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Pulmonary surfactant is essential for reducing the surface stress at the alveolar liquid–air interface, but

the mechanisms leading to this reduction are still not fully understood. The occurrence of protein

modulated multilayers below the interface has been reported, and they have been suggested to play a

role in lung surfactant dynamics. However, evidence on their formation and their precise role in lowering

the surface stress remains limited. In the present study, we combine neutron reflectometry using a

Quadrotrough interfacial dilatational rheometer, with cryo-TEM imaging to investigate the conditions

required for multilayer formation and their subsequent influence on interfacial properties. By comparing

three model lipid systems with varying concentrations of hydrophobic surfactant proteins SP-B and SP-

C, we demonstrate that a higher protein content is necessary for the formation of multilayers and the

efficient re-spreading of lipids upon expansion. When comparing the model systems with the natural

surfactant replacement Infasurf, we found that multilayers alone are insufficient to reduce the surface

stress effectively. These results confirm that both the multilayers and the continuous bulk lipid–protein

supply play a critical role in efficiently achieving a low surface stress through structural modifications.

Introduction

Pulmonary surfactant (PS) is a complex mixture of lipids and
proteins synthesized by type II alveolar cells that reduces breath-
ing effort and prevents alveolar collapse upon exhalation.1,2

Phospholipids comprise the largest percentage of this mixture
(B80 wt%), followed by neutral lipids (B10 wt%) and surfactant
proteins (SP, B8 wt%).3,4 Although present in small amounts
(B1 wt%), the hydrophobic proteins SP-B and SP-C fulfill
essential biophysical roles such as forming lamellar bodies
(LBs) for PS storage and secretion,5 accelerating surfactant
adsorption at the air–liquid alveolar interface,1,6,7 improving

interfacial film stability,8,9 and facilitating respreading.4,10 These
functions are so vital that SP-C and SP-B deficiency in mice leads
to chronic respiratory failure and lethal respiratory failure at
birth, respectively.10,11

Most protein functions have been associated with their ability
to interact with lipid bilayers, affecting their structure.4,12 SP-B
dimers have been shown to form ring-shaped oligomers, creat-
ing parallel interactions between two membrane surfaces.13 The
internal part of this ring is claimed to be hydrophobic, enabling
lipid exchange between the interconnected membranes. This is
particularly relevant for interfacial film formation and stabili-
zation, as it allows LB-like aggregates to unravel at the
interface.14,15 In addition, the strong cohesion between mem-
branes due to lipid–protein and protein–protein interactions
would allow the creation of multilayered interfacial films, which
could enhance mechanical stability and facilitate surfactant
recycling.11 In Fig. 1, we illustrate the LB-like aggregates together
with the multilayered interfacial structures and their organiza-
tion at the alveolar air–liquid interface.

Although the role of multilayered interfacial films in lung
function and stability is evident, it remains unclear whether
these interfacial structures spontaneously form upon adsorp-
tion or are generated on demand in response to compression.
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The latter process, also known as squeeze-out, is mostly
accepted.11,16–20 This theory suggests that unsaturated lipids
are expelled from the interface during compression, leading to
the formation of multilayers beneath it. This mechanism would
reduce surface tension by enriching the monolayer with satu-
rated lipids, which can better withstand high surface pressures.
Upon re-expansion, these lipids would be reincorporated into
the monolayer.18–20 This theory has rightfully been questioned,
since most studies have been conducted at room temperature
and on slowly compressed spread films.21 Moreover, a surface
tension framework captures only the equilibrium thermody-
namic response.22–24 For PS systems, a dense interface with a
path-dependent response (i.e. dependent on strain and strain
rate) is expected.24 In this case, the total surface stress,
defined as

r = sab(G,T)Is + re, (1)

must instead be considered. This framework accounts, not only
for the equilibrium thermodynamic contribution (sab(G,T)), but
also for rheological properties of the interface (re).

More recently, a new theory based on adsorption-induced
squeeze-out was proposed. In this case, the adsorption of bulk
aggregates would directly create an interface enriched with satu-
rated lipids, while unsaturated lipids would form multilayers.21,25

However, this model also faces strong objections. First, evidence
suggests that SP-B and SP-C primarily reside in the liquid-
disordered phase and preferentially interact with anionic lipids,
raising questions about this specific protein-mediated DPPC
transport.11,26,27 Second, the mechanism by which unsaturated
lipids would be selectively excluded from the interface remains
unclear, since a total enrichment of DPPC is neither physiologi-
cally realistic nor seems to be necessary to achieve the observed
low surface tension values.28–30 Finally, the proposed exposure of
acyl chains to water during bilayer collapse appears unlikely,
further challenging the validity of this model.21 While the impor-
tance of interfacial multilayer structures is well established, the
conditions required for their formation and the underlying

driving mechanisms remain unclear. This uncertainty also
extends to the localization of SP-B and SP-C. Evidence suggests
that SP-B preferentially resides on the membrane surface, while
SP-C aligns along the hydrophobic membrane core.31 However,
how these proteins are organized within multilayer structures
remains unknown. Recent work using neutron reflectometry at
air–liquid interfaces in conventional surface balances has deter-
mined that SP-B could be the crucial protein to establish interface-
associated bilayer reservoirs.32 However, these experiments were
carried out under limiting conditions of temperature, surface
pressure, and compression rates.

