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José Carlos Castillo-Sánchez, Alejandro Cerrada, Mikel Conde, Antonio Cruz *, Jesús Pérez-Gil 
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A B S T R A C T   

Lung surfactant (LS) stabilizes the respiratory surface by forming a film at the alveolar air-liquid interface that 
reduces surface tension and minimizes the work of breathing. Typically, this surface-active agent has been 
isolated from animal lungs both for research and biomedical applications. However, these materials are 
constituted by complex membranous architectures including surface-active and inactive lipid/protein assem-
blies. In this work, we describe the composition, structure and surface activity of discrete membranous entities 
that are part of a LS preparation isolated from bronchoalveolar lavages of porcine lungs. Seven different fractions 
could be resolved from whole surfactant subjected to sucrose density gradient centrifugation. Detailed compo-
sitional characterization revealed differences in protein and cholesterol content but no distinct saturated:un-
saturated phosphatidylcholine ratios. Moreover, no significant differences were detected regarding apparent 
hydration at the headgroup region of membranes, as reported by the probe Laurdan, and lipid chain mobility 
analysed by electron spin resonance (ESR) in spite of the variety of membranous assemblies observed by 
transmission electron microscopy. In addition, six of the seven separated LS subfractions formed similar, 
essentially disordered-like, interfacial films and performed efficient surface activity, under physiologically 
relevant conditions. Altogether, our work show that a LS isolated from porcine lungs is comprised by a heter-
ogenous population of membranous assemblies lacking freshly secreted unused LS complexes sustaining highly 
dehydrated and ordered membranous assemblies as previously reported. We propose that surfactant subfractions 
may illustrate intermediates in sequential structural steps within the structural transformations occurring along 
the respiratory compression-expansion cycles.   

1. Introduction 

Surface tension (γ) forces generated at the alveolar air-liquid inter-
face are balanced out by Lung Surfactant (LS), and this facilitates the 
dynamic effort of breathing [1]. This surface-active material is mainly 
composed by lipids, comprising more than 90% of surfactant by mass 
[1]. In this regard, dipalmitoyl-phosphatidylcholine (DPPC), which ac-
counts for 40% (w), allows diminishing γ to minimal values upon the 
compression of the respiratory surface that occurs at the end of expi-
ration. In addition, LS contains anionic phospholipids such as phos-
phatidylinositol and phosphatidylglycerol that establish ionic 
interactions with hydrophobic surfactant proteins [1]. Furthermore, 5% 
of surfactant mass is cholesterol, whose levels are tightly regulated to 
modulate lipid phase coexistence [2]. As a matter of fact, increased 

cholesterol levels may alter the surface activity of LS [3]. Apart from 
lipids, the protein fraction of LS, which accounts for about 10% (w), 
includes hydrophilic surfactant proteins A (SP-A) and D (SP-D), involved 
in innate immunity, and hydrophobic surfactant proteins B (SP-B) and C 
(SP-C) that play key roles to optimize the surface activity of LS [1]. 

To fulfil its main function, LS is considered to form an oriented 
monolayer once adsorbed into the respiratory air-liquid interface. 
However, the lipid/protein complexes of LS are involved in a highly 
regulated bio-structural cycle from its synthesis and secretion into the 
airspaces to its recycling [4]. Firstly, surfactant lipids and proteins SP-B 
and SP-C are jointly packed by type II pneumocytes as highly dehydrated 
multilamellar arrays in specialized organelles called lamellar bodies 
(LBs) [4–6]. After secretion, LBs disintegrate at the air-liquid interface 
and transfer their surface-active constituents to form the surface film 
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[7]. A fraction of LBs unpack into intermediate membranous assemblies 
such as tubular myelin [8]. As a result of surface dynamics, inactive 
aggregates are continuously generated and recycled by type II pneu-
mocytes and alveolar macrophages [4]. The uptake of wasted material is 
somehow coordinated with surfactant secretion in processes that are at 
least partially modulated by surfactant proteins [9,10]. 

