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Pulmonary surfactant is a membranous complex that enables breathing dynamics at the respiratory surface.
Extremely low values of surface tension are achieved at end-expiration thanks to a unique mixture of lipids and
proteins. In particular, the hydrophobic surfactant proteins, specially the protein SP-B, are crucial for surfactant
biophysical function, in order to provide the surfactant lipid matrix with the ability to form membranous multi-
layered interfacial films that sustain optimal mechanical properties. To analyse the contribution of the proteins to
modulate the resistance to mechanical forces of surfactant membrane-based structures, atomic force microscopy
of supported lipid bilayers has been used here to determine quantitative mechanical parameters defining the
effect of the presence of proteins SP-B and/or SP-C on phospholipid membranes intended to model at least part of
the structures integrated into pulmonary surfactant complexes. The results show clear differences introduced by
proteins in membrane thickness, lateral packing and elasticity, providing evidence supporting protein-promoted
modulating of the mechanical properties of surfactant membranes. These effects are found consistent with the
behaviour of two relevant native materials: whole pulmonary surfactant isolated from porcine bronchoalveolar
lavages and freshly produced human pulmonary surfactant isolated from amniotic fluid, where it is transferred
from the foetal lung before the respiratory air-liquid interface has been established.

Surface tension
Air-liquid interface
Membrane thickness

1. Introduction excluded material and newly synthesised surfactant in close contact

with the interfacial film for its use when needed (Haller et al., 2004;

In mammalian lungs, a thin lipid-based layer coats the alveolar
surface and provides the alveoli with the reduction of surface tension
needed to perform breathing cycles without collapsing (Pérez-Gil,
2008). This material, known as pulmonary surfactant (PS), is required
for a correct performance of breathing dynamics with minimal work and
its dysfunction is associated to severe respiratory pathologies (Echaide
et al., 2017). Surfactant composition (90 % of its total mass are lipids,
mainly phospholipids, and less than 10 % are proteins) provides it with
the ability of rapidly coating the alveolar interface during inspiration
and efficiently re-spread during expiration thanks to the action of two
specific hydrophobic proteins, SP-B and SP-C, that generate membrane
curvature and membrane/membrane contacts to keep previously
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Veldhuizen et al., 1998).

With regard to the lipids, DPPC is the major component (40 %, mass)
of surfactant and the only one able to sustain the extreme reduction in
surface tension needed to stabilize the alveoli during expiration thanks
to its disaturated structure (Veldhuizen et al., 1998). Other lipid and
protein components are needed to modulate its properties and facilitate
the transit of DPPC-rich complexes towards the interface (Yu and Pos-
smayer, 2003).

Hydrophobic surfactant proteins, accounting for less than 1 % of
total surfactant weight, strongly interact with phospholipids, playing
critical roles in the formation and stabilization of surfactant films
(Lopez-Rodriguez and Pérez-Gil, 2014). Protein SP-B (8.7 kDa) has an
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amphipathic a-helical structure that remains permanently associated to
surfactant membranes. Its lack is lethal, illustrating its crucial role in the
stabilization of an open respiratory surface (Melton et al., 2003).
Through its net positive charge, SP-B is able to establish electrostatic
interactions with anionic phospholipids, leading to a peripheral dispo-
sition within the membrane plane. SP-B oligomerizes, deforming the
membranes to create a sort of lipid channel that facilitate a rapid traffic
of lipids from one membrane to another and to the interfacial monolayer
stabilizing the interface (Olmeda et al., 2015; Baoukina and Tieleman,
2011). It has also been described that SP-B can induce aggregation of
liposomes and fusion of membranes in vitro (Baoukina and Tieleman,
2010; Keating et al., 2012).

SP-C (3.7 kDa) is a very hydrophobic polypeptide that inserts into
membranes in the form of a hydrophobic transmembrane a-helix. SP-C
maintains its positively charged N-terminal region also anchored to
the bilayer thanks to the post-traslational modification of two cysteines
by two palmitic chains, allowing it to slightly tilt in order to fit into the
membrane, adapting to different thicknesses and curvatures until it is
excluded from the interface when surfactant films are compressed to
high pressures, as it occurs at the end of expiration (Roldan et al., 2015;
Plasencia et al., 2008). It also interacts with anionic phospholipids
(Takamoto et al., 2001) and with SP-B (Cabré et al., 2018), suggesting
that at least in part of surfactant actions SP-B and SP-C may act in a
concerted manner.