To elucidate the mechanisms driving interfacial multilayer
formation and the role of hydrophobic proteins, we analyzed
neutron reflectivity profiles of three model lipid systems with
varying protein concentrations under physiologically relevant
conditions. These findings were further validated using cryo-
TEM imaging and benchmarked against a clinical lung surfac-
tant formulation consisting of a full mixture of surfactant lipids
and hydrophobic proteins obtained from animal lungs and
currently used in surfactant replacement therapies. Our results
show that multilayer structures form at high protein concen-
trations, indicating localized protein accumulation at the inter-
face in physiological systems. By employing contrast variation
techniques, we pinpointed the spatial distribution of proteins
within the multilayers, corroborating previous molecular
dynamics simulations. These results suggest that a higher
protein concentration and adsorption can induce multilayer
formation, and that the mere presence of multilayers at the
interface is not sufficient to significantly reduce surface stress,
consistent with reports highlighting the importance of sighing
and non-equilibrium mechanical responses.24

Materials and methods
Materials

Model systems were used as simplified representations of PS.
Three different compositions were tested: (i) a lipid mixture
reflecting the basic composition of natural surfactant,
consisting of dipalmitoylphosphatidylcholine (DPPC), palmi-
toyloleoylphosphatidylcholine (POPC) and palmitoyloleoylpho-
sphatidylglycerol (POPG) at a weight ratio of 55 : 28 : 17, (ii) the
same lipid mixture supplemented with 1% (w/w) of each of the
surfactant proteins SP-B and SP-C, mimicking the physiological
composition, and (iii) the same lipid mixture with 10% (w/w) of
SP-B and SP-C, to assess the effect of increased protein concen-
tration. Samples were purified from surfactant complex pellets
isolated from porcine bronchoalveolar lavage fluid subjected
to organic extraction. Detailed purification procedures are
described elsewhere.14,33 Lipid tails in these model systems
were either hydrogenated (hereafter referred to as hLip) or
deuterated (hereafter referred to as dLip). All three composi-
tions were dispersed in chloroform at a lipid concentration of
1 mM. In addition to the model systems, an exogenous surfac-
tant replacement, Infasurf (ONY Biotech) was used as a com-
plete PS mimic. For the subphase, we used D2O or air contrast

Fig. 1 Lamellar body (LB)-like aggregates, composed of dense stacks of
lipid bilayers with associated proteins, unravel at the air–water interface
with the aid of surfactant proteins B and C (SP-B and SP-C). This process
gives rise to multilayered interfacial structures that coexist with a mono-
layer. The zoom-out illustrates these multilayered structures in a bilayer
organization, highlighting the positions of the proteins within the lipid
membranes. This schematic representation is not drawn to scale and is
intended only for illustrative purposes. Based on the illustration of Castillo-
Sánchez et al.11 Created in BioRender. Novaes Silva, M. (2025) https://
BioRender.com/hxn8d04.
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matched water (ACMW) buffers, containing 5 mM Trizma base
and 150 mM NaCl at pH = 7.

Methods

Neutron reflectometry. A custom-made Quadrotrough
designed for neutron reflectivity experiments was employed, as
described by Tein et al.34 It comprises a circular Teflon trough,
where the subphase is placed; four motorized fingers surrounded
by an elastic band, where the interface is contained; and a
Wilhelmy rod coupled to a force balance to measure the surface
stress (see Fig. 2B). By radially displacing the fingers, the inter-
facial area is compressed or expanded while maintaining its
shape, to ensure a pure dilatational deformation and avoid shear
effects. This feature is particularly important for phospholipids,
which are known to exhibit sensitivity to interfacial shear
history.35,36 For a purely isotropic deformation, eqn (1) simplifies

to r = [sab(G,T) + siso
e ]Is and the surface stress is reduced to a

scalar, where sab is a tension and siso
e can be compressive or

dilatational. A custom-manufactured fluoropolymer neutron-
transparent elastic band was used, with additional specifications
detailed in Alicke et al.22 The interfacial confinement by the elastic
band is also important in preventing the leakage of surface-active
molecules at the higher surface pressures. The Quadrotrough
was heated to keep the subphase at 36.5 1C. To maintain both
interfacial and ambient temperature at this desired value, the
apparatus was kept inside a humidified PMMA chamber. This
prevented liquid evaporation and suppressed evaporative cooling.
A heated reservoir of either D2O or ACMW was used to humidify
the ambient environment. The Quadrotrough was installed on the
FIGARO neutron time-of-flight reflectometer at the Institut Laue-
Langevin (ILL).37 Coupling the Quadrotrough with FIGARO allows
the generation of interfaces compressed under physiologically
relevant conditions, enabling in situ structural determination
and the simultaneous acquisition of the surface stress.

To create homogeneous and reproducible initial conditions
with the model systems, we prepared the interfaces using a
thermal protocol as in Hermans and Vermant.36 This protocol
is illustrated in Fig. 2A. We first set the interface temperature to
T 4 42 1C, above the melting temperature of DPPC. This higher
temperature is illustrated by the light pink background. Then,
on this clean D2O or ACMW buffer–air interface, we spread
100 mL of the desired model system solution (represented by the
yellow background) and waited approximately 5 minutes to
allow for chloroform evaporation (step (i) in Fig. 2A). This
was followed by a quasi-static isotropic compression of
the interface, from Amax = 17 112.5 mm2 to A0 = 9821 mm2 at
3 mm min�1 (step (ii) in Fig. 2A). The final lipid concentration
at A0 was 0.01 mmol m�2. During this step, we monitor the
surface stress (s) to ensure that no rheological stresses have
accumulated at the interface, such that A0 represents the initial
unstrained reference state. Once the compression was finished,
we lowered the temperature to 36.5 1C, represented in the
illustration by the blue background (step (iii) in Fig. 2A).
Including this compression step enabled the use of a smaller
spreading volume while still achieving relevant surface stresses.
This is advantageous as spreading large solution volumes in
small interfacial areas can promote aggregate formation
and cause surface-active species to detach from the interface,
leading to out-of-equilibrium configurations. Therefore, this
protocol allowed us to reach relevant surface tensions, while
still keeping the interface at a rheologically unstrained state. At
the end of this thermal protocol, all systems had an initial
surface tension of B25 mN m�1, corresponding to the equili-
brium surface tension of the phospholipid and PS systems.23

Following the thermal protocol, neutron data was collected
at an incident angle of 3.8781 using wavelengths ranging from
2 to 30 Å, maintaining a fixed momentum transfer (Q) resolu-
tion of 7%. Data was collected in 5-seconds bins over a 15 or 30-
minute period. This specific combination of angle and wave-
length range was chosen to optimize coverage while ensuring
adequate time resolution.38 An illustration of the main compo-
nents of the experimental setup is shown in Fig. 2B.

