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ABSTRACT: Pulmonary surfactant is inactivated in meconium
aspiration syndrome and neonatal pneumonia. Development of an
exogenous surfactant less sensitive to inactivation might be useful for
treating these diseases. We investigated in vitro whether addition of
the cationic cyclic membrane cross-linking peptide polymyxin B
(PxB) and/or calcium chloride (CaCl2) to modified porcine surfactant
Curosurf increases resistance to meconium-induced inactivation of
surface activity while antimicrobial activity of PxB is maintained. To
study bacterial proliferation, Escherichia coli, group B streptococci
(GBS), or Staphylococcus aureus were incubated 0–5 h in saline or
in meconium in the presence or absence of Curosurf with or without
PxB. PxB and CaCl2 improved spreading and adsorption of Curosurf.
Curosurf plus CaCl2/PxB needed a 4-fold increase of meconium
concentration to increase dynamic surface tension significantly com-
pared with Curosurf plus CaCl2 alone, indicating that PxB further
increases the resistance of Curosurf to meconium-induced inactiva-
tion. Meconium alone like meconium/Curosurf promoted growth of
E. coli and GBS, but addition of Curosurf/PxB or PxB alone signif-
icantly reduced the growth of E. coli. Biophysical and antibacterial
properties of Curosurf and PxB may be combined into a useful
adjunct in the treatment of neonatal Gram-negative pneumonia
and/or meconium aspiration syndrome. (Pediatr Res 59: 407–411,
2006)

MAS and pneumonia remain relevant causes of respira-
tory failure in neonates. In MAS, direct inhibition,

inflammation, and, in some cases, secondary bacterial pneu-
monia contribute to surfactant dysfunction. This may result in
hypoxia and acidosis, which further reduces surfactant activ-
ity. Meconium-induced surfactant inactivation in vitro was
first described by Moses et al. (1). Minimum surface tension
of bovine surfactant, measured in a PBS, increased when
diluted human meconium was added. In a newborn rabbit
model of meconium aspiration, surfactant treatment improved
lung function and morphology (2). Pilot studies using intra-
tracheal doses of 50–200 mg/kg of exogenous pulmonary

surfactant as well as a controlled, randomized clinical study
showed improved oxygenation of neonates with MAS receiv-
ing repeated high doses of surfactant (3). However, modified
natural surfactants containing hydrophobic surfactant proteins
B (SP-B) and C (SP-C) were more sensitive to inactivation by
meconium than synthetic surfactant preparations based on
artificial peptides such as SP-C analogues or the simplified
peptide KL4 (4). Thus, development of surfactants that are
resistant to inactivation might be useful (5).
Gram-positive bacteria like group B streptococci (GBS) or

Staphylococcus aureus and Gram-negative microorganisms
such as Escherichia coli, Klebsiella pneumoniae, or Enter-
obacter cloacae are common pathogens causing serious neo-
natal infections, including neonatal pneumonia (6–8). The
infection leads to pulmonary inflammation with accumulation
of cytokines in the lung, leakage of plasma proteins into the
alveoli, and surfactant inactivation. In experimental neonatal
GBS pneumonia in rabbits, treatment with modified natural
surfactant [Curosurf poractant alfa); Nycomed Pharma GmbH,
Unterschleissheim, Germany] ) significantly reduced bacterial
growth compared with control animals not receiving surfac-
tant (9). Clinically, treatment of neonatal pneumonia includes
endotracheal surfactant administration and antibiotic therapy
(10).
PxB, a cationic polypeptide antibiotic against Gram-

negative bacteria is in clinical use as a topical or, rarely, a
systemic antimicrobial agent. Because of its potential neuro-
and nephrotoxicity, PxB is used preferentially in case of
bacterial resistance or intolerance to other antibiotics. PxB
binds to membrane phospholipids and LPS of Gram-negative
bacterial membranes, inducing pore formation, which ulti-
mately leads to bacteriolysis (11).
PxB like SP-B may cross-link two juxtaposed phospholipid

bi-layers, and addition of SP-B or PxB to synthetic pulmonary
surfactant improved surface activity (12).
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The aim of this study was to investigate in vitro the surface
activity and the antimicrobial properties of PxB/surfactant
mixtures in the presence of meconium.

