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The Structure of a Model Pulmonary Surfactant as Revealed by Scanning
Force Microscopy
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ABSTRACT The structures formed by a pulmonary surfactant model system of dipalmitoylphosphatidylcholine (DPPC),
dipalmitoylphosphatidylglycerol (DPPG), and recombinant surfactant-associated protein C (SP-C) were studied using scan-
ning force microscopy (SFM) on Langmuir-Blodgett films. The films appeared to be phase separated, in agreement with earlier
investigations by fluorescence light microscopy. There were smooth polygonal patches of mostly lipid, surrounded by a
corrugated rim rich in SP-C. When the films were compressed beyond the equilibrium surface pressure, the protein-rich
phase mediated the formation of layered protrusions. The height of these multilamellar structures embodied equidistant steps
slightly higher than a DPPC double layer in the gel phase. At the air-water interface too, a high compressibility at low surface
tension was indicative of the exclusion of matter. The exclusion process proved to be fully reversible. The present study
demonstrates that some of the matter of the model pulmonary surfactant can move in and out of the active monolayer. The
SFM images revealed a lipid-protein complex that was responsible for the reversible exclusion of double-layer structures. This
mechanism may be important in the natural system too, to keep the surface tension of the alveolar air/water interface
constantly low over the range of area encountered upon breathing.

INTRODUCTION

The surface of the alveolar epithelium of the lungs is highly
solvated. This results in the formation of an aqueous inter-
face to the air. The surface tension of this interface is
strongly reduced in all air-breathing vertebrates by a sur-
face-active material known as the pulmonary surfactant. It
keeps the surface tension persistently low upon breathing
and provides stability to the alveoli of different size (Pattle,
1958; Clements et al., 1958). von Neergaard (1929) was
responsible for assigning the retractile force of the lung to
the surface tension of the alveoli. Pattle and Clements were
the first to demonstrate a substance lining the alveoli of
mature lungs with the unique physical properties now asso-
ciated with the pulmonary surfactant.
The lung surfactant, which is quite similar among diverse

species (Harwood, 1987), consists primarily of phospholip-
ids (80-90% of its mass). The neutral phosphatidylcholines
represent 80% of the phospholipid content in human sur-
factant. It is uniquely rich in DPPC. Five to ten percent are
negatively charged phosphatidylglycerols (Shelly et al.,
1982). In addition, there are at least four distinct surfactant-
associated proteins, SP-A, SP-B, SP-C, and SP-D (e.g.,
Possmayer, 1988; Weaver, 1988; Hawgood, 1989; Johans-
son et al., 1994a). They play a decisive role as well, even
though they amount to less than 10% of the surfactant mass.

In 1958 Clements used a Wilhelmy balance to establish
the relationship between the surface tension and the molec-
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ular area of the pulmonary surfactant (Clements et al., 1958)
at the air-water interface. Since that time, the biophysical
properties of surfactant extracted from the lung and recon-
stituted surfactant have been studied extensively at the
air-liquid interface. The methods by which this has been
accomplished included using a Langmuir surface balance
and modifications thereof (e.g., Goerke and Clements,
1986), a pulsating bubble surfactometer (Enhorning, 1977),
and a captive bubble surfactometer (Schiirch, 1982). These
studies have identified the phospholipids as the primary
surface tension-lowering component. DPPC plays a major
role in this function (Brown, 1964; Notter et al., 1980). The
surfactant monolayer theory (SMT) predicts that a surface
tension close to zero, required at end expiration, is attained
with monolayers consisting almost exclusively of DPPC
(Bangham et al., 1979). These films are thought to form
upon compression via a reversible exclusion of the surfac-
tant-associated compounds that would prevent such a low
surface tension.
SP-B and SP-C are responsible for many of the properties

of the pulmonary surfactant. They promote rapid adsorption
of vesicular matter from the hypophase to the monolayer at
the air-water interface. They cause the phospholipids to
spread to the interface until the equilibrium surface tension
is reached (Oosterlaken-Dijksterhuis et al., 1991a,b; Perez-
Gil et al., 1992b; Wang et al., 1995), and they facilitate the
adsorption of new surfactant material from the subphase
when they are in the monolayer (Oosterlaken-Dijksterhuis
et al., 1991a,b). They also trigger the reversible exclusion of
matter from the monolayer once it is compressed beyond the
equilibrium surface tension (Post et al., 1995; Taneva and
Keough, 1994a,b,c,d).