The quantification and characterization of the different membranous 
assemblies taking part of LS has been a matter of research along the 
years [11–17]. In this line, LS complexes isolated from bronchoalveolar 
lavages of animal lungs were proposed to include surface-active (large 
aggregates) and inactive constituents (small aggregates). Large aggre-
gates are thought to be precursors of small aggregates inasmuch as their 
exposure to surface cycling result in conversion to small aggregates [14]. 
In addition, their levels may be altered under pathological conditions 
such as abnormal respiratory rates, acute lung injury or pneumonitis 
[18–22]. 

Beyond the distinction between large and small aggregates, the 
structure and lipid/protein interactions in several membranous entities 
included into or derived from LS have been described in the recent years. 
This is the case of LBs [5,6,23], lamellar body-like particles (LBPs) 
[5,6,24], tubular myelin [25], interfacial monolayers [26–28], multi- 
bilayer stacks [29,30] and lipid-based giant vesicles [2]. As a matter 
of fact, those sub-structures are thought to differ each other in terms of 
composition, lipid phase segregation, lipid polymorphism and level of 
hydration, all factors with critical impact in the surface activity of LS 
[1]. On the other hand, recent studies have also revealed that the 
structure and thermotropic behaviour of surfactant isolated from la-
vages differs substantially from the behaviour of surfactant freshly 
secreted by primary cultures of type II pneumocytes [5]. To what extent 
the surfactant from whole bronchoalveolar lavage contains a fraction of 
freshly secreted surfactant that could be comparable to that secreted by 
cultured cells has not been studied. To shed light on the structure- 
function relationships in the membranous architecture of LS, this work 
presents a detailed description of the composition, structure and surface- 
activity of LS subfractions. 

2. Materials and methods 

2.1. Isolation of LS subfractions 

LS complexes were isolated from bronchoalveolar lavages of porcine 
lungs obtained from the slaughterhouse. To do so, respiratory tracts 
were washed with a buffer solution containing Tris 5 mM, NaCl 150 mM 
and pH 7. Then, cellular debris were removed by a short centrifugation 
(1000 g, 5 min at 4 ◦C). Afterwards, membranes were pelleted by 
centrifugation for 1 h at 100000 g at 4 ◦C. After that, pellets were ho-
mogenized and loaded into sodium bromide density gradients contain-
ing (from bottom to the top): 4 ml of NaBr 16% (w/v) in NaCl 0.9%; 6 ml 
NaBr 13% in NaCl 0.9%; and 2.5 ml NaCl 0.9%. After centrifugation for 
2 h at 120000 g and 4 ◦C, the so-called whole LS was harvested from the 
interface between the second and third gradient solutions. To obtain LS 
subfractions, we followed a protocol previously described in the litera-
ture [31]. Isolated LS complexes were loaded into density gradients 
constituted by sucrose solutions at 0.9, 0.8, 0.7, 0.55, 0.45 and 0.32 M. 
Then, density gradients were centrifuged for 2 h at 120000 g and 4 ◦C. 

2.2. Compositional analyses 

Phospholipid concentration was determined by phosphorus quanti-
fication upon mineralization of the phosphate group [32]. The quanti-
fication of saturated and unsaturated molecular species of 
phosphatidylcholine was conducted in the Research Unit on Bioactive 
Molecules (IQAC-CSIC), with the collaboration of Drs. Josefina Casas 
and Gemma Fabrias, as previously described [33]. Cholesterol levels 
were measured using a commercial kit (Spinreact, Barcelona), which is 
based on coupled reactions to produce a quinonimine that is quantified 

by its absorbance at 505 nm [34]. 
Acrylamide gels at 16 and 10% were used for western blot analyses in 

order to detect the presence of proteins SP-B and SP-C or SP-A respec-
tively. Equal phospholipid amounts were loaded per well (10 μg for SP-A 
and SP-C and 5 μg for SP-B). Antibodies employed were: αSP-A (dilution 
1/10000) kindly provided by Prof. David Phelps, Department of Pae-
diatrics, University of Pennsylvania at Hershey, USA; αSP-B and αSP-C 
(dilutions 1/5000) from Seven Hills Bioreagents (Cincinnati); and rabbit 
anti-immunoglobulins (dilution 1/5000, Dako). ECL Immobilon West-
ern from Millipore was used for revealing in an image analyser (Image 
Quant-Las 500, GE, Healthcare Bio-sciences AB). 