MATERIALS AND METHODS

Surfactant. Curosurf (80 mg/mL, batches 02705003, 194/09 and 200/05)
was obtained from Nycomed Pharma GmbH. It contains approximately
41–48% saturated phosphatidylcholine (PC), 51–58% other phospholipids,
and 1% SP-B and SP-C. PxB (8100 IU/mg) was from Sigma Chemical Co.
Aldrich Chemicals, Steinheim, Germany. Curosurf and PxB were mixed at a
ratio of 100:1 (wt/wt).

Meconium. Human meconium from 40 healthy term neonates was col-
lected in sterile tubes with parental consent at the University of Göttingen.
The collection was approved by the local ethics committee of the medical
school of Göttingen, Germany. Aliquots of the suspensions were serially
diluted, transferred to agar plates, and incubated at 37°C for 24 h to investi-
gate bacterial contamination. Samples containing �104 CFU/g were lyophi-
lized and pooled. After lyophilization, the dry weight of the samples was 254
mg/g meconium.

Determination of surface activity. Lyophilized meconium and surfactant
were dissolved in saline in presence or absence of 1.5 mM calcium chloride
(CaCl2). Final concentrations of Curosurf were 2.5 and 5 mg/mL and for
meconium 0.08–5 mg/mL. Before measurement, the samples were incubated
at 37°C for 30 min under mechanical agitation.

Surface tension was determined with a PBS (Electronetics Corp., New
York, NY) using bubbles with maximal surface area of 3.8 mm2. After bubble
formation, surface tension at 37°C was first recorded under static conditions,
and measurements obtained 2 s and 10 s after creation of the bubble were used
as parameters of surface adsorption. After a period of 1 min, the bubble
underwent 50% cyclic area compression at a frequency of 20/min for 5 min.
The pressure gradient across the bubble wall was recorded continuously and
dynamic surface tension at minimum and maximum bubble size (�min, �max)
was calculated after 5 min of pulsation (13). For each PBS measurement,
approximately 40 �L of sample fluid was filled in a new sample chamber.
Each sample was measured five times.

Spreading rates of the various surfactant samples were evaluated using a
modified Wilhelmy balance (Biegler, Mauerbach, Austria). The trough was
filled with saline heated to 37°C. The surface area was 20 cm2 and each
sample was applied as a single droplet on the hypophase 4 cm from the
dipping sensor plate. The resulting change in surface tension was recorded
during 5 min after application of the test material. Each applied sample
contained the amount required to coat the surface with two monolayers of
saturated phospholipids, calculated with a hypothetical area of approximately
40 A˚2 per saturated PC molecule (14).

Based upon a pilot study (unpublished data), we chose a meconium
concentration that inactivated Curosurf/CaCl2 but not Curosurf/PxB/CaCl2.
At this concentration, we studied the effects of CaCl2, PxB, or CaCl2 plus PxB
on surface activity of Curosurf in the presence or absence of meconium. These
experiments were conducted in parallel in the PBS and Wilhelmy balance to
confirm the results with different biophysical assays.

Bacterial growth. Bacterial growth experiments were conducted at final
concentrations of 20 mg/mL meconium and 10 mg/mL Curosurf both in
saline. Aliquots containing bacterial suspensions (1 mL) of E. coli (strain
ATTC 25922), GBS (strain 090 Ia Colindale, a high-density variant that lacks
a polysaccharide capsule, a kind gift from Stellan Håkanson, University of
Umeå, Sweden), or S. aureus (strain ATTC 25923), stored at –80°C, were
transferred to 11.5-mL nutrient broth (Standard I, Merck, Darmstadt, Ger-
many: 15 mg/mL peptone, 6 mg/mL sodium chloride, 3 mg/mL yeast extract,
1 mg/mL D (�)-glucose) and incubated at 37°C for 16 h. The bacteria were
then diluted 1:7 in freshly warmed broth and incubated, E. coli for 1 h and S.
aureus or GBS for 3 h, at 37°C to reach the mid-logarithmic growth phase.
The bacteria were centrifuged at 1800 � g for 10 min, washed twice, and
thereafter resuspended in saline. Bacterial concentrations were adjusted by
measuring OD of the suspensions at 595 nm to transfer approximately 108

CFU to sterile tubes containing finally 1 mL volume of either 1) meconium,
2) Curosurf and meconium, 3) 0.1 mg/mL PxB and meconium, 4) Curosurf
with 0.1 mg/mL PxB and meconium, or 5) saline. After incubation periods of
0, 1, 3, and 5 h at 37°C under agitation at 180 rpm, 100 �L aliquots of each
sample were serially diluted, transferred to Petri dishes, and mixed with warm
blood agar. CFU were counted after incubation for 24 h at 37°C. Five repeats
of each experiment were done.