In the present paper, the structural basis of the exclusion
process is studied by SFM on a model surfactant. It consists
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of DPPC, DPPG, and dipalmitoylated pulmonary surfactant
protein C (SP-Cpp). These components are kept close to the
natural proportions. SP-Cpp is a small amphipathic
polypeptide with a molecular mass of 4 kDa. The carboxy
terminal two-thirds of the 33-35 amino acid residues (de-
pending on the species), mainly valine and leucine, are
ordered in a highly hydrophobic a-helix (Johansson et al.,
1994b). The flexibly disordered amino terminal headgroup
includes two palmitoylcysteinyls (Curstedt et al., 1990) and
a positively charged arginine and lysine (Qanbar and Poss-
mayer, 1995).

In fluorescence light microscopy, mixed phospholipid/
SP-C monolayers appear to be phase separated (Perez-Gil et
al., 1992a). In the pressure-area diagram measured with a
film balance, the "squeeze-out" process becomes evident
from a prominent plateau (i.e., a region of high compress-
ibility) near the equilibrium surface pressure of the film
(H = 50 mN/m). Previous investigations (Post et al., 1995;
Taneva and Keough, 1994a,c,d) have demonstrated on the
basis of surface balance studies that the material removed
upon compression remains associated with the monolayer
and readily reinserts upon decompression without a loss of
material. This surface-associated "reservoir" has also been
observed in natural surfactant systems. Tchoreloff et al.
(1991) and Schurch et al. (1995) provided structural evi-
dence of such a "reservoir" by means of electron micros-
copy of Langmuir-Blodgett films of lung surfactant extract
and of thin sections of rabbit lungs (fixed by vascular
perfusion), respectively. Hence the biophysical properties of
the mixed phospholipid/SP-C monolayer mimic the behav-
ior of natural surfactant. This is certainly relevant in exog-
enous replacement therapy in premature babies who suffer
from respiratory distress syndrome (RDS).
The SFM has become an important technique for inves-

tigating the organization of thin organic films. We used a
partially home-built set-up that allowed for rigorous control
of the interaction force (Amrein et al., 1995) and generally
provided an increased resolution as compared to a conven-
tional SFM. We also used a conventional SFM that allowed
for the investigation of large sample areas and very accu-
rate, calibrated height measurements. For the SFM studies,
the films were adjusted to various film pressures on a
surface balance and transferred onto a solid mica substrate
by the Langmuir-Blodgett (LB) technique. The success of
the LB transfer was checked by fluorescence light micros-
copy before and after the transfer.

EXPERIMENTAL PROCEDURES

Materials
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmi-
toyl-sn-glycero-3-(phospho-rac-(1-glycerol)) (DPPG) were purchased
from Avanti Polar Lipids (Alabaster, AL) and used without further puri-
fication. I-Palmitoyl-2(6-((7-nitro-2-l,3-benzoxadiazo-4-yl)amino)caproyl)-
sn-glycero-3-phosphocholine (NBD-PC) was obtained from Molecular
Probes (Eugene, OR). All solvents were HPLC grade and were bought
from Merck (Darmstadt, Germany).

Human recombinant SP-Cpp was a generous gift from Byk-Gulden
Pharmaceuticals (Konstanz, Germany) (Schilling et al., 1987). The 34-
amino acid protein contains two palmitoylated cysteines in positions 4 and
5 (Maier et al., 1992). Tricine-SDS-PAGE of the dipalmitoylated protein
under nonreducing conditions yielded one band at about 5 kDa (Maier,
1995). Exact molecular weight determination was obtained by plasma
desorption mass spectrometry, revealing a single, homogenous molecular
ion for SP-C, corresponding to the calculated mass of 4025 Da (Maier et

al., 1992).

Film balance measurements

The films were prepared on a Wilhelmy balance (Riegler and Kirstein,
Mainz, Germany) with an operational area of 144 cm2. All surface pres-
sure-molecular area measurements were performed at 20 ± 1°C on a pure
water subphase (Milli-Q185Plus, Millipore GmbH, Eschborn, Germany).
The film composition was DPPC:DPPG (4:1 molar ratio) and SP-C (0.4
mol %). Monolayers were formed by spreading aliquots of lipid/SP-Cpp
mixtures directly from a CHC13/CH30H (1:1, v/v) solution onto the sur-

face. After the solvent was allowed to evaporate for 10 min, the compres-
sion was started at a rate of 3 A2/(molecule/min).