2.3. Transmission electron microscopy (TEM) 

Surfactant suspensions were centrifuged and pellets were fixed by 
incubation with glutaraldehyde for 5 h at 4 ◦C. Then, samples were 
treated with 1% osmium tetra-oxide for 1 h. Afterwards, samples were 
dehydrated with increasing concentrated acetone solutions and 
embedded in Spurr resin. Finally, sections of the embedded resin were 
observed in a JEOL, JEM1010 model, electron microscopy located at the 
National Centre of Microscopy (Madrid, Spain). 

2.4. Laurdan fluorescence 

Membrane hydration was evaluated using the fluorescence probe 
Laurdan as described previously in the literature [35,36]. For labelling, 
Laurdan (D250 from ThermoFisher Scientific) was solved in a trace of 
dimethyl sulfoxide and added to surfactant suspensions at 10 μg/ml to 
get a final dye proportion of 1% (mol/mol with respect to phospholipid). 
Then, samples were stored in a dark chamber at room temperature for 
30 min to complete Laurdan incorporation and equilibration. Finally, 
fluorescence emission spectra (λexcitation = 370 nm) were recorded from 
the samples from 400 to 550 nm at 10, 15, 20, 25, 30, 35, 37, 40, 45, 50 
and 55 ◦C. Generalized Polarization Function of Laurdan (GPF) was 
calculated according to the following equation: GPF = (I440 − I490) / 
(I440 + I490), where I440 and I490 are the fluorescence emission intensity 
of the samples at 440 and 490 nm. 

2.5. Electron spin resonance 

Acyl chain mobility of the phospholipids in the different surfactant 
assemblies was evaluated by electron spin resonance as described pre-
viously for the study of LS membranes [37,38]. To this purpose, sur-
factant membranes were labelled with 5 and 12-DOXYL- 
phosphatydylcholine spin labels (5 and 12-PCSL, from Avanti Polar 
Lipids) at room temperature. After that, samples were loaded into micro- 
Haematocrit tubes (Catalog number 7493 11, from Brand GMBH) and 
centrifuged with a Haematocrit-Rotor (ThermoFisher Scientific) at 
21000 g, 4 ◦C for 30 min. Haematocrit tubes were introduced into quartz 
tubes with silicon oil for thermal stability. Then, ESR spectra were 
recorded at the Research Support Center in Complutense University 
(Madrid, Spain) using a Bruker EMX 10/12 Spectrometer fitted with a 
nitrogen flow temperature regulation system. Two spectra were recor-
ded per temperature (25, 30, 37 and 45 ◦C) and sample to minimize 
noise during acquisition. WinEPR software was employed for re-
cordings. Settings were: 10 mW microwave power, 1.25 G modulation 
amplitude, 100 kHz modulation frequency, 0.33 s time constant, 150 G 
sweep width and 3360 center field. 

2.6. Differential scanning calorimetry 

Surfactant suspensions were prepared at a phospholipid concentra-
tion of 1 mg/ml in Tris 5 mM, NaCl 150 mM pH 7. Thermograms were 
acquired at a scan rate of 30 ◦C/h in a microcalorimeter MicroCal VP- 
DSC. 15 scans between 15 and 60 ◦C were recorded. Origin 7 (Origin-
Lab Corporations) was employed to obtain thermodynamic parameters. 
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2.7. Langmuir balance and fluorescence microscopy 

