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Abstract

Pulmonary surfactant forms a thin molecular film inside mammalian lung alveoli and lowers the surface tension of the air/fluid interface to
reduce the work of breathing. Upon compression functional surfactant forms characteristic multilayer structures, which indicate surfactant surface
activity.We showed that cholesterol adversely affects both structural and surface-active properties ofBLES surfactant andDPPC/DOPG lipid films.
Incorporation of small concentrations of fibril-forming peptide amyloid-β 1-40 helps to counteract the distractive effect of cholesterol by improving
characteristic multilayer formation that occurs upon compression. In contrast to many negative effects of amyloid-forming peptides reported
earlier, we report a positive effect of amyloid-β peptide on surfactant function, which may aid in the designing of novel surfactant formulations.

From the Clinical Editor: The authors demonstrate the adverse effects of cholesterol from the standpoint of the structural and surface active
properties of lipid films and surfactants. Incorporation of small concentrations of fibril forming peptide amyloid-ß 1-40 helps to counteract
the effects of cholesterol, in contrast to many negative effects of amyloid forming peptides reported earlier.
© 2010 Elsevier Inc. All rights reserved.
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Pulmonary surfactant (PS) is a complex lipid-protein mixture
that forms a monomolecular film at the air/lung interface.1 The
function of PS film is to reduce the surface tension of the alveolar
air/liquid interface, thus reducing the work of breathing.2-4 The
PS film primarily consists of phospholipids: phosphatidylcholine
(PC) composes 70 to 80% of the surfactant mixture, with 50 to
70% of the PC being saturated lipids.5,6 The other 10% of the
mixture are surfactant-specific proteins (A, B, C, and D).5,6 A
small amount of cholesterol is also present at 5 to 10%. In order
for PS to be functional and maintain its interfacial properties, the
balance of PS film composition is necessary to allow the
surfactant surface tension to be reduced to very low values, which
approach 0 mN/m, as well as to allow PS film to respread rapidly
during the respiratory cycle. The primary lipid, dipalmitoylpho-
sphatidylcholine (DPPC), is capable of reducing surface tensions
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to values approaching zero, but DPPC alone is inadequate as an
effective surfactant and is slow to respread when compression is
relieved, and is slow to absorb from an aqueous suspension.7

Previously, we and others8,9 have shown that the characteristic
feature of functional surfactant, which correlates with its surface-
active properties, is its ability to form multilayer structures upon
compression. We have also shown that performance of the
pulmonary surfactant bovine lung extract surfactant (BLES)8,10 is
strongly affected by excess cholesterol (20%), and in this work
we show that model lipid films are as well. The excess cholesterol
impairs characteristic multilayer formation and ability of the film
to reduce the surface tension to near zero values.8

One of the important components in the surfactant mixture,
aiding in the enhancement of surface-active properties, is
surfactant-specific protein C (SP-C), a hydrophobic α-helical
transmembrane protein.11 SP-C contains two palmitoyl groups
covalently bound to Cys-5 and Cys-6 and plays an important role
in assisting the multilayer formation when the film is
compressed.8,12 The α-helical region becomes embedded in the
bilayer, as the length of the α-helix matches the thickness of
bilayer, and two palmitoyl groups become embedded into the
lipid monolayer serving as an anchor, linking the multilayers and
monolayer.8,9,13 Theα-helical region acts also as a hinge assisting
l and amyloid-β peptide on structure and function of mixed-lipid films and
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in bilayer formation.8,13 This mechanism is discussed in our
previous publication.8 SP-C has been shown to misfold and form
amyloid-type fibrils,14,15 which is common formore than 20 other
fibril-forming proteins. Fibrillogenesis is associated with various
neurodegenerative diseases, such as Alzheimer's or Parkinson's
diseases.16-20 In pulmonary surfactant the fibrillization is
associated with pulmonary alveolar proteinosis.15 SP-C forms
amyloid fibrils similar to the fibrils formed by amyloid-β protein,
implicated in Alzheimer's disease.17,18 Both SP-C and amyloid-β
peptide contain α-helical regions, which can be incorporated into
the lipid membrane. Considering that amyloid-β has two α-
helical regions connected by a small random coil section, we
postulated that amyloid-β may act as a molecular hinge joining
lipid mono-and bilayers, and assist in respreading of surfactant,
similar to SP-C. In this work we investigated the effect of
amyloid-β on the surface activity of BLES surfactant and model
mixed-lipid films (DPPC-DOPG) with and without cholesterol.
Using atomic force microscopy (AFM) and the Langmuir-
Blodgett monolayer technique, we showed that amyloid-β helps
to counteract the distractive effect of cholesterol by improving
structural morphology of the films (multilayer formation), which
is almost completely inhibited by excess cholesterol. This study
may aid in the understanding of the effect of amyloid-forming
peptides on structure and function of lung surfactant BLES and
mixed-lipid films, which can be considered as a simple artificial
surfactant. Understanding the molecular mechanism of PS
function as well as simpler synthetic lipid mixtures provides an
important basis for successful development of synthetic surfac-
tant formulations, which are required for treatment of the
respiratory diseases (such as respiratory distress syndrome
[RDS] or neonatal respiratory distress syndrome [NRDS]).21