Film deposition
For Langmuir-Blodgett transfer, the films were prepared on a Lauda trough
(Lauda-Konigshofen, Germany) under the conditions described above. A
fluorescence marker (NBD-PC, 1 mol % of lipid) was added to the SP-Cpp
lipid solution before spreading. The films were equilibrated to a well-
defined pressure (± 1 mN/m). Freshly cleaved mica sheets (Electron Mi-
croscopy Science, Munich, Germany) were plunged through the surface at

high speed (300 mm/min). The films were deposited on the upstroke (2
mm/min). Simultaneously, the compressing bar was moved at such a rate

that the surface pressure remained constant. To achieve this, films at H =

30 mN/m were transferred by adjusting the film pressure. For the films at

H1 = 50 mN/m (plateau region), the velocity of the compressing barrier was
correlated with the deposition speed. Only samples exhibiting at least 95%
transfer were considered. In addition, the deposition was checked by
fluorescence light microscopy (Olympus STM5-MJS light microscope;
Olympus, Hamburg, Germany). Films exhibiting a similar pattern before
and after the transfer were used in this study. To check the influence of the
NBD-PC on the film structure, we investigated films without the fluores-
cence dye. Both the surface pressure-molecular area diagrams as well as

the SFM images were similar to the films that contained the dye.

SFM measurements

The samples were placed on the membrane of a modified electret micro-
phone capsule (MCE-2500; Monacor), which acted as the force sensor in
an otherwise conventional scanning tunneling microscope (STMM1 Omi-
cron Vakuumphysik GmbH, Taunusstein, Germany). The tip was vibrated
at an amplitude (A,ip) of 0.1-0.2 nm. The amplitude of the induced
vibration of the electret membrane (Amem) was then acquired as a measure

of the locally variant force gradient between the tip and the microphone
membrane. Amem of the electret membrane was kept constant by feedback;
i.e., the tip followed a surface of constant force gradient. Amem was

typically set within a range from 0.01 nm to 0.05 nm, which corresponded
to an interaction force in the range of a few nanonewtons.
A conventional SFM was used (Park Scientific Instrument, Autoprobe

cp) in the contact mode (i.e., with the tip in contact with the sample) using
silicon cantilevers (type F14, spring constant 0.1 N/m; nanosensors

GmbH, Aidlingen-Dachtel, Germany) as the probe. The interaction force
was dominated by strong adhesion and usually amounted to more than
10 nN.
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FIGURE 1 Surface pressure, depending on the mean molecular area for
a mixed phospholipid (DPPC:DPPG, 4:1 molar ratio) and SP-C (0.4 mol
%) film. The pressure-area diagram shows a prominent plateau. Here
matter is removed from the monolayer. The back trace of the compression
curve proves that this process is fully reversible. In the diagram, the
conditions are noted where the different films used for SFM were trans-
ferred. Note that film 1 was transferred below the plateau region, whereas
films 2 and 3 are at different stages of compression in the plateau.

RESULTS AND DISCUSSION

Films of DPPC, DPPG, and SP-Cpp were transferred onto
the solid mica support at a film pressure of 30 mN/m (49 A2
molecular area, film 1), 53 mN/m (39 A2 molecular area,
film 2), and 53 mN/m (31 A2 molecular area, film 3). The
pressure-area diagram (Fig. 1) shows that the first of these
films was transferred below the high-compressibility region
(plateau), ascribed to the exclusion of matter from the
monolayer. Films 2 and 3 were a series of increasing ex-
clusion in the plateau region. In Fig. 2, fluorescence mi-
croscopy images are shown of a film (7r = 53 mN/m; film

FIGURE 2 Fluorescence light mi-
crographs of the mixed film before
(a) and after (b) the Langmuir-
Blodgett transfer of film 3 (bar = 25
,tm). Bright areas are due to the flu-
orescence dye NBD-PC. It has been
shown (Nahmen et al., manuscript
submitted for publication) that this
dye is always found in the same
phase as the SP-C. Hence there are
polygonal lipid patches that are sur-
rounded by a protein-rich rim. This
arrangement was not disrupted by the
Langmuir-Blodgett transfer and was
seen in the SFM of the transferred
films (see below).

3) before and after the LB transfer. The characteristic ap-
pearance of dark domains embedded in a bright background
was not disrupted by the transfer. Using fluorescence-la-
beled SP-Cpp instead of NBD-PC, similar fluorescence
microscopical images were obtained (von Nahmen et al.,
manuscript submitted for publication). Therefore, the bright
area was identified as being enriched in protein. Films
containing only DPPC, DPPG, and NBD-PC showed no
structural similarity to the film structures presented below.

