the first he-
lix has been connected to the last helix via a structurally 
unordered loop  [30] . Addition of 2% Mini-B to 2% SP-
C33 in DPPC/POPG, 68:   31 (w/w), improved both lung 
gas volumes ( fig. 2 ) and alveolar expansion ( table 1 ) but 
only small changes in tidal volumes compared to SP-C33 
surfactant were observed ( fig. 3 ). Since no significant cor-
relation was observed between tidal volumes and lung gas 

Table 2. Tidal volumes, lung gas volumes and alveolar volume density in preterm newborn rabbits treated with 
200 mg/kg (80 mg/ml) of DPPC/POPG (68:31, w/w) mixed with peptides

Treatment n Tidal volume
ml/kg

Lung gas volume
ml/kg

Alveolar volume
density (%)

1% SP-C33 15 9.9 (1.7–20.4) 4.7 (1.8–8.0) 52 (44–61)
1% SP-C33 + 1% SP-B 14 13.2 (1.2–26.1) 8.2 (2.0–11.9) 55 (49–61)
1% SP-C33 + 1% Mini-B 14 5.6 (1.4–23.2) 5.1 (2.6–10.3) 54 (38–63)
Curosurf 13 8.8 (1.4–28.3) 18.2 (7.8–36.0)+ 68 (50–74)+

Non-treated controls 14 1.1 (0.6–2.5)* 0.4 (0–2.0)**, *** 51 (41–56)

2% SP-C30 8 7.0 (3.3–9.6) 4.1 (2.4–7.3)# 53 (42–64)
2% SP-C30 + 2% Mini-B 8 9.7 (4.1–16.6)# 9.0 (7.3–11.7)! 63 (56–67)!!

Curosurf 8 18.7 (2.9–37.1)## 16.5 (9.4–24.2)+ 68 (58–73)!!!

Non-treated controls 8 1.3 (1.1–1.5) 1.6 (0.3–1.7) 50 (45–56)

2% SP-C33 6 17.6 (8.4–22.4) 5.1 (3.9–9.9) 53 (47–63)
2% KL2,3 + 2% SP-C33 7 15.3 (6.7–30.5) 5.3 (2.5–6.5) 56 (54–61)
Curosurf 5 23.8 (12.5–30.2) 23.4 (10.4–24.3)+ 69 (62–78)+

Non-treated controls 4 1.0 (0.7–2.4)* 1.4 (0–1.6) 55 (54–58)

2% SP-C33 11 13.5 (4.3–20.0) 3.3 (0.7–6.4) 52 (45–64)
2% KLK3 11 13.4 (6.2–22.7) 6.4 (4.0–7.7) 56 (44–64)
2% KLK3 + 2% SP-C33 11 17.7 (4.6–23.1) 6.5 (2.0–13.9) 58 (45–76)
Curosurf 10 13.0 (6.0–31.0) 20.5 (8.1–36.2)+ 71 (58–77)+

Non-treated controls 11 1.4 (0–13.4)+ 0.7 (0–3.3)+ 52 (46–60)

Values are given as median (range). n = Number of animals.
Tidal volumes were measured after 30 min of ventilation at an insufflation pressure of 25 cm H2O. Positive 

controls were treated with Curosurf (80 mg/ml, 200 mg/kg) and non-treated animals were used as negative 
controls.

* p < 0.01 vs. all surfactants; ** p < 0.05 vs. 1% SP-C33 + 1% Mini-B; *** p < 0.05–0.01 vs. 1% SP-C33 and
1% SP-C33 + 1% SP-B.

# p < 0.05 vs. non-treated controls; ## p < 0.02 vs. all other groups.
+ p < 0.0005 vs. all other groups.
! p < 0.02 vs. 2% SP-C30 and non-treated controls; !! p < 0.01 vs. 2% SP-C30 and non-treated controls; !!! p < 