Surfactant suspensions were labelled with NBD-PC (ThermoFisher 
Scientific, 1% mol/mol with respect to phospholipid) for 1 h at 45 ◦C 
with orbital agitation. Then, surfactant suspensions were deposited on 
the air-liquid interface defined by a Langmuir trough 302RB/D1 (Nima 
Technology) to reach a surface pressure of 2–3 mN/m. Then, monolayers 
were equilibrated for 15 min and compressed at 25 cm2/min to obtain 
pressure-area isotherms while transferring the interfacial film onto de- 
lipidized glass coverslips as described elsewhere [39]. An epifluor-
escence microscopy (Leica DM 4000B), equipped with an ORCA R2 
10,600 camera (Hamamatsu, Germany) and L5 Leica filter sets (excita-
tion range 440–520 nm, emission at 497–557 nm), was employed for 
imaging. ImageJ was used for quantitative measurements. 

2.8. Captive bubble surfactometer 

Surface activity of the different samples was assessed using a captive 
bubble surfactometer [40]. The set-up consists of a temperature- 
controlled chamber containing a buffer solution (Tris 5 mM, NaCl 
150 mM, 10% sucrose, pH 7). The air-liquid interface is defined by an air 
bubble trapped against an agarose cap which encloses the experimental 
chamber. Our protocol consisted of five consecutive steps. First, a sur-
factant sample prepared at 12 mg/ml was injected directly close to the 
air bubble to monitor adsorption for 5 min. Then, the bubble was sub-
jected to a quick expansion to study surfactant spreading and post- 
expansion adsorption. Next, slow quasi-static and rapid dynamic 
compression-expansion cycles mimicking breathing rates were sequen-
tially performed. Finally, the bubble was compressed to a minimal 
volume to evaluate stability once subjected to mechanical perturbations 
using a pendulum hammer as described [41]. Surface tension was 
continuously monitored via bubble dimensions using a dedicated soft-
ware [42]. 

3. Results 

To harvest LS subfractions, the material purified from bron-
choalveolar lavages of porcine lungs, termed Native Surfactant (NS) in 
this work, was divided into seven fractions, termed N1 to N7 by 
increasing density, via sucrose density gradient (Fig. 1). NS subfractions 
contained different amounts of surfactant proteins and cholesterol 
(Fig. 2). In this regard, SP-B and SP-C were detected in N1 to N4 whereas 

SP-A was predominantly associated with N3 to N5 and N7 (Fig. 2a). 
Furthermore, N1 and N5 to N7 contained higher cholesterol levels 
(Fig. 2b). In contrast, NS subfractions comprised similar amounts of 
saturated and unsaturated molecular species of phosphatidylcholine 
(Fig. 2b). Then, we performed transmission electron microscopy ex-
periments to study the membranous assemblies included into each of 
these NS subfractions (representative images included into Figs. 3 and 
4). N1, N2 and N3 were apparently constituted by multilamellar as-
semblies (Fig. 3) whereas N5 to N7 were comprised by polymorphic 
membranes (N5), multi-vesicular bodies (N6) and lipid/protein aggre-
gates (N7) (Fig. 3). The example of membranous assembly observed in 
N4 reminded the lattice-shaped structure of tubular myelin. Further-
more, these different membranous assemblies were also observed in NS 
micrographs, discarding the possibility of being artifacts due to frac-
tionation (Fig. 4). 