SFM images of the LB films at a pressure of
30 mN/m

The SFM images of films transferred at a pressure of 30
mN/in exhibited smooth, polygonal patches separated by a
corrugated interspace. The level patches had a diameter of
several micrometers and covered most of the sample area.
Their size and shape were quite variable. On the basis of
comparisons with fluorescence microscopy (von Nahmen et
al., manuscript submitted for publication), the level areas
were the phase consisting mainly of lipid. The ruffled re-
gions consisted of highly concentrated protein. This also
became evident from the fact that when a film had a higher
proportion of SP-Cpp, a larger fraction of the area was
corrugated (results not shown; Perez-Gil et al., 1992a). The
peak height of the film was the same for all of the topolog-
ically different areas.

Fig. 3 shows a SFM image of the border region of a lipid
patch (top left) toward the corrugated interspace (lower part
of Fig. 3). Toward the lipidic phase, there are intercepted
fissures in an open spiral form. They turn more often and
form smaller structures toward the region rich in protein.
Finally, the fissures enclose polygons or spirals. Interest-
ingly, these polygons have a shape that resembles the shape
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FIGURE 3 SFM topography of a film that was transferred below the
plateau region of the pressure-area diagram (film 1). The image shows the
border of a lipid patch facing toward the protein-rich interspace. There are
three distinct regions: a smooth area that is assumed to contain only lipids
(denoted by L), an intermediate area (I), and a region of a network rich in
protein (P). The picture is 2.8 ,um X 2.5 ,um.

of the whole lipid patches, although they are one to two
orders of magnitude smaller in diameter.
The protein-rich interspace was covered, not only by

these small polygons, but also by regions that gave the
impression of a network of filaments (e.g., bottom right of
Fig. 3, denoted by P; Fig. 4 a, denoted by P). The network
sometimes appeared as a dense array of filaments lying on
the surface (Fig. 4 b, denoted by arrows). These arrays
could be composed of long helical strands (Fig. 4 b). Sur-
face balance studies on small hydrophobic ca-helical
polypeptides, similar to the hydrophobic moiety of the
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SP-C, revealed that they adopt a higher order helical struc-
ture at the surface pressures considered in the present study
(Lavigne et al., 1992). Such films were also shown to
become ordered upon compression (Malcolm, 1973).
SP-Cpp in monolayer films has been shown to be, in fact,
mainly a-helical (- 60%), with its helical axis oriented
nearly parallel to the air-water interface (Creuwels et al.,
1993).
The monolayer topography provides evidence of an in-

termediate area of mixed lipid and protein (Fig. 3, 4). The
filaments that consisted presumably of protein appeared to
penetrate the lipid phase; they became less dense as the
interspace filled up, and the filamenteous structures were
not evident deep within the lipid area (Fig. 4, a and b,
insets). Mixed regions of lipid and protein have already
been predicted on the basis of film balance studies; In 1971,
Hooks (Malcolm, 1973, and references therein) observed
that the pressure-area diagram of a phospholipid/a-helical
polypeptide mixed film could not be accounted for by the
addition of the diagrams of the pure components. This
phenomenon, which is called nonideal mixing, has also
been observed for the film investigated in this study
(Taneva and Keough, 1994c). Hooks concluded that the
lipids would not penetrate the "polymer micelles" (fila-
ments). He found that the two are immiscible, with "some
lipid filling in regions of bad fit between polymer micelles."
This seems to exactly explain what we observed with the
SFM.

It is worth noting here that in a SFM, the uppermost level
of a structure is usually measured correctly. On the other
hand, the finite size of the tip may prevent narrow indenta-
tions from being probed to the bottom. For the same reason,
elevations usually appear broadened. Hence, in Figs. 3 and
4, the depth of the fissures in the corrugated areas may be an

a.

nrn
16

_

0

FIGURE 4 SFM topography of film 1. The protein-rich areas occasionally consisted of a disordered network (a, denoted by P), as well as ordered arrays
of filaments (b, three individual filaments are denoted by arrows). Note that for both types of arrangements, the filamenteous structure is weakly visible
in the dense intermediate regions. Both pictures are 1 ,um X 1 Am. The insets are higher magnification images (1.5 times) in pseudo-three-dimensional
display.
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FIGURE 5 Low-magnification SFM topography of a film transferred in
the plateau of the pressure-area diagram (film 3). The lipid patches are now
surrounded by a rim of planar protrusions. They arose in the area, whereas
in the less compressed film there was a corrugated interspace (Figs. 3 and
4). The protrusions occur as integer multiples of 55-65 A. The picture is
65 ,um X 60 ,Am.

underestimate and the width of the filamenteous structures
an overestimate.