Although their molecular mechanism is still to be described in detail,
it is known that SP-C together with SP-B are responsible for the forma-
tion of fluid lipid-enriched multilayers upon compression of the respi-
ratory interface, closely attached to the interfacial PS monolayer. These
structures have been demonstrated to be crucial to ensure mechanical
stability of PS films during breathing dynamics (Pérez-Gil, 2008; Parra
et al., 2011).

A proper function of the pulmonary surfactant system is essential to
sustain operational breathing, and its lack or deactivation is associated
with severe pathologies. This is the case of the very premature neonates,
born before their lungs have matured to produce surfactant, which are
currently treated as soon as possible after birth by endotracheal
administration of an exogenous surfactant material (Echaide et al.,
2017). Until nowadays, the materials used for clinical treatment are
mainly obtained from animal lungs, as they exhibit similar composition,
structure and function than human surfactant complexes (Pfister et al.,
2009; Singh et al., 2015). The recent isolation and characterization of a
surfactant purified from human amniotic fluid (AFS, amniotic fluid
surfactant) (Castillo-Sanchez et al., 2022) has revisited historic work
that used this material to treat premature babies (Hallman et al., 1983,
1976). It is a material easily isolated from a human source that could
retain the characteristics of a surfactant newly synthesised but still un-
exposed to the air-liquid interface, not degraded or inactivated as a
consequence of the exposure to the demanding environmental condi-
tions of aerated lungs, and fully active. It has been reported that this
surfactant may still preserve the highly packed and dehydrated state in
which it was originally assembled, stored and secreted by the lamellar
bodies of the type II pneumocytes (Castillo-Sanchez et al., 2022; Lemke
et al., 2017). To what extent such highly packed state is important for
the optimal mechanical properties of the films primarily formed at the
respiratory surface has not been determined.

The aim of this study was to further analyse the effect of the presence
of proteins SP-B and SP-C to modulate the mechanical properties of bi-
layers of different nature in response to mechanical deformation by
means of Atomic Force Microscopy (AFM). We have compared the
behaviour under the AFM of membranes made of a mixture of major
surfactant lipids (DPPC, POPC, POPG) and hydrophobic proteins (SP-B
and/or SP-C) with that of natural surfactant membranes. We proceeded
systematically varying membrane composition in order to probe the
contribution of different relevant lipids, and incorporating proteins. We
have shown the presence of multi-layered structures and measured the
local elasticity of these membrane-based films formed onto mica
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surfaces. We also recognize features defined by the presence of the hy-
drophobic proteins SP-B and SP-C in the natural lipid systems, which
could be important to modulate the mechanical properties of the films as
they may work in vivo at the respiratory surface.

2. Materials and methods
2.1. Materials

Lipids were bought from Avanti Polar Lipids (Alabaster, AL, USA),
dissolved in chloroform/methanol (2:1 v:v), both solvents from Sigma
Aldrich (Saint Louis MO, USA), and stored at —20°C. Protein stocks were
derived from an organic extraction of porcine surfactant and were pu-
rified in organic solvents by two subsequent exclusion chromatogra-
phies in LH-20 and LH-60 resins (Pharmacia, Sweden) as described
elsewhere (Pérez-Gil et al., 1993). After purification, they were also
preserved at —20°C.

The different materials were typically suspended or diluted to the
operational concentrations in Tris-NaCl buffer (5 mM Tris, 150 mM
NaCl, pH=7).

2.2. Methods

2.2.1. Sample preparation

For synthetic samples, small unilamellar vesicles (SUVs) were pre-
pared by extrusion from MLVs. The proper quantities of lipids and
proteins to obtain a mixture roughly mimicking pulmonary surfactant
with a simplified composition of DPPC/POPC/POPG (50:25:15 w:w:w),
named as LM from now on, with or without 10 % by weight of SP-B and/
or SP-C were dried under a Nj stream and 2 h of vacuum centrifuge.
Then, the dry films obtained were resuspended in the proper amount of
buffer to obtain a final concentration of 100 pg/ml and subjected to
hydration in a Thermomixer (Eppendorf; Hamburg, DE) upon incuba-
tion at 45 °C 1 h with intermittent shaking. The MLVs obtained were
then extruded through 50 nm polycarbonate membranes, producing a
relatively homogeneous suspension of SUVs of 50 nm of diameter.