Statistical analysis. The results of surface activity studies and bacterial
growth experiments are expressed as mean � SD. Statistical analysis was
done using one-way ANOVA for repeated measures. Static surface tension,

�min, and �max from meconium-containing samples were compared with
control samples without meconium using Dunnett’s post test. Bonferroni’s
post test was used to compare static surface tension of surfactants alone versus
addition of CaCl2, PxB, or CaCl2 plus PxB in presence or absence of
meconium. In bacterial growth studies, Dunnett’s post test compared bacterial
numbers at 1, 3, and 5 h with values at 0 h as control. Statistical calculations
were conducted with GraphPad Prism 4.02 software (San Diego, CA).

RESULTS

Surface activity. Static surface tension in the PBS showed
that adsorption was significantly retarded in the most diluted
surfactant samples (2.5 mg/mL) containing the larger amounts
of meconium (1 mg/mL), as reflected by high values for static
surface tension 10 s after bubble formation (Table 1). Further-
more, meconium significantly increased �max and, at Curosurf
2.5 mg/mL, �min after 5 min of pulsation (Table 2). This
indicates meconium induced surfactant inactivation. Presence
of CaCl2 and/or CaCl2 plus PxB reduced or counter-balanced
effects of meconium on surfactant (Tables 1 and 2).
In spreading studies using small amounts of surfactant

equivalent to approximately two monolayers of saturated PC,
we found meconium and surfactant dose induced delay of
adsorption (Table 3). Addition of CaCl2 and/or CaCl2 plus
PxB accelerated spreading especially when given to Curosurf
5 mg/mL as reflected by values close to those obtained with
Curosurf 80 mg/mL after 10 s (33 versus 27 mN/m; Table 3).
Meconium-induced delay of static surface tension after 5 min
was improved, but was not totally counter-balanced by addi-
tion of CaCl2 and/or CaCl2 plus PxB.

By using a meconium dose response assay, we focused
more closely on differences between Curosurf plus CaCl2 and
Curosurf plus PxB/CaCl2 (Fig. 1). Addition of meconium
increased �min and �max of surfactant preparations in a dose-
dependent manner. If meconium concentration was �0.31
mg/mL, �min of Curosurf/CaCl2 exceeded 10 mN/m and val-
ues for �min and �max were significantly increased, compared
with the control without meconium (p � 0.01). This indicates
surfactant inactivation.

Table 1. Static surface tension in the PBS at different time points
of Curosurf alone and Curosurf � CaCl2, Curosurf � PxB, or
Curosurf � CaCl2/PxB in absence (control) or presence of

meconium

Surfactant mg/mL

Static surface tension (mN/m)/time

2 s 10 s

Control Meconium Control Meconium

Curosurf 2.5 32 50* 47*
�PxB 56** 25–27 51**
�CaCl2 26–28 56** 51**
�CaCl2/PxB 52** 44**

Curosurf 5 50** 44**
�PxB 49** 26–27 44**
�CaCl2 26–27 46** 40**
�CaCl2/PxB 44 ** 35*†‡

One milligram per milliliter meconium was added to surfactants at 2.5
mg/mL and 2 mg/mL meconium was added to surfactants at 5 mg/mL. Values
are expressed as mean of five measurements.
* p � 0.01 vs control; ** p � 0.001 vs control; † p � 0.01 vs �PxB;

‡ p � 0.01 vs Curosurf.