Currently exogenous surfactant formulations extracted from
bovine or porcine lungs are commonly administered to treat
patients with lack of surfactant or surfactant failure. For example,
BLES (BLESBiochemicals, London, Ontario, Canada), Curosurf
(Chiesi Pharmaceutici, Parma, Italy), Survanta (Ross Laborato-
ries Columbus, Ohio), and Surfacten (Surfactant TA; Mitsubishi
Pharma Corporation, Tokyo, Japan) are analogues to native
pulmonary surfactant, and are clinically used in each country.
Although animal extracts are effective in treating patients, they
are associatedwith a costly purification procedure to eliminate the
risks of infections, and also with the difficulties of producing
batch-to-batch uniformity. Therefore, preparations of pure
synthetic surfactants are highly desired in the clinical surfactant
replacement therapy. Simplemulticomponent lipidmixtures were
tested as synthetic surfactant formulations,22-25 as well as lipid
mixtures with addition of synthetic helical peptides.9,24,26,27 In
this work we explored the effect of incorporation of amyloid-β
peptide into DPPC-DOPG mixture on the structure and function
of BLES and artificial lipid mixtures, which may also aid in
designing noble artificial surfactant formulations.
Methods

Sample preparation

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG)
(Avanti Polar Lipids, Inc., Alabaster, Alabama) were weighed,
mixed, and dissolved in chloroform at a ratio of DPPC/DOPG
80:20 by weight, and a final lipid concentration of 10 mg/mL.
Amyloid-β 1-40 (rPeptide, Bogart, Georgia) was pretreated
according to a procedure reported earlier28,29 by solvation of
synthetic peptide with sodium hydroxide followed by
lyophilization so as to produce mostly monomeric form of
the peptide upon solubilization. The peptide was then
dissolved in dimethyl sulfoxide and sonicated for 1 minute.
Lipid or BLES surfactant chloroform solution was mixed with
amyloid-β solution to obtain solutions with a mixture of 10%
amyloid-β by weight. Bovine Lung Extract Surfactant (BLES;
BLES Biochemicals) was extracted into chloroform from
Goerke's buffer. Then, 0.5 mL BLES in buffer (concentration
27 mg/mL) was mixed with 0.5 mL methanol and 0.5 mL
chloroform and the mixture centrifuged for 10 minutes at
100g. The bottom phase was saved, and 0.5 mL chloroform
was added to the remaining supernatant. The supernatant was
centrifuged again at 100g for 10 minutes, and the bottom
phase was again removed and added to the previous bottom
phase. The final concentration of the BLES solution was 27
mg/mL. Cholesterol (Avanti Polar Lipids) was added to
chloroform solutions of BLES or DPPC-DOPG lipids at 20%
by weight.