Native surfactant (NS) was purified from bronchoalveolar lavages of
porcine lungs as described previously (Taeusch et al., 2005). Amniotic
Fluid was obtained from programmed caesareans at term pregnancy
(upon informed consent signed by donor mothers) as approved by the
Ethical Committee of Hospital 12 de Octubre (Madrid, Spain) in
collaboration with its Obstetrics and Gynaecology Service. Amniotic
fluid surfactant (AFS) was purified following a similar procedure to that
of NS (Castillo-Sanchez et al., 2022; Taeusch et al., 2005). Both, NS and
AFS, contain not only the hydrophobic but also the hydrophilic
membrane-associated surfactant protein SP-A.

Both, NS and AFS were diluted to a concentration of 100 pg/ml in
buffer solution prior to their deposition onto the mica surfaces.

2.2.2. Atomic force microscopy

20 pl of each lipid or lipid/protein preparation were deposited onto
freshly exfoliated mica (Electron Microscopy Science, Munich, Ger-
many), and incubated for 10 minutes before measuring. The mica sub-
strate with deposited sample was then placed in a homemade liquid
chamber. Measurements were performed both at room (20 °C) and at
physiological temperature (37 °C) in aqueous solutions by using a Peltier
device at the base on which the samples were attached. The same Tris-
NaCl buffer used to prepare the samples was used to create the liquid
atmosphere.

The mica-supported lipid membranes were repeatedly imaged with a
commercial Nanotec Cervantes AFM (Nanotec, Madrid, Spain) operated
under jumping mode (JM-AFM), in which the force between the tip of
the cantilever and the probe is kept constant and controlled using an
electronic feedback loop after each interaction point during imaging. We
used RC800PSA Olympus silicon nitride cantilevers (Olympus, Tokyo,
Japan) with a 0.1 N/m nominal force constant, < 20 nm tip radius
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(15 nm typical) and 18 kHz nominal resonance frequency. The spring
constant for the cantilever was calibrated before each experiment by
Sader’s method. The settings used were: Imaging 128 x 128 points,
applied force: 200 pN; speed: 0.428 line/s. Prior to imaging, the applied
force was first calibrated by single Force vs. Z-piezo displacement curves
(FZ) on the freshly cleaved mica surface prior to lipid deposition.

To investigate quantitatively the elastic response of the lipid and
lipid-protein membranes, we recorded single FZ curves in which the
applied force was obtained as a function of the displacement of the Z-
piezo upon which the sample was mounted. A series of 10-20 successive
FZ curves, each one every 5 s, were performed on the regions of the
sample formed by SLBs at a loading rate of 50 nm/s and a maximal force
of 0.5 nN, after which the membrane was reimaged, and its height was
measured. Measurements were performed on several areas of the same
membrane to obtain 100-200 indentations for each sample. No force
was observed until the tip contacted the membrane. The nano-
indentation process was almost completely reversible. Determination of
specific parameters, such as bilayer thickness, was performed specif-
ically in regions of the images with only SLBs, avoiding where some
three-dimensional structures appeared in the presence of the proteins.

The elastic modulus is usually estimated from the slope of the curve
that displays membrane deformation. Membrane Young’s modulus can
thus be modeled by using the Sneddon’s equation for conic indenter
(Sneddon, 1948). Sneddon’s model assumes that indentation is occur-
ring into an infinite half-space of homogeneous material (which is not
the case for SLBs where the substrate may affect the measurements when
the indentation depth is close to the bilayer height). Another limitation
is that Sneddon’s equation does not take into account adhesion forces
during tip retraction (backward curve). For these reasons, even if we
indented up to 6 nm, we only fitted the first 2 nm of each curve to
discard the undesirable effect of the hard mica support on the curve
shape. The spring constant for the cantilever was determined by cali-
bration on the substrate. For soft biological samples, the Poisson’s ratio
is generally set to 0.5 as for incompressible materials. This parameter
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and its distribution informs about the tendency of a given material to
expand in directions perpendicular to the direction of compression. We
applied the Sneddon’s fit to every force curve to obtain a histogram that
shows the number of events for the Young’s modulus of a sample at a
fixed temperature. To each of these histograms, a Gaussian fit is adjusted
and then the maximum value of the Gaussian curve that fits best to the
histogram is selected. All results are expressed as mean + standard de-
viation. Statistics were performed via unpaired Student’s t-test being
values of P < 0.05 considered as significant.