}

}
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Addition of 1% PxB to Curosurf/CaCl2 shifted the dose
response curves to the right, i.e. a higher meconium concen-
tration was needed for surfactant inactivation. In mixtures
containing Curosurf and PxB, a 4-fold increase of the meco-
nium concentration was needed to increase �min and �max

significantly compared with control samples with only surfac-
tant. Thus, addition of PxB to Curosurf/CaCl2 further in-
creases resistance to meconium-induced inactivation.
Bacterial growth. Concentrations of E. coli (Fig. 2A), GBS

(Fig. 2B), and S. aureus (data not shown) in samples contain-
ing only saline showed no significant change during 5 h of
incubation.
In meconium-containing samples, the concentration of

Gram-positive GBS increased over the incubation time,
whereas we did not observe any change in growth for S.

aureus. After 5 h of incubation, a significant proliferation of
GBS in samples containing meconium (p � 0.05) and meco-
nium/Curosurf/PxB (p � 0.01) compared with the controls at
0 h was found (Fig. 2B).
The concentration of E. coli significantly increased by a

factor of 100 in meconium after 3 and 5 h (p � 0.05) and in
meconium/Curosurf mixtures after 5 h of incubation (p �
0.01). In contrast, addition of PxB or Curosurf plus PxB to
meconium led to a significant decrease of the proliferation of
E. coli already after 1 h (p � 0.01). After 5 h, the bacterial
count was reduced at least by a factor of 104 (Fig. 2 B). The
growth of E. coli in Curosurf plus PxB was slightly but not
significantly higher than in PxB only.

DISCUSSION

In MAS, meconium-stained amniotic fluid enters the alve-
olar space, where meconium may interfere with surfactant
function. For better understanding of the interaction between
meconium and surfactant it would be useful to have an
estimate of the intrapulmonary amounts of meconium and
surfactant in babies with MAS. In term neonates, the surfac-
tant pool size is 50–100 mg/kg (15) and the alveolar volume
defined as the functional residual capacity is 25–30 mL/kg
(16). Assuming uniform distribution of the surfactant pool in
the still fluid-filled alveolar compartment, the surfactant con-
centration is at least 2.5–3 mg/mL, which is similar to the
concentrations used in this study.

Table 2. Dynamic surface tension studies after 5 min of pulsation
in the PBS of Curosurf alone, and Curosurf � CaCl2, Curosurf �
PxB, or Curosurf � CaCl2/PxB in absence (control) or presence

of meconium

Surfactant mg/mL

Dynamic surface tension after 5 min [mN/m]

�min �max

Control Meconium Control Meconium

Curosurf 2.5 23* 49*
�PxB

�3
17*

27–32
48*

�CaCl2 17* 48*
�CaCl2/PxB 6†‡§ 37‡§

Curosurf 5 39*
�PxB

�3 �3 29–31
38*

�CaCl2 33‡§
�CaCl2/PxB 35

One milligram per milliliter meconium was added to surfactants at 2.5
mg/mL and 2 mg/mL meconium was added to surfactants at 5 mg/mL. Values
are expressed as mean of five measurements.
* p � 0.001 vs control; † p � 0.01 vs �CaCl2; ‡ p � 0.01 vs �PxB;

§ p � 0.01 vs Curosurf.

} }

} } }

Table 3. Static surface tension studies in the Wilhelmy balance at
different time points of Curosurf alone, and Curosurf � CaCl2,
Curosurf � PxB, or Curosurf � CaCl2/PxB in absence (control)

or presence of meconium.

Surfactant mg/mL

Static surface tension (mN/m)/time

10 s 5 min

Control Meconium Control Meconium

Curosurf 2.5 73 71 53 58
�PxB 72** 56**
�CaCl2 55–60§ 68 27–29§ 51**
�CaCl2/PxB 66* 51**

Curosurf 5 53 70** 54**
�PxB 49 68**

26–27

49**
�CaCl2 43§ 62** 45**§
�CaCl2/PxB 33†‡§ 61**§ 46**§

One milligram per milliliter meconium was added to surfactants at 2.5
mg/mL and 2 mg/mL meconium was added to surfactants at 5 mg/mL. Values
are expressed as mean of three measurements. Static surface tension of
Curosurf at the commercially available dose of 80 mg/mL after 10 s and 5 min
was 27 mN/m.
* p � 0.01 vs control; ** p � 0.001 vs control † p � 0.01 vs �CaCl2;

‡ p � 0.01 vs �PxB; § p � 0.01 vs Curosurf.