Fig. 2 Creating relevant model lipid system interfaces: (A) surface stress
(s) as a function of time (t) during different steps of the interface prepara-
tion protocol: (i) a clean buffer–air interface is maintained at T 4 42 1C,
illustrated by the light pink background. 100 mL of the desired sample
(1 mM) is spread inside the square region contained inside the elastic bands
(yellow background), with a total area of Amax = 17 112.5 mm2. A B5 minute
waiting period is included for chloroform evaporation; (ii) the interface is
isotropically compressed until A0 = 9821 mm2. The compression is illu-
strated by the gray-to-black color gradient in the plot, where light gray
represents Amax and black, A0. The compression is applied quasi-statically,
at a velocity of 3 mm min�1, to suppress the appearance of interfacial
mechanical stresses and maintain an equilibrium configuration. (iii) The
temperature is reduced to 36.5 1C, illustrated by the blue background, and
neutron data is acquired for a total counting time of 30 minutes. (B)
Illustration of the experimental setup showing the Quadrotrough contain-
ing the desired solution. An elastic band surrounds the interfacial area of
interest, whose surface stress is measured using a Wilhelmy balance and
rod. For in situ structural analysis, the Quadrotrough is positioned inside
the FIGARO neutron beamline at the ILL, such that the incident neutron
beam is reflected on the interface. Illustrations created in BioRender.
Novaes Silva, M. (2025) https://BioRender.com/6nrj1iz.
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The detected signal was processed and reduced using COSMOS.39

Absolute reflectivity was determined by normalizing the measured
signal with direct beam measurements via COSMOS.

Two experimental protocols were used for Infasurf. In the first,
an aqueous Infasurf solution was spread directly at the buffer–air
interface at 36.5 1C, with A0 = 9821 mm2 (hereafter referred to as
Infasurf Spr.). The spreading volume was adjusted to achieve a
lipid interfacial concentration of B0.01 mmol m�2, matching that
of the model systems post-compression (step (ii)). In the second
protocol, a diluted Infasurf solution containing 0.5 mg of phos-
pholipids (PL) per mL was used as the subphase, whose tempera-
ture was also maintained at 36.5 1C (hereafter referred to as
Infasurf Ads.). Unlike the model lipid systems, interfaces formed
with Infasurf were not subjected to the thermal protocol, in order
to preserve the natural suspension aggregates and avoid altera-
tions in solubility and adsorption, as this sample was dispersed in
an aqueous buffer. Neutron data acquisition at A0 = 9821 mm2

followed the same protocol as the model system experiments.
To investigate the relationship between surface stress and

structure, we also collected neutron data following a controlled
breathing protocol. The full experiment began with a 30-minute
unstrained resting period, followed by 10 cycles of tidal breathing.
During each tidal breathing cycle, five complete oscillations are
applied, simulating an inhalation and exhalation movement.
During inhalation, the interface area is increased by 5–10% by
moving the fingers at a rate of 123.6 mm min�1, followed by
exhalation back to A0 at the same rate. Thus, the frequency of each
inhalation–exhalation cycle is 0.3 Hz, which is equivalent to B18
breaths per min, which lies within physiological breathing
values.40 After the five inhalation–exhalation movements, the
interface is left undisturbed for a 3-minute period, during which
neutron acquisition is performed. Subsequently, 10 additional
breathing cycles were conducted, this time incorporating
physiologically-relevant sighing maneuvers. Thus, each cycle com-
prises of four tidal breathing oscillations followed by a single,
larger sigh oscillation in which the interfacial area is increased by
38.5%, followed by exhalation back to A0 both at the same rate.
After the five inhalation–exhalation movements, the interface is
once again left undisturbed during the 3-minute neutron acquisi-
tion period. It is worth highlighting that the choice to apply an
area expansion followed by re-compression to the same initial
area mimics physiologically relevant deformations. As previously
reported, the lungs expand primarily rather than compress.41

Unless otherwise specified, all neutron data refer to the initial
unstrained period. For the breathing protocol, data correspond to
an average of the last five breathing (+ sigh) cycles.

Measurements of the air–D2O interface were performed over
a broader angular range to capture the critical edge (i.e.,
momentum transfer below which total reflection occurs) and
determine the scattering length density (SLD) of the subphase.
Since the goal of this study was to determine the conditions for
multilayer formation, neutron data analysis was performed
using a multilayer slab model with the Refl1D software
package.42 Three types of slabs were defined: (i) lipid head-
groups (LH), (ii) lipid tailgroups (LT), and (iii) proteins (P). We
assumed that lipids cover the interface, while structures

beneath it are heterogeneously distributed. To account for this,
each slab was assigned a volume fraction relative to the D2O or
ACMW buffer, allowing for variation in the scattering length
density (SLD) along different depths. To maintain physical
consistency in the model, we introduced a proportionality
parameter (n = 1) linking the volume fraction (vf) of lipid
headgroups to that of the tails. At the interface, slabs were
arranged with lipid tails facing the air and headgroups
embedded in the buffer. Below the interface, we defined four
bilayer structures since our goal is to determine multilayer
formation. Since molecular dynamics (MD) studies suggest that
the hydrophobic proteins SP-C and SP-B are mainly located
within the hydrophobic tail region and associate with the
headgroup region,26,31 we defined two types of protein (P) slabs:
one type right after a lipid headgroup (P-HL), and the other in
between the lipid tailgroups (P-Bet). Therefore, each bilayer
structure is organized as: P-HL, followed by LH, LT, P-Bet, LT
and, lastly, LH. The protein slabs also had an associated vf,
however, to decrease the number of fitting parameters, we
defined the proportionality parameters a and b to link
vP-HL

f and vP-Bet
f to vLH

f , respectively. The thickness h of P-HL
and P-Bet were allowed to vary within physically relevant
ranges, namely, 10–25 Å and 0–5 Å.27,43 For the lipid mixture
system, the four bilayer structures below the interface were
maintained, but without the protein slabs. Since we expect the
multilayers to be more densely packed beneath the interface in
some systems than in others, we allowed vLH

f of each bilayer to
vary, changing consequently, vLT

f , vP-HL
f and vP-Bet

f .
This model was fit to the neutron data using the DREAM

algorithm.44 Reflectivity calculations were carried out using the
Abeles matrix method. Model fitting incorporated a Bayesian
framework to estimate parameter uncertainties, employing
Markov chain Monte Carlo (MCMC) methods to sample the
joint probability distribution and derive individual parameter
distributions.44