Next, we evaluated the level of membrane hydration in the different 
fractions using the extrinsic fluorescence probe Laurdan and assessed 
the lipid order by ESR. Laurdan is a fluorescent probe highly sensitive to 
hydration and useful to evaluate lipid packing in phospholipid bilayers 
and monolayers [36,43]. This is because the maximum of fluorescence 
emission of Laurdan switches from 440 to 490 nm due to dipole relax-
ation processes occurring as a consequence of the increase in hydration 
at the headgroup region of membranes as temperature increases 
(Fig. 5a). Our experiments showed no differences in the thermotropic 
profile of Laurdan fluorescence among NS subfractions (Fig. 5b), which 
reflected ordered-to-disordered phase transitions centered at around 
32 ◦C (calculated from Fig. 5b). Then, we studied how this thermotropic 
transitions affect the acyl chain molecular mobility as assessed by 
electron spin resonance using 5 and 12-PCSL spin probes included into 
the different NS subfractions (Fig. 6). We also aimed to evaluate lipid 
order at different depth within the membrane plane [37,38,44]. To do 
so, we calculated the outer hyperfine splitting constants (2Amax) from all 
spectra as indicated in Fig. 6a. Our results showed a decay in 2Amax from 
25 to 45 ◦C in experiments using 5-PCSL, whereas similar 2Amax values 
were obtained at all temperatures for NS subfractions including 12- 
PCSL. From a comparative point of view, no differences were observed 
among NS subfractions either using 5 or 12-PCSL. Additionally, the 
thermotropic behaviour of NS subfractions was studied by differential 
scanning calorimetry (Fig. 7). As observed in Laurdan experiments, a 
predominant phase transition at temperatures around 30 ◦C was 
observed in NS subfractions (Fig. 7). However, N3 exhibited additional 
contributions at higher temperatures. 

Fig. 1. Purification of NS from bronchoalveolar lavage and its subfractions by density gradient ultracentrifugation. Cell-free bronchoalveolar lavages were subjected 
to differential ultracentrifugation (100,000 g, 1 h, 4 ◦C). Then, pellets containing full surfactant were loaded into sodium bromide gradients and subjected to density 
gradient ultracentrifugation (120,000 g, 2 h, 4 ◦C) to obtain NS, which was harvested from the interface between gradient solutions containing NaCl 0.9% and NaCl 
0.9% NaBr 13%. Finally, NS subfractions were isolated by sucrose gradient ultracentrifugation (120,000 g, 2 h, 4 ◦C). The images show the result of the centrifugation 
of whole LS in sodium bromide and of the purified LS into the sucrose density gradient. The schemes represent the volumes and concentrations of each of the 
solutions used to build the density gradient. 
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To complement the structural study of surfactant assemblies, we 
performed experiments to evaluate the structure of interfacial films 
formed by the NS subfractions (Figs. 8 and 9). The samples were labelled 
with NBD-PC, a lipid-based fluorescent probe that preferably partitions 
into disordered-like regions. Labelled subfractions were deposited as 
aqueous suspensions on the air-liquid interface of a Langmuir trough 
and the formed interfacial films were subjected to compression (Fig. 8) 
and simultaneously transferred to glass coverslips for observation under 
an epifluorescence microscope (Fig. 9a). NS subfractions formed similar 

interfacial films, constituted by a disordered-like phase and containing 
label-free segregated regions or domains at low surface pressure (below 
20 mN/m) (Fig. 9a, black arrows). Upon compression, label-free regions 
disappeared while label-enriched structures were generated (Fig. 9a, 
green arrows) accounting for 4–8% of surface area (Fig. 9b). The tran-
sition of label-free to label-enriched regions occurred at a surface pres-
sure of around 15 mN/m in NS subfractions (Fig. 9b) except for N3, 
where label-free structures were observed until 25 mN/m and occupying 
two-times more area. 

Fig. 2. Compositional analysis of NS subfractions. (a) Western blot against pulmonary surfactant proteins SP-A, SP-B and SP-C. Equivalent phospholipid amounts 
were loaded per well. (b) Lipidomic analyses (N = 1) and phospholipid/cholesterol weight ratios (mean value and standard deviation for two replicates) in the 
different LS subfractions. 