0.0005 vs. 2% SP-C30 and non-treated controls.
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volumes in surfactant-treated animals, the methods seem 
to measure different surfactant functions. A C-terminal-
ly truncated SP-C analogue, SP-C30, combined with 
Mini-B, also improved lung gas volumes and alveolar ex-
pansion measured as alveolar volume density ( table 2 ). 
This shows that Mini-B possesses functions similar to 
those of SP-B and that, in the animal model used, a syn-
thetic surfactant containing Mini-B and SP-C33/SP-C30 
is superior to surfactants with only one of these ana-
logues. However, addition of 1% Mini-B to 1% SP-C33 in 
DPPC/POPG, 68:   31 (w/w), or adding 1% of porcine SP-B 
to 1% SP-C33 in the same lipid mixture did not signifi-
cantly increase lung gas volumes and alveolar expansion 
( table 2 ). Tidal volumes in animals treated with Mini-B 
surfactant are lower than in animals treated with Mini-B 
+ SP-C33 surfactant, SP-C33 surfactant ( fig. 3 ), or por-
cine SP-B in DPPC/POPG, 68:   31 (w/w)  [28] . These results 
suggest that Mini-B does not fully mimic native SP-B. 
This is not unexpected since the ability to interact with 
phospholipids is different between SP-B and Mini-B. Na-
tive SP-B is a disulfide-linked dimer with a mass of 17 
kDa, while Mini-B has a mass of 3.9 kDa, and their three-
dimensional structures and surface properties are ex-
pected to differ as well. These findings are in line with the 
observation that Mini-B mixed with phospholipase-re-
sistant lipids has somewhat lower surface activity in vitro 
than a modified natural surfactant  [36] .

  Mini-B dissolved in SDS micelles has an amphiphilic 
character; one side exposes mainly basic side chains and 
another side exposes mainly hydrophobic side chains 
 [30] . We therefore tested whether inclusion of 2% of the 
peptide KL 2,3 , which forms a basic/hydrophobic am-
phipathic  � -helix, or 2% of the peptide KLK 3 , which con-
tains three clusters of basic residues separated by two 7-
residue segments of hydrophobic residues, had any effect 
on SP-C33 surfactant. None of the peptides resulted in 
improved lung gas volumes or alveolar expansion, com-
pared to the single-peptide counterparts ( table 2 ). This 
shows that the superior effects of Mini-B + SP-C33/SP-
C30 surfactants are not caused by increased total peptide 
contents and agrees with our previous observation that 
animals receiving 4% of SP-C33 in DPPC/POPG, 68:   31 
(w/w), have virtually identical lung gas volumes as those 
receiving the corresponding surfactant with 2% SP-C33 
 [28] . The data shown in  figure 2  and  table 2  strongly sug-
gest that Mini-B possesses features which cannot easily 
be mimicked by more simple peptides.

  The present results are encouraging for the develop-
ment of a fully synthetic surfactant that can be used in 
replacement therapy. However, the lung gas volumes 

achieved by Curosurf treatment are clearly superior com-
pared to any of the synthetic mixtures now analyzed 
( fig. 2 ;  table 2 ). Our recent observation that mixtures of 
porcine SP-B and SP-C in DPPC/POPG, 68:   31 (w/w), are 
also inferior to Curosurf  [28]  suggests that the lipid com-
position, rather than the surfactant protein analogues, 
needs to be improved. The lipid mixture preparations ob-
tained by extraction of natural surfactant are very com-
plex and contain at least 50 different species in widely 
varying amounts. Compared to this, phospholipid mix-
tures in synthetic surfactant preparations are primitive. 
More complex lipid mixtures have been investigated  [25, 
37] , but they are still far from the complexity of modified 
natural surfactants and their impact on the ability to es-
tablish high lung gas volumes in the absence of PEEP re-
mains unknown.

  Our present data indicate considerable variability in 
the physiological response to surfactant therapy which is 
in agreement with clinical observations  [38] . After 30 
min of ventilation, tidal volumes of Curosurf-treated an-
imals ranged from 1.4 to 37.1 ml/kg and lung gas volumes 
varied from 4.8 to 36.2 ml/kg ( table 2 ;  fig. 2 ). Since the 
animals were ventilated in parallel with the same insuf-
flation pressure, tidal volumes can be translated to com-
pliance of the lung/thorax system. Baseline values for 
compliance are roughly related to gestational age and 
hence to body weight of the fetuses, but not in a simple 
linear fashion  [39] . In the present study we therefore ex-
cluded animals with a body weight  ! 20 g. Lung gas vol-
ume is an equivalent of functional residual capacity 
which, after successful neonatal adaptation, amounts to 
about 30 ml/kg  [40] . We feel this parameter carries im-
portant information on alveolar stability and, hence, sur-
factant function. A protocol for experimental evaluation 
of exogenous surfactants in ventilated newborn animals 
should, therefore, include assessment of both tidal and 
end-expiratory lung gas volumes, preferably also histo-
logical examination of lung tissue with particular refer-
ence to the alveolar expansion pattern.

  In conclusion, the complex composition of endoge-
nous surfactant has made it difficult to develop synthet-
ic preparations with optimal properties. However, our 
data indicate that a synthetic surfactant containing ana-
logues of both SP-B and SP-C, besides increasing tidal 
volumes, also may stabilize the alveoli during end-expi-
ration and that this type of synthetic surfactants is supe-
rior to single-peptide surfactants and may replace sur-
factant preparations prepared from animal lungs in the 
near future.
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