The model parameters for all systems, as well as a sketch
illustrating the slabs are shown in the SI. Uncertainty plots
obtained by the DREAM algorithm are reported in the SI and
other files related to the MCMC output are available in the data
repository (https://doi.org/10.3929/ethz-b-000743121).

Cryo-TEM. Cryogenic transmission electron microscopy
(cryo-TEM) is a powerful technique for imaging lipid vesicles
in their native hydrated state with nanometer-scale resolution.
In this method, a thin film of the vesicle suspension is rapidly
vitrified by plunging it into liquid ethane, preserving the sample
without artifacts from dehydration or staining. The vitrified
sample is then imaged under an electron microscope at cryo-
genic temperatures, allowing visualization of the size, morphol-
ogy, lamellarity, and structural integrity of the vesicle.45

We imaged a model system composed of the lipid mixture
both with and without 1% SP-C. Although vesicles containing
SP-B were also imaged, their visualization was not optimal for
quantitative analysis. We attribute this to SP-B’s strong ability
to promote adsorption,31 which likely prevented the vesicles
from being embedded within the thin film of vitreous ice.46 In
addition, SP-B has been claimed to promote aggregation and
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fusion of membranes to form large complexes that are difficult
to confine into the thin vitreous ice film.9 Representative
images are provided in the SI. To prepare the model lipid
samples, a 10 mg mL�1 lipid solution in chloroform was
prepared, and 10 mL of it was left to evaporate overnight to
remove the chloroform. The samples were then placed under
vacuum for two hours to eliminate any residual solvent. Just
before freezing, the dried lipid film was rehydrated in 50 mL PBS
buffer (Gibco, pH 7.4) and vortexed to ensure proper disper-
sion. Approximately 3 mL of each sample was deposited on a
Cu-300 mesh Lacey + 2 nm copper grid (Quantifoil) and
immediately frozen in liquid ethane. The imaging was per-
formed in a Titan Krios FEG (Thermo Fisher Scientific) with a
dose of 50 electrons per Å2 with a magnification of 59 000� or
96 000�. To quantify bilayer thickness, image post-processing
was performed in MATLAB using a Gaussian smoothing kernel
with a standard deviation of 10, followed by background sub-
traction. For each bilayer, a smoothed intensity profile was
generated at three different locations, with the thickness
defined as the distance between the two intensity minima.

Results and discussion
Structure of a lipid mixture system

To determine the structural differences between model systems
with and without proteins, we first studied the neutron reflec-
tivity of a pure lipid mixture, using three different contrasts
(hLip in D2O, dLip in D2O, and dLip in ACMW). The results are
reported in Fig. 3.

By fitting the model to the specular reflectivity data in
Fig. 3A, we obtained the scattering length density (SLD) profile
shown in Fig. 3B. In this profile, the layer thickness is defined
with zmax at the buffer–air interface and z = 0 in the bulk. The
SLD values for the different components are as listed in Table 1:

As shown in Fig. 3B, the SLD profile indicates that the
interface is fully covered by lipids, with the hydrophobic tails
oriented towards the air and the hydrophilic headgroups
embedded in the aqueous subphase. Both the SLD profile

and the fitted parameters reported in the SI indicate a negli-
gible amount of lipids present below the interface, suggesting
no prominent multilayer structure. This is expected for a pure
lipid system since none of the components should stabilize
multilayer structures. Instead, a packed lipid monolayer can
collapse upon compression. As previously described by mole-
cular dynamics (MD) simulations, this collapse can proceed
through vesicle formation (budding47) when higher amounts of
unsaturated lipids are used or at higher temperatures.48 Both
parameters tune the bending modulus, which was reported to
vary between 0.6–1.4 � 10�19 J for lipid bilayers,48,49 facilitating
vesicle formation when the modulus is reduced. These condi-
tions are attained in our system, as POPG and POPC are
unsaturated lipids and experiments are performed at 36.5 1C;
however, we expect a low number of vesicles to be formed.
Therefore, modeling scarce structures that are detached from
the top monolayer at an indefinite distance is a non-trivial
endeavor. A simplified model that considers vesicles below the
interface at a fixed distance captures the reflectivity curve with
higher accuracy and is reported in the SI. However, this
simplified model does not account for height fluctuations
and vesicle polydispersity. Since the main focus of this study
is to determine the conditions of multilayer formation, we kept
the multilayer slab model and neglected vesicle formation, as
they do not seem to impact significantly the obtained structure.

These results confirm that, in the absence of surfactant
proteins, the lipid mixture forms a stable monolayer with
negligible multilayer content under physiologically relevant
conditions. This system thus provides a well-defined baseline
to evaluate how protein incorporation alters interfacial archi-
tecture and promotes multilayer formation.

Adding physiological amounts of proteins

To determine the effect of physiological amounts of SPs, we
performed neutron reflectivity experiments using a lipid mix-
ture with 1% SP-B and 1% SP-C. The results are shown in Fig. 4.