Image analyses were performed with the help of the WsXM software
(Horcas et al., 2007). Each image was individually treated using local
plan fit and “flatten plus” that provide filter to eliminate slopes, low
frequency noise and shadowing effects. Nanoindentation analysis was
performed using AtomicJ program (Hermanowicz et al., 2014). Data
analysis and representation was performed with Origin 8.5 (www.
origin.com).

3. Results

For the nanomechanical characterization under AFM, the sample is
generally first imaged and then a series of force-distance curves is
recorded over the same area. We took cross sections of the topography to
evaluate the thickness of the phospholipid layers deposited. In each
force-distance curve, the AFM tip away from the surface is approached
and retracted at constant velocity while the cantilever deflection is
recorded as a function of the Z piezo position.

3.1. Topographic images

The measured thickness of pure lipid mix (LM) bilayers composed of
DPPC/POPC/POPG (50:25:15 w:w:w) is given in Fig. 1 and has values of
5.63 +0.12nm at 20 °C and 5.34 + 0.16 nm at 37 °C. The surfaces of the
bilayers were relatively flat (Fig. 2A) with lateral sizes of the extended
membranes of about 100 nm under our deposition conditions (see
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Fig. 1.. Thickness of supported lipid bilayers calculated from cross-sectional analyses of the AFM topographical images at 20 and 37 °C. The values show large
differences with increasing uncertainty (standard deviation from the average) when incorporating the proteins SP-B and SP-C to the Lipid Mix composed of DPPC/
POPC/POPG (50:25:15, w:w:w), which is confirmed with measurements on layers made of the whole natural systems: native surfactant (NS) and amniotic fluid
surfactant (AFS). Significant p-values are depicted as daggers for 20 °C (}, p < 0.05; 11, p < 0.005; {11, p < 0.0005) and asterisks for 37 °C (*, p < 0.05; **, p < 0.005;

*** p < 0.0005).
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Fig. 2. Topographic AFM images of LM membranes analysed in the absence or presence of surfactant proteins. Images were obtained at both 20 °C (left) and 37 °C
(right) of (A) DPPC/POPC/POPG (50:25:15 w:w:w) (400 x400 nmz, Z-scale: 10 nm), (B) DPPC/POPC/POPG with 10 % of SP-B (1 x1 pmz, Z-scale: 15 nm), (C)
DPPC/POPC/POPG with 10 % SP-C (500 x500 nmz, Z-scale: 50 nm), and (D) DPPC/POPC/POPG with both 10 % of SP-B and 10 % of SP-C (500 x500 nmz, Z-scale:
20 nm). The lines indicate the cross section profiles shown at the bottom of each image.

methods). Different lipid phases can be observed at the temperature of
37 °C, as shown in the height profiles, being the height differences
associated with a difference in the mechanical properties of the films.

With the incorporation of SP-B into the lipid mixture, the size of the
membranes coating the mica support increased up to bilayers of 500 nm
of diameter, illustrating that SP-B somehow favours lateral spreading of
the bilayers (Fig. 2B). Moreover, the presence of SP-B induced the for-
mation of multi-layered structures, with the protein prompting mem-
brane contacts and thus, aggregation. Interestingly, we didn’t observe
the formation of more than two stacked bilayers at the surface of the
mica. That means that the lipids added at the top of the two bilayers are
more likely to glide or fuse to the previously stacked bilayers than
extending it. Bilayer thickness in the presence of SP-B was measured to
be 5.77 + 0.15 at 20 °C and 5.85 + 1.1 nm at 37 °C (Fig. 1), 5 % more
than measured in LM membranes.

With the addition of SP-C to the lipid mixture, the system forms flat
100 nm-size bilayers (Fig. 2C), with many vesicles remaining as not fully
extended, much more numerous than observed in any of the other
samples studied. Also, the apparent vesicle diameter decreases, with an
apparent medium height of 23.1 £+ 0.8 nm at 20 °C and 13.6 + 0.9 nm
at 37 °C (Fig. 3). Therefore, that means that the presence of SP-C pro-
motes the stability of the spherical shape of the vesicles, revealed by the
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Fig. 3. Vesicle diameter measured for samples containing protein SP-C.
Diameter of vesicles found in samples of DPPC/POPC/POPG (50:25:15 w:w:
w) + 10 % SP-C attached to the mica surface before forming SLBs.
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AFM topographic profile, probably affecting lipid spreadability. This
rounding feature likely prevents the membrane to spread and extend.
The thickness of the SP-C-containing bilayers was measured to be 6.45
+ 0.19 nm at 20 °C and 7.2 + 0.6 nm at 37 °C (Fig. 1), 18 % and 34 %
more than LM membranes respectively. This large and significant dif-
ference suggests a release in the surface tension between bilayer leaflets
as generated by SP-C incorporation.