Langmuir-Blodgett deposition

A freshly cleaved mica slide (ruby, AS™V-2 quality;
Asheville-Schoonmaker Mica, Newport News, Virginia) was
placed in a dipper arm of the Langmuir-Blodgett trough (LB
trough) and lowered into the subphase. We used an LB
microtrough from NIMA Technology (Coventry, United
Kingdom). Approximately 5–10 μL protein-lipid solutions
were deposited on the interface on the LB trough using a 5-μL
syringe; the volume of solution added was adjusted to achieve
an initial surface pressure of 20 mN/m with the barriers fully
open. The lipids were allowed to spread and equilibrate on the
interface for 10 minutes. The LB trough barriers were
compressed at 10 cm2/min to collect surface pressure-area
isotherms and deposit lipid films on mica at desired
compressions. The mica was raised at a rate of 2 mm/min
through the interface at constant compression. The mica slide
was allowed to air-dry for 10 minutes, than affixed on a glass
microscope slide for AFM imaging.

AFM imaging

The lipid films supported on mica slides were imaged in air
using a JPK Nanowizard II (JPK Instruments AG, Berlin,
Germany) atomic force microscope. Nanoworld AG (Neuchatel,
Switzerland) cantilevers with 42 N/m spring constant, and
resonance frequency of approximately 250 kHz, were used to
image the samples in intermittent contact mode. The topography
images of supported lipid films were analyzed using JPK image
processing software (JPK Instruments AG). Quantitative analysis
of multilayer surface coverage was done using ImageJ software.
Images were cropped and converted to a gray scale. The threshold
was set to select the first, second, and third multilayers. A particle
analysis was done for each multilayer. The number of pixels



Figure 1. Surface pressure-area isotherms for BLES surfactant and DPPC/
DOPG (80:20) compositions. (A) BLES surfactant. Curve A, pure BLES;
curve B, BLES with 20% cholesterol; curve C, BLES with 10% amyloid-β;
curve D, BLES with 20% cholesterol and 10% amyloid-β. (B) DPPC/DOPG
(80:20). Curve E, pure DPPC-DOPG; curve F, DPPC-DOPG with 20%
cholesterol; curve G, DPPC-DOPG with 10% amyloid-β; curve H, DPPC-
DOPG with 20% cholesterol and 10% amyloid-β.
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displayed was divided by the number of pixels in the image to
determine a percentage of surface coverage.
Results

We investigated how addition of amyloid-β 1-40 peptide and
addition of cholesterol affect the structure and function of
DPPC-DOPG lipid films and BLES surfactant. Using Lang-
muir-Blodgett monolayer technique, we formed lipid and BLES
films at the liquid/air interface and compressed it to mimic the
compression of pulmonary surfactant film in the lung.

The LB isotherms, which are plots of compression versus
trough area, are presented in Figure 1.

Effect of cholesterol on BLES and DPPC-DOPG
mixed-lipid films

First, to investigate the effect of cholesterol, 20% of
cholesterol by weight was added to the DPPC-DOPG mixture
or to the pure BLES. A Langmuir-Blodgett trough was used to
probe surface activity of these films. With no cholesterol, the
maximum surface pressure approaches near 70 mN/m for both
lipid mixture and BLES (Figure 1, curve A and curve E,
respectively), indicating a surface tension near 0 mN/m. The
addition of 20% cholesterol to BLES results in a maximum
surface pressure of near 50 mN/m (Figure 1, curve B), which is in
a good correlation with earlier reported data.8 Figure 2 shows an
AFM topography image of BLES monolayer with (Figure 2, C)
and without (Figure 2, A) 20% of cholesterol, compressed at 45
mN/m and supported on mica by Langmuir-Blodgett deposition.
With the absence of cholesterol, the BLES film shows
characteristic multilayer patches, as shown in Figure 2 A. The
schematic of multilayer formation is also shown in Figure 3.
Note that discrete multilayers of various shapes with a height of
5 nm and multiples thereof were observed. When 20%
cholesterol was present in the film, no multilayers were formed;
only small occasional patches or spherical clusters of material
were observed (Figure 2, C). Surface pressure-area isotherms
(Figure 1, A, curve B) show a remarkably low compression and
plateau at around 48 mN/m, with no further increase in surface
pressure, as compared to a plateau at 70 mN/m for pure BLES
film (Figure 1, A, curve A). This is a result of the cholesterol-
inhibiting multilayer formation, which affects both the structure
of the film and also the ability of the film to reduce surface
tension. These findings correlate well with our previous data.8,10