Fig. 3. Analysis by transmission electron microscopy of the structure of surfactant subfractions. An illustrative TEM image is presented from each of the subfractions. 
N1, N2 and N3 are constituted by multilamellar membranous assemblies. A lattice-shaped lipid structure is observed in N4. Unpacked membranous assemblies, 
vesicles, and lipid/protein aggregates are observed in subfractions N5, N6 and N7. 
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Finally, we used a captive bubble surfactometer to evaluate and 
compare the surface activity of the different NS subfractions under 
conditions mimicking breathing dynamics (Fig. 10 and Table 1) 
[40,42,45]. Except for N5, NS subfractions adsorbed efficiently into an 
air-liquid interface in static conditions or after a quick surface area 
expansion (Fig. 10a), to produce equilibrium surface tensions (γeq) of 
around 22 mN/m (Table 1). Moreover, NS subfractions were able to 
reduce γ to minimal values (around 2 mN/m) from the first quasi-static 
compression-expansion cycle, though requiring in some cases larger 
area reduction (Fig. 10b and Table 1). During the subsequent cycles, 
hysteresis and the percentage of compression required to reach minimal 
γ were reduced to eventually needing only 20% of area reduction. As it 
occurred with adsorption, the fraction N5 did not perform an efficient 
surface activity, i.e. minimal γ values of 10 mN/m with very large 
percent of area reduction (around 75%) (Fig. 10b and Table 1). Upon 
breathing-like compression-expansion rates, NS subfractions similarly 
diminished γ with limited area reduction and no hysteresis (Fig. 10 and 
Table 1) except for N5. Finally, NS subfractions exhibited comparable 
stabilities against mechanical perturbations (Table 1). 

4. Discussion 

Animal-based lung surfactant preparations are the reference for both 
research and biomedical applications [46]. However, as a result of being 
subjected to breathing dynamics, these surfactant preparations have 
been likely exposed to compositional and structural remodelling pro-
cesses occurring at the alveolar spaces. This may explain why isolated LS 

complexes comprise very different membranous assemblies 
[13,25,29,47–51]. The surface-active materials studied here likely 
include both functional, the so-called large aggregates, and inactive 
constituents, known as small aggregates [13–16,20]. LBs, LBPs, multi- 
bilayer stacks and tubular myelin are observed in large aggregates 
whereas small vesicles and lipid/protein aggregates typically constitute 
small aggregates [13]. The distinct surface activity exhibited by large 
and small aggregates has been attributed to the fact that SP-A, SP-B and 
SP-C are mainly present into the large aggregates [15,16,52,53]. Indeed, 
small aggregates are thought to be generated from the large aggregates 
as a consequence of surface dynamics [14]. 

According to the results of the present work, we propose that a LS 
isolated from bronchoalveolar lavages of porcine lungs comprise a het-
erogeneous mixture of membranous entities beyond the simplistic 
distinction between large and small aggregates. We suggest that these 
lipid/protein assemblies may stand for different steps of the bio- 
structural cycle of LS established from its unpacking, once secreted 
and subjected to respiratory dynamics, to recycling. Our fractions N1- 
N4, containing all the proteins and constituted by complex multi-
lamellar structures may represent the “large aggregates”, while fractions 
N5-N7 could represent discrete assemblies typically resolved as “small 
aggregates” under other fractionation procedures. It therefore seems 
that the presence of the proteins may be taken as a molecular marker of 
the most active surfactant structures constituting the large aggregates, 
and in particular the presence of protein SP-B, in substantial proportion 
in fractions N1-N4 and practically absent in N5-N7. 

It is noteworthy that LBPs represent the original intact membranous 

Fig. 4. Structure of whole NS as visualized by transmission electron microscopy. Representative TEM images are presented to illustrate the presence in LS of flexible 
lipid organizations (left), multilamellar membranous assemblies (middle) and lipid/protein aggregates (right). 