The incorporation of both SP-B and SP-C to the lipid mixture, orig-
inated larger and several flat multi-layered membrane stacks with some
large, rounded protuberances at the top (Fig. 2D). Looking at the height
profiles, the height within multilayers increased in increments of the
approximate thickness of the single bilayer, as determined in the sam-
ples containing only SP-B, being the mean value measured for these
double bilayers of 12.9 + 1.9 nm (n = 5). We therefore find here the
combined effect of both proteins in the film conformation. SP-B helps
with the association of bilayers but is not able to stabilize more than 2
bilayer stacks. This suggests that SP-B substantially improves surface
activity by increasing lipid affinity and contributing to the formation of
multi-layered structures that aid in re-spreading lipid material at the
surface. SP-C on its side promotes the bending of the top layers at the
surface of the membrane and reduces the surface tension between them.
It has been shown that artificial or natural pulmonary surfactants that
are functional (i.e. capable of reducing the surface tension to very low
values) show characteristic patterns of multilayer stacks attached to the
interfacial film. Various bilayer stacks, as those observed in LM with SP-
B and SP-C, are likely required for the mechanical stability of the
functional surfactant films. For the bilayer stacks to be mechanically
reinforcing, they must be cross-linked to each other’s. Otherwise, they
will separate or glide over the surface and have no mechanical effect.
The membrane organisation observed here suggests that SP-B is likely
acting as the cross-linker between bilayers. The images also suggest that
SP-C has to be present to stabilize high multilayer structures linked
through SP-B. When measuring the height of the SLBs obtained with this
sample, they resemble the one with only SP-C, with values of 6.63
+0.38 nm at 20 °C and 7.2 + 0.3 nm at 37 °C.

Our results with synthetic films were compared with the images
obtained from two different natural surfactant samples: native surfac-
tant (NS), a whole pulmonary surfactant preparation purified from
bronchoalveolar lavages of porcine lungs and amniotic fluid surfactant
(AFS), purified from human amniotic fluid (Fig. 1 and Fig. 4). Although
we observed differences in thickness (Fig. 1) that we interpret as due to
their structural differences, some common topographical features for
both systems can be observed (Fig. 4). In both cases we find a
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coexistence of large flat single bilayers and smaller size higher multi-
layers, which are densely packed with small protrusions of up to 50 nm
in size. This could mean that multiple bilayers appear attached to the
surface, although this cannot be unambiguously interpreted from the
AFM data. Hence in general terms, the native systems show high
complexity with lateral and vertical stability. This multilayer organi-
zation is similar to what we observed in the synthetic system containing
both SP-B and SP-C. This highlights the importance of both proteins to
complement the functional organization of the surfactant system.

3.1.1. Young’s modulus

In a typical AFM nanoindentation experiment, the cantilever of the
AFM is approached to the sample until the tip makes contact with it and
the cantilever deflects upwards as the tip indents the sample. From the
cantilever deflection vs. displacement curves it is possible to calculate
the mechanical properties of the sample, such as the Young’s Modulus E,
using Sneddon’s models (Sneddon, 1948). Fitting the indentation region
in each of the extension curves with the Sneddon model yielded the
Young’s modulus values, and the distribution of these values for the
supported bilayers formed by the different studied samples were
grouped and plotted in Fig. 5. In order to obtain the Young’s Modulus of
the different bilayers, we fitted only the 2 nm depth of the indentation
curve after the contact point, to minimize the effect of the hard mica
support on the curve shape. An example of a fitted curve is given in the
inset of Fig. 5A.