The reflectivity curves for the lipid mixtures with 1% pro-
teins (Fig. 4A) closely resemble those of the pure lipid system,
with only clear differences observed at the intermediate scatter-
ing of Q B 0.07 Å�1, which was increased relative to the pure
lipid system. We can infer from the obtained SLD profile
(Fig. 4B) that the overall structure is similar to that of the pure
lipid system, namely, a monolayer-dominated structure. A
small amount of lipids can be inferred from the SLD profile
beneath the top monolayer. While a model including bulk

Fig. 3 Structure of a lipid mixture: (A) specular neutron reflectivity (R) as a
function of momentum transfer vector (Q) for hLip in D2O, dLip in D2O,
and dLip in ACMW at 36.5 1C. The reflectivity curve for pure D2O is shown
in black. Solid lines represent the multilayer slab model fit. (B) Scattering
length density (SLD) profile obtained by the model fit, where the layer
thickness (z) extends from the buffer–air interface (at zmax) to the bulk
(at z = 0).

Table 1 Typical SLD values for the different components in our model
lipid systems and in PS

Component SLD (�10�6 Å�2)

Lipid headgroups 2
h-Lipid tailgroups �0.35
d-Lipid tailgroups 4.9
SPs in D2O 2.5
SPs in ACMW 1.5
D2O 6.26
ACMW 0
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vesicles at larger distances, similar to that used for the lipid
mixture, provides a slightly improved fit, the accuracy is insuf-
ficient to allow for reliable quantitative conclusions. Given that
the lipid vf accounts for less than 20% in both models and that
these structures do not seem to be directly attached to the
monolayer, we believe that this system does not create a
multilayer structure. This observation is further corroborated
by the reflectivity curve, which lacks a pronounced Bragg peak,
typically indicative of an ordered multilayer structure.38

The effect of increasing protein concentration

The presence of 1% SPs does not appear to create a notable
multilayer structure under the studied conditions. Previous
studies claimed that an increasing proportion of SP-B and SP-
C proteins accumulate in defined regions of surface films
subjected to compression–expansion dynamics, which could
be relevant to modulate interfacial properties.50,51 Therefore,
we investigated the model lipid mixture with 10% SP-B and
10% SP-C. The results obtained from the neutron reflectivity
experiments are shown in Fig. 5.

Qualitatively, the reflectivity curves for the 10% protein-
enriched system show significant differences compared to the
pure lipid system and the lipid + 1% SPs system (Fig. 5A). A
broad peak appears at Q between B0.08 and B0.14 Å�1, which
is characteristic of multilayers.38 The SLD profile obtained by
the model fit (Fig. 5B) indicates a more lipid-dense architecture
than that of the 1% SP, achieving a volume fraction of around
60% of lipids in the first bilayer. Another key feature is that the
bilayer structures seem more closely attached to the top mono-
layer. Both the reflectivity curve and the SLD profile suggest
that a multilayer is formed below the interface.

The SLD profiles of both protein-enriched systems provide
information on the approximate location and length scale of
the proteins. The inferred distributions suggest that the pro-
teins are situated near the lipid headgroups and within the
bilayer tail region. This observation is consistent with previous
MD studies, which indicate that SP-C predominantly resides
within the hydrophobic tail region, whereas SP-B is more likely
to associate with the headgroup region.26,31 We note, however,

that the contrasts used in our study do not allow us to
distinguish between the two proteins. In addition, our neutron
reflectivity model fits suggest the presence of denser and
thicker bilayers as SPs are added. To validate the physical
relevance of these results, we performed a direct visualization
of our model system vesicles with cryo-TEM imaging, as shown
in Fig. 6. Although these are bulk structures, we believe that
they capture relevant lipid–protein length scales for both
systems, translatable for the multilayer bilayers.

Fig. 4 The effect of physiological amounts of SPs: (A) specular neutron
reflectivity (R) as a function of momentum transfer vector (Q) for hLip + 1%
SP-B + 1% SP-C in D2O, dLip + 1% SP-B + 1% SP-C in D2O, and dLip + 1% SP-
B + 1% SP-C in ACMW at 36.5 1C. The pure D2O reflectivity curve is shown in
black. Solid lines correspond to the multilayer slab model fit. (B) Scattering
length density (SLD) profile obtained by the model fit, where the layer
thickness (z) extends from the buffer–air interface (zmax) to the bulk (z = 0).

Fig. 5 Increasing protein concentration leads to multilayer formation: (A)
specular neutron reflectivity (R) as a function of momentum transfer vector
(Q) for hLip + 10% SP-B + 10% SP-C in D2O, dLip + 10% SP-B + 10% SP-C
in D2O, and dLip + 10% SP-B + 10% SP-C in ACMW at 36.5 1C. The pure
D2O reflectivity curve is shown in black. Solid lines represent the multilayer
slab model fit. (B) Scattering length density (SLD) profile obtained from the
model fit, where the layer thickness (z) extends from the buffer–air inter-
face (zmax) to the bulk (z = 0).

Fig. 6 Direct vesicle visualization: (A) cryo-TEM image of vesicles formed
within the lipid mixture (no proteins), acquired at 59 000� magnification.
(B) Cryo-TEM image of vesicles formed within the lipid mixture + 1% SP-C,
with a 59 000� magnification. Both scale bars are 50 nm. (C) Bilayer
thickness for the lipid mixture (blue) and lipid mixture + 1% SP-C samples
(orange). A total of 10 and 30 vesicles were averaged for the lipid mixture
and lipid mixture + 1% SP-C samples, respectively. The central horizontal
line represents the median value, while the upper and bottom lines
indicate the upper and lower quartiles, respectively. The vertical lines
represent the maximum and minimum attained values not considered
outliers, and the circles represent mean individual bilayer thicknesses.
Circles outside the vertical lines are outliers. (D) Additional cryo-TEM
images of vesicles formed with the lipid mixture + 1% SP-C, at a
59 000� magnification, illustrating how proteins tune vesicle structure:
(i) non-spherical vesicle, (ii) bilayer stacking, (iii) vesicle interconnection.
Scale bars are 50 nm.
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A qualitative comparison between the vesicles of the lipid-
only system (Fig. 6A) and those with added protein (Fig. 6B)
shows that the inclusion of proteins markedly increases vesicle
complexity. Fig. 6D specifically illustrates the different effects
SPs can have on lipid vesicles. First, the proteins can drive
vesicles away from their usual spherical shape, creating distor-
tion (Fig. 6D(i) and (ii)), which confirms the suggested role of
SPs in facilitating membrane curvature.11 Moreover, SPs can
promote interconnection of vesicles, driven by membrane–
membrane contact (Fig. 6D(ii) and (iii)).10 Lastly, there is an
increased bilayer thickness.31 A similar effect was also observed
with SP-B by Bernardino de la Serna et al.9 By averaging the
membrane size of 30 vesicles, we obtained a bilayer thickness
of 5.2 � 0.8 nm (individual values are reported in the SI). We
report the measured bilayer thickness values (h) for both the
lipid-only system and the system with added protein in Fig. 6C.
The length scales observed in the cryo-TEM images are con-
sistent with those obtained with the model fitting of our
neutron reflectivity data of both the 1% and 10% proteins
systems (around 6 nm for bilayer), validating our observations.