Similar to BLES, DPPC-DOPG lipid films also show multilayer
formation by AFM (Figure 2, B), which correlates with good
surface-active properties (Figure 1, B, curve E). Figure 2, D
shows a DPPC-DOPG monolayer with 20% of cholesterol. No
multilayer formation was observed in this case, but we observed
unusual rodlike patches of lipid material (Figure 2, D) that were
formed under compression. These rodlike structures have lengths
between 0.5 and 3 μm and a height of 8 nm. At the same time the
compression of this film failed to reach values higher than
55 mN/m (Figure 1, B, curve F).

Effect of addition of amyloid-β to DPPC-DOPG mixed-lipid
films and BLES films

Next we added 10% of amyloid-β 1-40 to DPPC/DOPG and
BLES with and without addition of cholesterol. When 10% of
amyloid-β peptide was added to DPPC-DOPG the number of
multilayers formed increased (Figure 2, F), compared with
Figure 2, B. Cross-sectional analysis of the AFM images revealed
that these multilayers are multiples of 5 nm high, characteristic of
stacks of lipid bilayers. In this case we observedmanymultilayers
of various shapes and heights, similar to that which is present in
BLES films. Addition of 10% amyloid-β to BLES showed a
decrease in the maximum surface pressure plateau at 48 mN/m,
compared to BLES without amyloid-β, shown in Figure 1, A,
curve C. AFM images (Figure 2, E), show that flat peptide-lipid
aggregates were found on top of the monolayer. These aggregates
reached a height of 30 nm.

Effect of cholesterol and amyloid-β on BLES and DPPC-DOPG
mixed-lipid films

BLES with 20% cholesterol and 10% amyloid-β (Figure 2,G)
showed a return of multilayer formation, compared with
cholesterol-laden film without amyloid-β (Figure 2, C). Multi-
layers composed of discrete 5-nm-high bilayers were observed
resembling the multilayers in functional BLES. Similar to BLES,
DPPC-DOPG (Figure 2, H) with 20% cholesterol and 10%
amyloid-β also showed a return of multilayers formation. These



Figure 2. (A) AFM topography of BLES-supported film with no cholesterol,
compression 50 mN/m, imaged in air. (B)AFM topography of DPPC-DOPG
film with no cholesterol, compression 45 mN/m, imaged in air.(C) AFM
topography of BLES film with 20% cholesterol, compression 45 mN/m,
imaged in air. (D) AFM topography of DPPC-DOPG film with 20%
cholesterol, compression 45 mN/m, imaged in air. (E) AFM topography of
BLES film with 10% amyloid-β added, compression 50 mN/m, imaged in
air. (F) AFM topography of DPPC-DOPG film with 10% amyloid-β,
compression 50 mN/m, imaged in air; inset, high-resolution image of the
multilayer. (G) AFM topography of BLES with 10% amyloid-β and 20%
cholesterol, compression 48 mN/m, imaged in air. (H) AFM topography of
DPPC-DOPG with 10% amyloid-β and 20% cholesterol, compression 46
mN/m, imaged in air; inset, high-resolution image of the multilayer.
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formations seem to have a maximum height of 10 nm, with 5-nm
discrete layers. However, these multilayers are smaller than
those found in pure DPPC-DOPG mixtures without peptide
or cholesterol.
Discussion

We found that for all investigated films, BLES, or DPPC-
DOPG, high concentrations of cholesterol impairs surface
tension-reducing properties, which are required for proper
function of pulmonary surfactant. In surface pressure-area
isotherms, we observe a plateau at 48–52 mN/m, with no
further increase in surface pressure (Figure 1). We proposed
earlier the mechanism by which cholesterol inhibits multilayer
formation in BLES,8,10 probably causing excess material to drop
into the liquid subphase as opposed to forming multilayers.8 The
multilayer formation for functional BLES surfactant corresponds
to the high surface activity of the film.8,10 Figure 2, A shows a
typical BLES multilayer formation. Our data are in good
agreement with previously reported data,8,10 showing that
addition of cholesterol to BLES resulted in the abolishment of
surface activity of BLES (Figure 2, C). In addition, we showed
that, similar to BLES, excess cholesterol reduces surface activity
and multilayer formation also in DPPC-DOPG lipid mixed films.