Fig. 5 summarizes and compares the Young’s Modulus (E) histo-
grams obtained from indentation experiments with the different systems
tested. The Young modulus of protein-free LM exhibited a mean value of
Epv = 12.05 + 0.8 MPa at 20 °C and Epy; = 10.85 + 1.77 MPa at 37 °C,
with a narrow distribution ranging from 7 to 15 MPa (Fig. 5A). The
lowest values of the range correspond to the disordered phase, whereas
ordered domains should be associated with less elastic deformation and
a higher degree of compactness. In contrast, the mean Young modulus of
the LM containing proteins SP-B or SP-C was significantly lower, with
Eim.sp.s = 2.18 & 0.59 MPa at 20 °C and Ejp.spg = 2.90 & 2 MPa at 37
°C, and Epygpc =5.3 +£0.62MPa at 20 °C and Epy.spc = 5.76
+ 1.6 MPa at 37 °C (Fig. 5B). The fact that bilayers containing proteins
exhibited significantly lower Young modulus illustrates how protein
incorporation modifies the structural organization of the lipid mem-
brane. The E histograms for LM containing both SP-B and SP-C showed a
broad range of Young modulus values from less than 1-10 MPa,
covering the whole range of values measured for the LM membranes
with SP-B and SP-C separately (Fig. 5C). That means that each protein
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Fig. 4. Topographic AFM images and height profiles of supported membranes formed by whole natural surfactants obtained from bronchoalveolar porcine lavage or
human amniotic fluid. Images in the figure cover 1 x 1 um? (Z-scale: 30 nm) from (A) A native surfactant (NS) purified from bronchoalveolar lavage of porcine lungs
and 1.5 x 1.5 pm? (Z-scale: 30 nm) from (B) an amniotic fluid surfactant (AFS) purified from human amniotic fluid. The images were obtained for each sample at

both 20°C (left) and 37°C (right).
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Fig. 5. Young modulus of lipid and lipid-protein supported surfactant membranes. The histograms of Young’s Modulus values with Gaussian fittings are presented as
calculated at 20 (blue) or 37 °C (red) for bilayers made of (A) the LM mixture, DPPC/POPC/POPG (50:25:15), (B) LM with 10 % SP-B and LM with 10 % SP-C, (C) LM
with 10 % each of both proteins SP-B and SP-C, and the natural system purified from (D) bronchoalveolar lavages of porcine lungs (NS) and (E) human amniotic fluid
(AFS). The inset on top left of Fig. 5A shows an example of indentation curve (black) with the Sneddon model fitting (red) onto the first 2 nm of indentation within

the LM membrane.

might contribute significantly to the heterogeneous elasticity distribu-
tion in LM membranes.

The whole natural surfactant systems analysed showed similar
elastic response. For both NS and AFS samples the elastic response
measured is broad, with a value for NS of Exs = 2.64 + 1.48 MPa at 20
°C and Ens = 2.3 + 1.48 MPa at 37 °C and for AFS of Eaps = 3.86
+ 1.13 MPa at 20 °C and Eaps = 4.92 + 2.07 MPa at 37 °C (Fig. 5D and
E). Such heterogeneity in the E value is likely a consequence of the
compositional anisotropy of the films, which somehow facilitates lipid
motion and transfer during compression and re-spreading.

These results illustrate how AFM imaging coupled with indentation
measurements provides direct correlation of the organization of multi-
component lipid mixtures to their nanomechanical properties, to extents
that were not previously achieved. We can directly correlate the pres-
ence of proteins integrated into the membranes with their stability once
subjected to mechanical stress and potentially deforming forces. LM
membranes with SP-B and SP-C incorporated become closer to natural
surfactants and possess similar elastic properties among other features.
This validates the use of this type of synthetic system to mimic in a
simplified manner the behaviour of natural membranes.

4. Discussion

In this work we have used SLBs as models for surfactant bilayers and
multilayers, in an attempt to decouple the contribution of membrane
resistance to deformation in the possible performance of the complex
interfacial layers formed by surfactant at the alveolar spaces, including
the possible effects of membrane/membrane interactions promoted by
the proteins. The relevance of the study is reinforced by the comparison
of the behavior of model materials with the supported layers formed by
two native preparations of different origin, which could represent
different physiological scenarios of surfactant before and after being

subjected to respiratory work at the pulmonary air-exposed surface.

Surfactant-mimicking pure phospholipid vesicles spontaneously
form flat supported lipid bilayers (Fig. 2), while samples containing
proteins originated different structures onto the mica surface beyond
SLBs. Samples containing SP-B spread to form much larger membranes
than samples with no SP-B (Fig. 2B), which could be connected with the
ability of SP-B to promote vesicle aggregation, membrane-membrane
contacts and transfer of lipids from one layer to another (Pérez-Gil,
2008; Olmeda et al., 2015; Baoukina and Tieleman, 2010; Parra et al.,
2011, 2013). These activities of SP-B are likely also behind the formation
of multi-layered structures, detected as a coexistence of membranes with
an approximate thickness of 6 nm and 12 nm. Interestingly, we did not
observe thicker stacks of membranes, which could be related to a po-
tential enrichment of the protein at the region of contact between the
first two bilayers, which would lead to no more protein available to
attach other membranes (Cabré et al., 2009). In contrast, the samples
containing only SP-C showed many associated vesicles of small size, not
fully spread on the mica (Fig. 3), supporting the reported ability of this
protein to promote membrane budding and vesicle fragmentation
(Roldan et al., 2016). Still, once the SLB is formed, synthetic membranes
containing SP-C appeared thicker, as illustrated in Fig.1. This could be
an effect associated with the transmembrane orientation of the protein
within the bilayer (Roldan et al., 2015; Plasencia et al., 2008).