All three model systems studied so far were spread from
chloroform solutions at identical amounts and concentrations,
yet the 10% SP solution is the only one to exhibit multilayer
formation. This suggests that the interfacially-tethered multi-
layers arise from the higher protein content, not from simple
adsorption as previously suggested.25 Because the lipid proto-
col includes a quasi-static compression step, we do not yet
know whether the slow compression is also necessary for
driving multilayer formation. Likewise, the physiological rele-
vance of the elevated SP concentrations remains unresolved.

These results indicate that physiological levels of surfactant
proteins (1%) are insufficient to promote the formation of
stable interfacial multilayers, highlighting the need to explore
whether higher protein content is required to induce such
structures under physiologically relevant conditions.

Comparing the model systems with a relevant PS

To address these questions, we compared the model systems
with the clinical surfactant replacement Infasurf. This formula-
tion consists of a suspension of the full lipid components plus
the hydrophobic proteins SP-B and SP-C contained in native
surfactant obtained from bovine bronchoalveolar lavage.52

Neutron reflectivity measurements of the Infasurf interface
were conducted using two protocols, as previously outlined.
In the first, the aqueous solution was directly spread at the
interface at a total interfacial concentration matching that of
the model systems (Infasurf Spr.). In the second, a diluted
Infasurf solution (0.5 mg PL per mL) in D2O was used as the
subphase to mimic a more physiological adsorption pathway,
albeit at a lower bulk lipid concentration. The SLD profiles
obtained from the model fit are shown in Fig. 7B; full reflectiv-
ity curves are provided in the SI. It is worth noting that, for both
Infasurf experiments, only one contrast was used. Therefore,
even if we use the same model for consistency, the location and
length scale of the proteins should be carefully interpreted,

since both the lipid headgroups and proteins have a SLD close
to 2 � 10�6 Å�2.

The SLD profile of Infasurf Spr. is consistent with that of a
monolayer with only negligible multilayer features. Notably, upon
spreading, the equilibrium surface tension (B45 mN m�1) is
significantly higher than that of the model system (B25 mN m�1)
at the same interfacial concentration. These results suggest that
spreading through an aqueous solution is less effective in forming
a stable monolayer, since Marangoni flows that assist in homo-
geneously distributing the lipids at the interface when spreading
from a chloroform solution are absent when spreading from an
aqueous solution.53 We believe that, for the aqueous solution, part
of the spread lipid–protein complexes are already assembled and
fully hydrated, possibly failing to retain at the interface and,
instead, diffusing into the bulk. This likely accounts for both
the elevated equilibrium surface tension and the scarce features
below the monolayer observed in the SLD profile.

To directly compare the two Infasurf interfaces with the
model systems, we normalize the layer thickness z by the size of
the multilayer structure where znorm = 1 represents the buffer–
air interface and znorm = 0 marks the boundary between the
multilayer structure and the bulk, approximately at 250 Å, for
both systems. Fig. 7A displays the normalized SLD profile of the
hLip and hLip + 10% SPs in D2O and Fig. 7B, the ones for
Infasurf Spr. and Ads. in D2O. We can infer from the model that
the interfacial structure of Infasurf Spr. is predominantly a
monolayer, resembling that of the lipid mixture. In contrast,
the resulting profile of Infasurf Ads. exhibits multilayer

Fig. 7 Comparing the model systems with the clinical surfactant replace-
ment Infasurf: (A) normalized SLD profile of hLip and hLip + 10% proteins in
D2O, where z is normalized by zmax (around 250 Å), such that znorm = 1 at
the buffer–air interface and znorm = 0 marks the division between the
interfacial structure and the bulk. (B) Normalized SLD profile of Infasurf
Ads. and Spr. A schematic for both the hLip + 10% proteins in D2O and the
Infasurf Ads. models is illustrated below each panel, visually representing
the SLD information on lipid and protein concentration in each slab. We
illustrate the different proteins SP-B and SP-C based on their location from
MD simulations.26,31 Illustrations created in BioRender. Novaes Silva, M.
(2025) https://BioRender.com/46fp3f7.
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structures, resembling the more complex profile of the 10% SP
lipid mixture, even if the distribution is slightly distinct. This
supports the idea that, under physiological conditions, proteins
may reach higher local concentrations at the interface. Adsorp-
tion of bulk aggregates appears to be an effective route to
achieve this, as previously proposed.25 In the SI, we present
cryo-TEM images of Infasurf bulk aggregates, which further
confirm their similarity to the model system with added
protein.

To understand the effect of multilayer structures under
dynamic conditions, we show in Fig. 8A the surface stress
values as a function of the area variation during the last sigh
cycle for the four evaluated systems (hLip, hLip + 10% SPs,
Infasurf Spr. and Infasurf Ads. in D2O).