} }

}

Figure 1. Effects of increasing meconium concentrations on minimum (�min)
and maximum surface tension (�max) of Curosurf 2.5 mg/mL and Curosurf 2.5
mg/mL plus 1% (wt/wt) PxB both in presence of 1.5 mM CaCl2. Values were
recorded after 5 min of pulsation in the PBS and are expressed as mean � SD
of �min and �max. **p � 0.01 vs 0 mg/mL meconium; n � 5 experiments.

Figure 2. Growth of (A) E. coli and (B) GBS in saline, meconium, meconium
plus Curosurf, meconium plus PxB, and meconium plus Curosurf and PxB.
Values are expressed as mean � SD of five experiments. *p � 0.05; **p �
0.01 vs time � 0 h. To enable comparison, growth of GBS is shown on two
logarithmic scales, of which the left side is identical to panel A.
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No information about the amount of meconium in lungs of
neonates with MAS is available. In our study, we used lyoph-
ilized meconium at concentrations up to 5 mg/mL equivalent
to approximately 20 mg/mL native meconium corresponding
to 6–40 g in 0.3–2 L total amniotic fluid at term (17). Because
the daily excretion of meconium is approximately 5 g (18), the
concentrations used in our studies are within the expected
range of MAS.
In our study, we used surfactant phospholipid concentra-

tions of 2.5 or 5 mg/mL to investigate differences in resistance
to meconium-induced inactivation. In the absence of meco-
nium, PxB significantly reduced static surface tension only at
2.5 mg/mL Curosurf in the Wilhelmy balance, whereas no
improvement was seen at 5 mg/mL or when identical samples
were tested for static or dynamic surface tension in the PBS.
Calkovska et al. (19) found improved dynamic surface activity
after addition of 2% PxB to Curosurf 2 mg/mL. We used
slightly higher Curosurf concentrations and found, even with-
out addition of PxB, �min �3 mN/m. Kobayashi et al. (20)
found concentrations of porcine surfactant, as used in our and
the study of Calkovska, as critical to obtain optimal �min �3
mN/m in the PBS. After addition of 0.3 mg/mL meconium,
Curosurf/CaCl2 was inactivated, whereas 1.3 mg/mL meco-
nium were needed to inactivate Curosurf/CaCl2/PxB. In a pilot
study, we found similar improvement of resistance to meco-
nium-induced inactivation after addition of 1% PxB to Curo-
surf/CaCl2 (unpublished data).

Several strategies have been used to increase the resistance
of exogenous surfactant to inactivation (21). Moses et al. (1)
showed that an increase of the concentration resulted in
increased surfactant resistance in a dose-dependent, but not
stoichiometric manner. Sun et al. (22) studied the effects of
increasing doses of human meconium on Curosurf at 10
mg/mL, i.e. a four times higher phospholipid concentration
compared with our present investigation, and found inactiva-
tion at meconium concentrations of 2.5 mg/mL (wt/wt). These
observations confirmed that modified natural surfactants at
concentrations �5 mg/mL are more sensitive to inactivation
in vitro than at concentrations �10 mg/mL.
Another strategy for improving the resistance of surfactant

to inactivation is to add nonionic or ionic polymers. These
polymers reversed meconium-induced surfactant inactivation
in vitro and improved lung function of animals with meconi-
um-induced lung injury (23,24). Recently, Lu et al. (25)
showed that the anionic polymer hyaluronic acid at 1–1.25
mg/mL in vitro prevented serum induced inactivation of dif-
ferent surfactants.
Furthermore, the surfactant protein content may improve

the resistance to inactivation. Curosurf enriched with 5%
SP-A (normally absent in the product) had an increased
resistance to inactivation by meconium, fibrinogen, albumin,
and serum in vitro and improved pulmonary compliance in
immature newborn rabbits after intratracheal instillation of
fibrinogen compared with controls treated with only Curosurf
(26). In vitro, natural rabbit surfactant (containing about 5%
SP-A) was more resistant to inactivation by human meconium
than the modified natural surfactants Curosurf, Alveofact, or
Survanta (4).