When amyloid-β peptide was added to BLES and DPPC-
DOPG lipid films, the surface-active properties and film
structure were affected. For DPPC-DOPG, both 1% (data not
shown) and 10% (Figure 1, B, curve F) concentrations of
amyloid-β resulted to a high compression (maximum surface
pressure plateau for BLES and DPPC-DOPG mixtures of
approximately 70 mN/m). This corresponds to the good
surface-active properties of functional surfactant. The presence
of amyloid-β in DPPC-DOPG leads to multilayer formation with
surface coverage and height comparable to that of pure DPPC-
DOPG, but the morphology of the multilayers was occasionally
different. Multilayers in 10% amyloid-lipid mixtures tended to
be smaller and circular in shape (compare Figure 2 B and F).
Table 1 shows statistics on the multilayer surface coverage. Pure
DPPC-DOPG films: 8.6% coverage for the first bilayer and
higher, 3.7% for the second bilayer and higher. With addition of
amyloid-β the first bilayer surface coverage is ∼8%, the second
bilayer is 2%, and the third bilayer and higher decrease to 1%.
These results indicate that for mixed-lipid films DPPC-DOPG,
addition of amyloid-β does not disturb multilayer formations,
which correlates with good surface-active properties of these
films (Figure 1, B, curves E and H).

Addition of 10% amyloid-β to BLES, as opposed to lipid
mixed films, showed a decrease in surface activity (Figure 1)
—decrease in maximum surface pressure and plateau at 48
mN/m (compared with a maximum surface pressure of 70
mN/m in pure functional BLES). AFM images show unique
patterns of flat lipid-peptide aggregates (Figure 2, E),
resembling multilayers, which were flat and have reduced
surface coverage. Surface coverage for one bilayer and more
was reduced to 6.28 for BLES with 10% amyloid-β,
compared with 16.71% for pure BLES; second bilayer and
more to 3.18% as compared with 10.48% for pure BLES,



Figure 3. Schematics of multilayer formation assisted by amyloid-β and structures of lipids.
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shown in Table 1. From these data we conclude that 10%
amyloid-β does not effectively help the multilayer formation
characteristic for functional BLES and does not improve
surface-active properties of pure BLES.

When both cholesterol and amyloid-β were present in BLES
and DPPC-DOPG lipid films, an interesting interplay between
these two factors was observed, affecting the structure and
surface-active properties of the films. Statistics (Table 1) show
that addition of amyloid-β improves surface coverage for
cholesterol-laden BLES films (first bilayer and higher 14.05%,
second bilayer and higher 3.65%, and third bilayer and higher
1.89%, compared with 0.44%, 0.14, and 0.00 surface coverage
for cholesterol-laden BLES films without amyloid-β). BLES
contains several proteins whose function is to improve surfactant
function, one of them being helical protein SP-C. Cholesterol
inhibits surfactant function in BLES, and in mixed-lipid films
DPPC-DOPG. However, addition of 10% of amyloid-β 1-40 to
both BLES and mixtures of DPPC-DOPG with cholesterol
showed return to multilayer formation (Figure 2, G and H).
Surface activity of mixed-film DPPC-DOPG and BLES films
was improved upon addition of amyloid-β to cholesterol-laden
films. This effect is larger for BLES then for DPPC-DOPG.
Although Figure 1 shows a plateau around 50 mN/m, for BLES-
cholesterol-amyloid-β, we showed that after a long plateau the
film can be compressed to almost 70 mN/m (data not shown)
when more material is added. Therefore, 10% amyloid-β 1-40
helps to counteract the dysfunctional effect of cholesterol by
assisting the multilayer formation and by improving surface-
active properties. Amyloid-β is a two-helix peptide joined with a
random coil and can serve as a molecular hinge, similar to SP-C8