To mimic physiological lung deformations, we apply an
expansion followed by a compression back to the reference
area, rather than a compression followed by an expansion.
Notably, during breathing, the lungs primarily expand rather
than compress41 – a critical yet often overlooked aspect. Most
previous PS studies have focused on measuring interfacial
properties under compression.15,25,54 While such experiments
may involve physiologically relevant deformation strains, they
can yield misleading values of the stress: compression
increases the surface concentration and decreases the surface
stress, which is the opposite of the physiological behavior
observed during lung expansion. Thus, the x-axis in Fig. 8A
represents the percent area expansion relative to the reference
area, A/A0 � 1.

Both Infasurf Spr. and the lipid mixture have a similar
behavior, where surface stress increases with increasing inter-
facial area and where no hysteresis is observed between the
expansion and compression curves. This is consistent with the
SLD profiles (Fig. 7A and B), from which the presence of only a
monolayer is inferred. Thus, interfacial properties are likely
governed by equilibrium thermodynamics and, at constant
temperature, depend only on the surface concentration, G

(sab(G,T) in eqn (1)). Consequently, an increase in the inter-
facial area would reduce the surface concentration, thereby
increasing the surface stress, while a re-compression would
restore the surface concentration and surface stress back to
their initial values. Therefore, the interfacial area appears to
modulate surface stress through changes in surface concen-
tration, with no evidence of adsorption/desorption or rheologi-
cal effects.

Evaluating the surface stress variation of Infasurf Ads. and
the lipid mixture with 10% SPs, we identify marked differences.
Although both systems have the same initial (equilibrium)
surface stress value and have seemingly overall similar multi-
layer structure, the protein-enriched lipid mixture maintains a
relatively constant surface stress throughout expansion. This
highlights the role of multilayer structures in facilitating effi-
cient lipid respreading, allowing lipids to flow from the multi-
layers to the monolayer as the interfacial area increases. In
contrast, Infasurf Ads. shows initially a similar behavior to
Infasurf Spr. upon expansion, where increasing interfacial area
leads to a higher stress. However, the stress plateaus at A/A0 � 1
B 0.15, indicating a similar behavior to the lipid mixture with
10% SPs, where lipids are reincorporated into the interfacial
monolayer. For Infasurf Ads., newly incorporated material can
come either from the multilayered structures, as for the lipids
with 10% SPs, or from the bulk. Upon re-compression, the
system shows pronounced hysteresis. We attribute this beha-
vior to compressive stresses (siso

e ) that balance the interfacial
tension, thus lowering the total stress. In this case, the newly
incorporated material densifies the interface upon compres-
sion, forming an interfacial microstructure that can mechani-
cally lower the stress beyond its thermodynamic equilibrium
values (B23 mN m�1).24

To highlight the structural differences between Infasurf Ads.
and the lipid mixture with 10% proteins upon the breathing
protocol, Fig. 8C presents the reflectivity curves for both
systems under unstrained and breathing conditions, along with

Fig. 8 The effect of the breathing pattern: (A) surface stress (s) as a function area expansion, defined as A/A0� 1 for the four systems during a sigh cycle.
Upper curves represent the expansion, while bottom ones, the compression. (B) Surface stress as a function of time for hLip + 10% SP-B + 10% SP-C and
Infasurf Ads. in D2O. The purple shaded area indicates the breathing protocol, followed by the waiting time when neutron data is acquired (unshaded).
The dashed gray rectangle illustrates the cycle plotted in A. (C) Specular neutron reflectivity (R) as a function of momentum transfer vector (Q) for hLip +
10% SP-B + 10% SP-C and Infasurf Ads. in D2O under unstrained (dashed lines) and breathing conditions (solid lines) at 36.5 1C. The D2O reflectivity curve
is shown as the black line.
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the surface stress values for a representative breathing cycle
consisting of four tidal breaths followed by one sigh (Fig. 8B).
Fig. 8C shows that the breathing oscillations have a clear impact
on the interfacial structure of Infasurf Ads., as illustrated by the
pronounced difference between the reflectivity curves before and
after the breathing cycles. These differences are most pronounced
at high-Q, B0.1–0.14 Å�1 and at the Bragg peak, B0.08 Å�1. This
observation aligns with our previous findings, which showed that
sighs play a key role in modifying interfacial structure,24 and the
resulting thermodynamic and mechanical stresses. Specifically,
these structural changes were shown to enhance compressive
mechanical stresses. This enables the interface to achieve a lower
overall surface stress, whereby compressive stresses balance the
surface tension upon exhalation.24 The link between surface stress
response and interfacial structure corroborates the hypothesis
that siso

e is responsible for the hysteresis behavior seen in Fig. 8A.
A similar effect can be seen in Fig. 8B, where Infasurf Ads.

exhibits reduced surface stress values following the 3-minute
quiescent period after the sigh oscillation, gradually relaxing
back to its equilibrium value after cessation of the breathing
oscillations. It is worth mentioning that the equilibrium surface
stress after the 3-minute period is maintained at a lower value
than the equilibrium surface tension of Infasurf. Therefore, we
were able to attain and sustain low surface stresses in this
system, both hallmarks of pulmonary function.24 The relaxation
behavior and the lower surface stress observed in Fig. 8B asso-
ciated with structural modifications, shown in Fig. 8C, further
confirm the role of compressive stresses in modulating inter-
facial properties. Other contributions of the surface stress, such
as transport-limited phenomena (i.e., adsorption/desorption),
are governed by equilibrium thermodynamics, which can change
the interfacial concentration, but are not directly related to the
formation of an interfacial microstructural network. These find-
ings support the hypothesis that microstructural rearrangements
upon compression lower the surface stress and account for the
hysteresis behavior observed in Fig. 8A.

On the other hand, the reflectivity curves of the lipid mixture
with 10% proteins (Fig. 8C) show only minimal changes before
and after the breathing cycles. This suggests that breathing
does not significantly alter the interfacial structure. Consis-
tently, no notable relaxation is observed in the surface stress
after cessation of breathing oscillations, indicating the absence
of metastable changes. As a result, the overall surface stress
values remain much higher than those of Infasurf Ads.,
although the stress variations across the breathing cycle are
comparatively smaller, even during sigh expansions.