PxB may connect lipid vesicles thus enlarging the “surface-
associated surfactant reservoir” (27) in the hypophase and
making phospholipids readily available for surface adsorption
in the pulsating bubble. Moreover, PxB promoted bidirec-
tional transfer of monoionic phospholipids like phosphatidyl-
glycerol, but not of zwitterionic molecules such as dipalmi-
toylphosphatidylcholine (DPPC) (28). Enrichment of DPPC,
the main component of surfactant, at the air liquid interface of
the lung is believed to be a significant function of surfactant
proteins (29). We speculate that PxB might contribute to this
refinement by sorting the phospholipids.
In the absence of meconium, Curosurf at concentrations

1–20 mg/mL shows a bactericidal dose-dependent effect on
GBS, but not on E. coli or S. aureus in absence of meconium
(30). In this study, addition of meconium or meconium/
Curosurf enhanced the growth of E. coli and GBS, but not of
S. aureus. Furthermore, none of the bacterial species showed
growth in nutrient-free saline. In rats, intratracheal instillation
of E. coli combined with meconium increased mortality
caused by bronchopneumonia, compared with controls treated
with E. coli and saline (31). Meconium at concentrations �3
mg/mL in amniotic fluid promoted growth of E. coli and
Listeria monocytogenes but reduced growth of S. aureus (32).
Data from a recent study suggested that meconium counteracts
the bacteriostatic effects of amniotic fluid and enhances the
growth of GBS more than that of E. coli. Furthermore, the
proliferation of both bacteria increased with meconium con-
centration and incubation time (33). Meconium diluted in
saline to 20 mg/mL but not saline amplified growth of E. coli,
GBS, S. aureus, and several other Gram-positive and Gram-
negative bacterial pathogens (34).
Our data demonstrate that PxB with and without Curosurf

reduces the growth of E. coli but not of GBS or S. aureus in
meconium suspensions. PxB has potent bactericidal activity
against Gram-negative bacteria (11) but no significant activity
against Gram-positive bacteria or fungi (35).
Local pulmonary administration of aerosolized PxB has

been used in treatment of chronic Gram-negative infections, as
in cystic fibrosis (11). To increase local antimicrobial effects,
tobramycin has been incorporated in liposomes, which is
currently under preclinical investigation (36). In rats with
experimental pulmonary Pseudomonas aeruginosa infection,
treatment with PxB incorporated in liposomes, composed of
DPPC and cholesterol, resulted in lower bacterial counts per
lung compared with treatment with free PxB or liposomes
without PxB (37,38). The efficiency of PxB incorporation
depended on liposome composition (38). The amounts of PxB
entering surfactant lipid vesicles after addition to the surfac-
tant suspension, as used in this study, are not known.
PxB and SP-C bind in a stoichiometric manner to the lipid

A moiety of LPS, which is part of the Gram-negative outer
membrane (39,40). In Figure 2A, the curve of PxB alone
shows a more rapid reduction of E. coli during the first hour,
indicating a faster reduction of bacterial growth compared
with Curosurf/PxB. However, a major binding of SP-C to LPS
in Curosurf/PxB samples seems unlikely, since this difference
of bacterial killing was not statistically significant.

410 STICHTENOTH ET AL.



The recommended dose level for intratracheal administra-
tion of exogenous modified natural pulmonary surfactant is
100–200 mg/kg body weight. Calkovska et al. (19) suggested
an increased resistance of Curosurf to albumin-induced inac-
tivation in vitro after addition of PxB 2% (wt/wt), correspond-
ing with 2–4 mg/kg body weight. For aerosolized free PxB, a
maximum dose of 2.5 mg/kg/d divided in four doses is
recommended for adults with normal renal clearance (35).
Therefore, we used PxB at a concentration of 1%, correspond-
ing to 1–2 mg PxB/kg body weight, to approach clinically
usable doses.
In summary, PxB-containing pulmonary surfactant is more

resistant to inactivation by human meconium than modified
natural surfactant in vitro. Antimicrobial activity of PxB
against E. coli is maintained when PxB is added to pulmonary
surfactant, and it is not significantly different from PxB alone.
Thus, PxB combined with exogenous surfactant may be a
useful adjunct in the therapy of neonatal pneumonia and/or
MAS and should be further evaluated in animal models.
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