Fig. 5. Hydration of membranes in NS subfractions as sensed by the fluorescent extrinsic probe Laurdan. a) Fluorescence emission spectra recorded for a Laurdan- 
labelled sample of NS at 10, 15, 20, 25, 30, 35, 37, 40, 45, 50 and 55 ◦C. b) GPF of Laurdan-labelled NS and its subfractions as a function of temperature. Data 
correspond to the mean GPF and standard deviation for three replicates. 
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entity of LS, immediately after the secretion of LBs. As a matter of fact, 
LBPs are considered to sustain a highly energetic pre-assembled state, 
result of massive lipid accumulation and compaction attained during LS 
biogenesis in the LBs [5,6,24,54]. Indeed, LBPs have been described as 

highly packed and dehydrated membranous assemblies and possibly 
containing non-lamellar lipid phases [5,6,23]. These freshly secreted 
assemblies adsorb into the alveolar air-liquid interface, in a process 
mediated by peripherally located SP-B and SP-C, forming solid-like 

Fig. 6. Mobility and lipid order in NS subfractions as analysed by ESR. a) Illustrative electron spin resonance spectra recorded for a NS sample including a 5-PCSL 
(left) or 12-PCSL (right) spin probe at 25, 30, 37 and 45 ◦C. b) Two spectra were accumulated per sample and temperature to minimize signal-to noise ratio. b) 2Amax 
was calculated from the spectra as indicated in (a) and plotted as a function of temperature. Subfractions N5, N6 and N7 were not tested due to limitations in 
sample amounts. 

Fig. 7. Thermotropic behaviour of NS subfractions as analysed by differential scanning calorimetry. a) Illustrative DSC calorimetric thermograms after several 
replicas of whole NS and its subfractions. b) 15 thermograms were recorded for each sample and the last one was used to calculate thermodynamic parameters 
associated to ordered-to-disordered transitions. 
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three-dimensional interfacial films [24,54]. However, the membrane 
structure and surface activity of LS complexes isolated from operational 
animal lungs, via bronchoalveolar lavages, is not comparable with those 
reported for LBPs structures in the literature [5,54], though LBPs are 
occasionally observed in lavage samples. 

The aim of our study was thus 1) fractionate porcine LS into sub-
fractions through sucrose density gradient, for 2) conducting a detailed 
characterization of the membrane structure and activity of surfactant 
subfractions in order to identify the potential presence of LBPs in 

amounts that could allow a detailed characterization of the unique 
structure-function determinants of freshly secreted, unused, surfactant. 

Our starting material was likely enriched in large aggregates of a 
porcine LS, since larger centrifugation times are required to collect the 
full fraction of small aggregates. However, our NS possibly also contains 
part of the original small aggregates in the lavage, or at least some small- 
like aggregates that are somehow associated with the large ones. We 
observed that seven different fractions could be distinguished according 
to density differences (Fig. 1). This suggests that the so-called “large 
aggregates” fraction is far from homogeneous and contains several 
coexisting membranous entities. We have found that not only did sur-
factant proteins partition differently among NS subfractions (Fig. 2a), 
but they also contained different cholesterol amounts (Fig. 2b). 
Cholesterol plays major roles determining both lipid phase segregation 
and fluidity, both affecting the surface activity of LS [2,3,28,46,55–58]. 
We hypothesize that the less dense NS subfractions (N1-N4) are formed 
as a result of cholesterol depuration from predominant subfractions 
during surface dynamics. This may explain why N1, N2, N3 and N4 
comprised multilamellar membranous entities whereas N5, N6 and N7 
were constituted by small lipid vesicles or aggregates (Figs. 3 and 4), 
perhaps as a result of their segregation from the largest, depurated, and 
more active, structures. 

We suggest that the variety of membranous assemblies observed in 
NS subfractions represent different stages during the lifetime of surfac-
tant at the alveolar airspaces, from its secretion to its recycling. Thus, 
fractions N1 and N2 could represent early states after LS biogenesis, N3 
and N4 could include structures formed and evolved during adsorption 
and breathing cycling, while N5, N6 and N7 could include somehow 
close to exhausted structures, already spent, and partially targeted for 
recycling. The presence of protein SP-A into fractions N5 and N7 could 
therefore indicate that these fractions may be somehow tagged to 
recycling by type II cells as previously suggested [59]. Fraction N6, with 

Fig. 8. Compression pressure-area isotherms of interfacial films formed by NS 
and its subfractions at 25 ◦C. Mass of phospholipid injected were: 40 μg for NS, 
72 μg for N1, 27 μg for N2, 13 μg for N3, 35 μg for N4, 100 μg for N5, 80 μg for 
N6 and 100 μg for N7. 