SFM images of the LB films in the plateau region
Fig. 5 represents a low-resolution SFM image of a film (film
3) that was transferred in the plateau region of the pressure-
area diagram. The image shows large, flat, polygonal
patches surrounded by a rim of protrusions. The polygonal
patches were identified as the pure lipid phase. This be-
comes evident from comparison with the FLM images of
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the LB films transferred at the respective surface pressures
(Fig. 2). Higher resolution SFM images of the rim that
surrounded the lipid patches revealed planar protrusions.
They often occurred in multiple layers. In a natural system
(rabbit lung) such multilayer structures were in fact ob-
served as well (Schurch et al., 1995).
The location of the protrusions became more confined

and the number of layers increased with increasing com-
pression of the film before the LB transfer (Fig. 6). The
overall shape of the protrusions suggests that upon com-
pression many small, round patches were squeezed out of
the monolayer. They then may have grown in size and
coalesced to form the larger structures. In Fig. 7 the fine
structure of the film can be seen on the different layers in a
pseudo-three-dimensional view (although it was less well
resolved than the monolayer). A similar fine topographical
structure is seen on the different steps, as in the intermediate
and filamenteous area of film 1 (Figs. 3 and 4). This
indicates that these regions have mediated the formation of
the planar exclusion structures.
The protrusions seen in the SFM arose in the regions that

appeared bright in the FLM and, hence, contained the
NBD-PC in high concentration. It is assumed that the lipids
with the bulky NBD groups are found in the regions of
higher fluidity and lower packing density. For the same
reason, the proteins may also be enriched in this phase. This
assumption was verified by using fluorescence-labeled
SP-C instead of NBD-PC. In this case too, a high fluores-
cence intensity was found in the region where the protru-
sions arose.
The height of a single step within the region of the planar

protrusions varied between 55 and 65 A. This is slightly
larger than the height of a DPPC double layer in the gel
phase, as measured with the SFM under similar conditions
(-50 A, data not shown). For more reasons than height

nm
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FIGURE 6 Higher magnification topographies of films, transferred at different compressions. (Left) Region of protrusions of a film that was transferred
just at the onset of the plateau of the pressure-area diagram (film 2). (Right) A film (film 3) that was more compressed. Note that the area of protrusions
became more confined and the number of steps increased upon compression. Both pictures are 10 ,um x 9.5 ,um.
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FIGURE 7 Pseudo-three-dimensional view of some protrusions. Note
that a similar fine topographical structure is seen on the different steps as
in the intermediate and filamenteous area of film 1, although it is less well
resolved. This indicates that these regions have mediated the formation of
the planar exclusion structures. Each single step is about 6 nm high. The
picture is 1.2 -im I-m.

measurement alone, we concluded that the protrusions were
based on integer multiples of a double layer. When the film
was compressed within the plateau region of the pressure-
area diagram, any reduction of the monolayer area was
found to produce further protrusions. The areas of all layers
of the protrusions summed up to half of the area expelled
from the monolayer in the plateau (e.g., the area of film 3
was reduced by 31% within the plateau region of the pres-
sure area diagram. The corresponding sum of the areas of all
layers of the protrusions was 15%, calculated from a SFM
image of 60 gum X 60 gfm.).

CONCLUSIONS

The model system investigated shared principal biophysical
properties with natural pulmonary surfactant, even though it
contained only three out of many compounds found in the
natural system. The spread monolayer showed a plateau
above H = 50 mN/i, where some of its matter was revers-
ibly removed from the monolayer. Within this plateau, the
covered area of the interface could be reduced and expanded
by a factor of almost 2, without a significant change in the
surface tension. The surface tension was further reduced
upon reduction of the area beyond the plateau. It has been
suggested that, upon expiration, the more fluid components
for the surfactant are being constantly removed from the
monolayer. Upon inspiration, new material could then ad-
sorb to the monolayer from vesicles each time the equilib-
rium surface tension is exceeded. The present study dem-
onstrates that, in the model system used, the material

ibyremoved from the monolayer.remaine assoispateduwtheit

On expansion, it respreads into the monolayer, ensuring a
closed coverage of the surface. The SFM unveiled a specific
protein-lipid complex structure in the monolayer that has
mediated a reversible formation of lamellar protrusions
upon compression. The protrusions were, in principle, based
on lipid double layers, although they were slightly thicker
through the content of the SP-Cpp. In the natural system this
mechanism may be responsible for keeping the surface
tension of the surfactant constantly low over the range of
area encountered upon breathing.
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