The system in which containing both hydrophobic proteins exhibited
large membranes composed of multiple bilayers with some of them not
fully spread (Fig. 2D). This could indicate a cooperation of the two
proteins to combine the flexibility effect provided by SP-C and the ag-
gregation ability of SP-B to facilitate the formation of multi-layered
stacks (Parra et al., 2011; Schiirch et al., 2010). These complementary
effects should affect membrane mechanical properties, which may be
relevant for the physiological performance of interfacial films with
tightly associated membranes (Pérez-Gil, 2008; Yu and Possmayer,
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2003; Cabré et al., 2018; Parra et al., 2011, 2013; Amrein et al., 1997,
Taneva and Keough, 1994; Baumgart et al., 2010; Serrano and Pérez-Gil,
2006).

It is remarkable that the two natural systems studied, the native
surfactant (NS) isolated from bronchoalveolar lavages and the human
amniotic fluid surfactant (AFS) representing a freshly secreted surfac-
tant still unexposed to air, had the capability to spread efficiently as they
were purified from natural environments, both at 20 °C and 37 °C.
Taking into account the different timescale, geometry, and mechanism
by which the adsorption process could occur in vivo and in vitro (Plunkett
et al., 2013), the fact of having more surface covered by the natural
materials indicates that they are working better in terms of adsorption
and spreading onto the surface than the materials artificially prepared.

As it could be somehow expected, fully complex native surfactant
samples look highly heterogeneous, making more difficult to perform
conclusive quantitative measurements. In the topographic images, large
membranes with different heights and a high number of particles around
them are observed. Those structures could be somehow analogous to
those formed when newly secreted surfactant arrives to the outer surface
of bilayer structures associated to already adsorbed surfactant films.
Still, it is worth mentioning that the polar and highly charged mica
surface is by no means comparable to the air-liquid interface at the
alveolar spaces, preventing a complete extrapolation to the in vivo
behaviour of these native materials (Pérez-Gil, 2008; Lopez-Rodriguez
and Pérez-Gil, 2014; Castillo-Sanchez et al., 2022, 2021).

From the information provided by the Young’s modulus, we can
deduce that the incorporation of the proteins introduces significant
structural changes into the bilayers. These changes in E could help to
explain the biophysical importance of proteins to modulate surfactant
membrane mechanics. The values determined here for E, upon vertical
deformation introduced by indentation of the AFM cantilever in a di-
rection perpendicular to the plane of the supported membranes, have at
least two components that can be of relevance for the behaviour of
surfactant membranes in the alveolar scenario. First, it introduces a
lateral compressive contribution as the tip gets deep into the core of the
bilayers. The relative resistance of the film to such lateral compressive
wave may somehow reflect, at least in part, the response of interfacial
surfactant layers during exhalation, when the reduction in lung volume
forces a net reduction in the surface area available. High lateral pressure
presumably defines the ability of the surfactant films to collapse when
they are at the air-liquid interface, in a process that has been extensively
analysed (Lhert et al., 2007; Yan et al., 2005). A second component in
the indentation experiment is the net vertical force applied perpendic-
ularly to the lipid layers, which may therefore also induce the lipid
layers to respond by breaking or collapsing out-of-plane (Pocivavsek
et al., 2008). These forces may be representative of the mechanical
forces actually occurring at the alveolar spaces during the breathing
cycle, when different regions of the lungs change their volume in a
non-synchronous way, or when the respiratory surface film is subjected
to shocking waves caused by movement, cough, sneezing, etc. It is also
worth mentioning that, contrary to what happens with the LM, the E
parameter slightly increases as a function of temperature when SP-B or
SP-C are included in the sample by their own, what also informs about
the ability of the proteins to affect lipid packing and organization.
Although no significant differences are observed in any case as a matter
of temperature, AFS membranes also seem to be more ordered at 37 °C
as they present higher E values than measured at 20 °C, what could have
to do with their densely packed structure (Castillo-Sanchez et al., 2022).