so as to bind and hold lipid multilayers together (Figure 3).
Cholesterol plays an important role in controlling the fluidity,

permeability, and mechanical strength of lipid membrane and
thus is an important component of lipid rafts.30-32 Incorporation
of cholesterol into lipid bilayers broadens and reduces the
enthalpy of phase transitions.32 Depending on the phase of the
lipid, cholesterol decreases (or increases) the cross-sectional area
of the phospholipid molecule, as well as increases (or decreases)
the thickness of the phospholipid bilayer.32,33 Importantly, phase
separation of phospholipids monolayers in the presence of
cholesterol has been visualized by AFM,34 which showed that
lipid monolayer in the presence of cholesterol is composed of
domains, related to different phases. The film becomes smooth at
high concentrations of cholesterol, where the phase separation
becomes invisible. On a molecular level, cholesterol-induced
domains have been shown by molecular dynamics simulations.35

We recently showed that cholesterol induces characteristic
electrostatic domains in BLES monolayer, thus changing the
electrostatic interactions between lipids and influencing charac-
teristic surface potential distribution in BLES films.36,37

Research by Ji et al38 showed that there is a stronger interaction
between amyloid-β and cholesterol than between amyloid-β and
lipids. It has been shown also that cholesterol induced strong
interaction between cholesterol–polyethylene glycol micelles
and amyloid-β 1-42.39 Considering this we postulate that
binding of amyloid-β and cholesterol occurs in our BLES and
mixed-lipid films, which prevents the cholesterol from saturating
the monolayer. When cholesterol saturation of the monolayer is



Table 1
Multilayer surface coverage statistics

BLES (%) DPPC/DOPG (%)

Pure film
1 bilayer or above 16.71 8.60
2 bilayer or above 10.48 3.70
3 bilayer or above 4.35 2.27
+20% Cholesterol
1 bilayer or above 0.44 1.18
2 bilayer or above 0.14 0.02
3 bilayer or above 0.00 0.00
+10% Amyloid-β
1 bilayer or above 6.28 7.95
2 bilayer or above 3.18 2.08
3 bilayer or above 1.32 0.97
+20% Cholesterol, 10% amyloid-β
1 bilayer or above 14.05 3.53
2 bilayer or above 3.65 0.78
3 bilayer or above 1.89 0.05

Quantitative analysis of multilayer surface coverage was completed using
ImageJ software. Images were cropped and converted to a gray scale. The
threshold was set to select the first, second, and third multilayers. A particle
analysis was done for each multilayer. The number of pixels displayed was
divided by the number of pixels in the image to determine a percentage of
surface coverage.
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decreased, the phase separation induced by cholesterol is also
decreased, and thus the monolayer becomes more resilient to the
cholesterol-induced inhibition of surfactant function. We showed
earlier that adhesion properties of the monolayer are strongly
inhibited due to the presence of cholesterol, which may prevent
an effective multilayer formation.40

In summary, we have investigated the effects of addition of
cholesterol and amyloid-β 1-40 to BLES surfactant and lipid
films composed of DPPC-DOPG. We found that cholesterol
impairs surfactant function and decreases the characteristic
multilayer formation in both animal extract and lipid mixed
films. Surprisingly, the addition of amyloid-β peptide to these
surfactants with high concentrations of cholesterol helps to
restore multilayer formation in both BLES and DPPC-DOPG
mixtures. Therefore amyloid-β 1-40 peptide in the presence of
cholesterol excess shows a positive effect on surfactant
structure and function, counteracting surfactant failure induced
by cholesterol. Despite its negative association in amyloidoses
pathogenesis, the positive effect of amyloid-β peptide shown
here may serve as an important consideration in the
development of artificial surfactant formulations.
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