The striking difference in mechanical response highlights
that, while such multilayer structures can enhance interfacial
stability and facilitate lipid respreading, they are not sufficient
on their own to lower the surface stress. Rather, a continuous
bulk supply of lipid–protein aggregates appears essential for
that function. To further emphasize the differences in the
mechanical response, we show in Fig. 9 the surface stress for
the first cycles of the breathing protocol.

For both the lipid mixture and the 10% protein system
(Fig. 9A), the behavior appears to be governed by equilibrium

thermodynamics, where increasing interfacial areas lead to
higher surface stresses. The protein-added system has smaller
stress variations seemingly due to the efficient lipid respread-
ing through the multilayer structures modulated by the SPs.
Additionally, no notable relaxation is observed at the end of the
breathing cycle. Infasurf Spr. (Fig. 9B) has a similar behavior as
the lipid mixture, but it achieves higher surface stress values.
On the other hand, Infasurf Ads. (Fig. 9B) shows a markedly
different response, achieving lower surface stresses and with
gradual changes in relaxation behavior over the cycles. As
previously reported, a few sigh cycles are necessary to precondi-
tion the interface and induce compressive stresses.24 Therefore,
there should be a gradual change in the overall surface stress
over the initial cycles. Indeed, this is observed for Infasurf Ads.,
where there is a marked difference in both surface stress values
and relaxation times over the first five cycles. Notably, the
second sigh cycle effectively reduces the surface stress, consis-
tent with previous findings.24 Additionally, the relaxation time
during the 3-minute undisturbed period increases progressively
with each cycle, suggesting the system approaches a metastable
state. This physiologically relevant state is not achieved for any
of the other evaluated systems. All other samples maintain near
identical surface stress values throughout the breathing cycles.
In addition, no significant relaxation can be observed during
the 3-minute period, even for the lipid mixture with 10%
proteins, which has relevant multilayer structures.

These findings challenge classical views that attribute sur-
factant function primarily to the presence of interfacial multi-
layers. While protein-enriched multilayers can stabilize the
interface and support lipid respreading, they do not by them-
selves enable the dynamic stress regulation observed in the
lung. Instead, our data demonstrate that continuous adsorp-
tion from a bulk lipid–protein reservoir, as seen in Infasurf
under physiological-like conditions, is critical for achieving and
maintaining low surface stresses during breathing. This capa-
city for dynamic structural remodeling, modulated by breath-
ing maneuvers such as sighs, emerges as a defining feature of
functional pulmonary surfactant systems, but of course it can

Fig. 9 Structure-rheology coupling: (A) surface stress (s) as a function of
time for the lipid mixture (blue line) and lipid mixture with 10% proteins (red
line) in D2O, representing the first cycles of the breathing protocol with
interspersed sighs. (B) Surface stress (s) as a function of time for Infasurf
Spr. (light gray line) and Infasurf Ads. (dark gray line), again for the first
cycles of the sigh breathing protocol.
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be convoluted with transport phenomena and thermodynamic
effects.

Conclusions

This study aims to resolve key questions regarding the struc-
tural determinants of pulmonary surfactant function. While
protein-enriched multilayers have been proposed as reservoirs
for lipid respreading, our findings show that their formation
alone is not sufficient to achieve a low surface stress under
relevant dynamic conditions. Using neutron reflectometry
(in situ) and cryo-TEM (ex situ), we demonstrate that high local
concentrations of SP-B and SP-C are required to stabilize multi-
layers beneath the interface. However, only the clinical surfac-
tant Infasurf, capable of sustaining bulk lipid–protein
adsorption, exhibits the dynamic interfacial restructuring
needed to lower the surface stress during breathing cycles.
These results highlight that surfactant function arises not
solely from static multilayer architecture, but also from its
ability to undergo structural remodeling under unsteady defor-
mations, as during breathing. Functional performance thus
seems to rely on a combined mechanism: multilayer formation
enabled by proteins, and continuous interfacial replenishment
from the bulk. This has important implications for under-
standing surfactant failure in disease and for designing more
effective replacement therapies.
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J. Pérez-Gil, J. Mol. Biol., 2021, 433, 166749.

16 K. Bouchoris and V. Bontozoglou, Colloids Surf., A, 2021,
624, 126839.

17 A. K. Sachan and J. A. Zasadzinski, Proc. Natl. Acad. Sci.
U. S. A., 2018, 115, E134–E143.

18 S. Baoukina and D. P. Tieleman, Biophys. J., 2011, 100,
1678–1687.

19 E. Keating, Y. Y. Zuo, S. M. Tadayyon, N. O. Petersen,
F. Possmayer and R. A. Veldhuizen, Biochim. Biophys. Acta,
Biomembr., 2012, 1818, 1225–1234.

20 A. K. Sachan, R. K. Harishchandra, C. Bantz, M. Maskos,
R. Reichelt and H.-J. Galla, ACS Nano, 2012, 6, 1677–1687.

21 F. Possmayer, Y. Y. Zuo, R. A. W. Veldhuizen and
N. O. Petersen, Chem. Rev., 2023, 123, 13209–13290.

22 A. Alicke, S. Simon, J. Sjoblom and J. Vermant, Langmuir,
2020, 36, 14942–14959.

23 E. Hermans, M. Bhamla, P. Kao, G. Fuller and J. Vermant,
Soft Matter, 2015, 11, 8048–8057.

24 M. C. Novaes-Silva, M. Rodrı́guez-Hakim, B. R. Thompson,
N. J. Wagner, E. Hermans, L. J. Dupont and J. Vermant, Sci.
Adv., 2025, 11(39), eadx6034.

25 L. Xu, Y. Yang and Y. Y. Zuo, Biophys. J., 2020, 119, 756–766.
26 J. Liekkinen, G. Enkavi, M. Javanainen, B. Olmeda, J. Pérez-
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