We propose that the Young’s modulus measured in surfactant (multi)
bilayers as a response to vertical deformation forces could depend on at
least 4 different factors. A first factor would be lateral in-plane molec-
ular diffusion and the ability of surfactant membranes to “dissipate” a
transient reduction in available area. In this sense, surfactant proteins
SP-B and SP-C have been reported to modulate lateral phospholipid
diffusion (Bernardino de la Serna et al., 2009; Liekkinen et al., 2023). A
second factor could be membrane thickness, which may influence the
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resistance to breakage of each single bilayer within complex multilayer
films. Many antimicrobial peptides that end breaking their target
membranes produce at first instance a thinning of the bilayers that
makes them more susceptible to rupture (Agadi et al., 2022). Our results
indicate that both SP-B and SP-C increase the thickness of surfactant
membranes, especially as a consequence of the presence of the rigid
transmembrane helix of SP-C (Roldan et al., 2015). A third important
factor would be the protein-promoted stabilization of highly cohesive
multilayer configurations, particularly due to the membrane-membrane
interacting properties of SP-B (Bernardino de la Serna et al., 2013a).
Finally, a last factor could be related with the ability of SP-B to facilitate
the rapid movement of phospholipids between membranes (Liekkinen
et al., 2020a). The particularly low E values of membranes containing
SP-B could be at least in part due to the relaxation of transient pressures
via the movement of the more fluid lipids through the intermembrane
lipid channels assembled by SP-B oligomers (Olmeda et al., 2015).

The combined action of SP-B and SP-C could then optimize the me-
chanical resistance of surfactant layers through a variable contribution
of both proteins to these different factors. With both proteins together
into the lipid mixture, the E histogram resembles a mixture of the entire
range of values described for either protein separately. We would like to
remark that our simplified model composed of DPPC/POPC/POPG + SP-
B + SP-C mimics quite adequately the natural systems in terms of elas-
ticity, as seen in the histograms of Fig. 5. The mechanical properties of
the natural surfactant complexes studied here result to be particularly
prone to extend and form membrane-based structures associated to the
mica supports (even at non-physiological temperatures), as well as they
are presumably optimized to spread at air-liquid interfaces. It is
important to consider that natural samples also contain the membrane-
associated collectin SP-A, as well as cholesterol, which is able to
modulate the segregation of lipids in lateral structures (Bernardino de la
Serna et al., 2009, 2004, 2013b; Liekkinen et al., 2020b). This could be
the reason why broader E histograms are obtained for natural samples.
The presence of cholesterol could also account for at least part of the
differences in morphology observed between synthetic and natural
samples. No cholesterol has been included into our simplified lipid
models as it is usually depleted from clinical surfactant to avoid reported
inhibitory actions of abnormal proportions of cholesterol into the sur-
face activity of PS (Echaide et al., 2017). Nevertheless, further studies
are guaranteed to establish the importance of cholesterol in the me-
chanical properties of PS, especially in the presence of SP-C (Gomez-Gil
et al., 2009).

We are aware that our study has some limitations that should be
taken into account before extrapolating some conclusions to the physi-
ological context. The effect of proteins in the mechanical properties of
SLBs could be better assessed upon comparison of the behaviour of
systems with different protein amounts. Here, we wanted to populate
the membrane regions where the proteins are present to detect clear
effects that could still occur at lower, physiological, protein contents at
least in defined regions of PS membranes and films. The comparison
with the native materials, in which the proteins are found in physio-
logical proportions, is a good reference to recognize the specific effects
of the proteins that we observe better in the study of simplified model
samples. Another limitation is that we have not considered some factors
that could be important in the alveolar context. For instance, the pres-
ence of millimolar calcium concentrations could have a significant
contribution in the mechanical resistance of PS membranes and films.
We did not include calcium in our study to avoid the possible contri-
bution of ionic interactions of this cation with surfactant membranes at
the mica surface, where it is known to promote membrane adhesiveness
in ways that would not represent a true pulmonary context. Finally,
despite the advantages of using SLBs in mechanical studies under AFM,
it is clear that they can be far from the study of the behaviour of anal-
ogous materials once associated to air-liquid interfaces. Still, we are still
persuaded that the results obtained here could be informing about the
effect of proteins in the locations in which multi-layered membrane
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