Fig. 9. Lateral structure of interfacial LS films subjected to compression as observed by epifluorescence microscopy. a) Illustrative images were taken from interfacial 
films formed by the N3 subfraction at the three indicated surface pressures (scale bar, 25 μm). Label-free and label-enriched regions are indicated with black and 
green arrows respectively. b, left) Percent fraction of area and compression-dependent evolution of label-free and label-enriched regions in N3 films. b, right) Surface 
pressure (red circles) at which label-free regions are not observed and label-enriched regions start to protrude from the interfacial film; and maximum percent area 
fraction (bars) occupied by either label-free or label-enriched structures in films formed by each of the NS subfractions. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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no SP-A, could instead be constituted by material to be processed by 
macrophages. On this basis, we expected subfractions to differ sub-
stantially in terms of lipid order and hydration, which are the properties 
that we found to define more specifically LBPs compared with whole 
surfactant from lavage [5], beyond the unique morphology of highly 
packed concentrically arranged bilayers of LBPs. However, and unex-
pectedly for us, our experiments suggest that all the resolved NS sub-
fractions are constituted by similarly hydrated membranous assemblies 
with comparable acyl chain mobility along the membrane profile 
(Figs. 5 and 6). The conclusion, therefore, is that LS purified from lavage 
is practically devoid of freshly secreted LBPs, likely as a consequence of 
their full conversion into the observed structures during breathing. Still, 
the possibility that the particular osmolarity conditions introduced by 
the sucrose solutions required to prepare the density gradients could 
have induced some structural effects cannot be fully discarded. 

The fact that LS extracted from bronchoalveolar lavages of animal 
lungs comprises several subfractions with different protein and choles-
terol content and micro-structure but with comparable membrane 
packing is relevant. The results agree with those reported for a NS 
preparation with or without its native protein and cholesterol content 
[37], though surfactant proteins and cholesterol have been reported to 
modify lipid order in different lipid models [44,60,61]. It is remarkable 
that the calorimetric thermogram of fraction N3 exhibits a broad tran-
sition at temperatures above the main phase transition recorded for NS 

(Fig. 7). We propose that this contribution might be related to the 
presence of dehydrated DPPC clusters [62] that could be particularly 
active in sustaining very low surface tension. However, we cannot 
discard that the transitions observed at those high temperatures could be 
associated with particular protein-lipid assemblies, or even with struc-
tural transitions of the proteins themselves, because fraction N3 is 
particularly rich in the three surfactant proteins analysed. It is possible 
that the highly dynamic character of LS complexes when studied as a 
whole could somehow mask these local, but possibly essential, structural 
determinants for the surface activity of LS [37]. Similarly, the structure 
of interfacial films formed by NS subfractions did not differ significantly 
(Figs. 8 and 9). A predominant disordered-like phase covered the whole 
interface and only some filamentous label-free regions, especially again 
in N3, were observed at low surface pressure but disappeared associated 
with the appearance of excluded structures apparently protruding from 
the interface (Fig. 9). We speculate that these label-free regions could 
represent protein-enriched areas allowing monolayer collapse/folding 
during compression and re-spreading upon expansion. In this line, it has 
been proposed that the maximization of the interface between 
condensed and expanded lipid phases in adsorbed films might facilitate 
monolayer collapse [26,28,63] in a manner that could be modulated by 
proteins SP-B and SP-C [26,64–69]. 

Lastly, most of NS subfractions, except N5, had comparable surface 
activity when assessed in the surfactometer under conditions supposed 

Fig. 10. Surface activity of NS and its subfractions as evaluated in a captive bubble surfactometer. a) Initial interfacial adsorption (left) and after a quick bubble 
expansion (right). Error bars represent standard deviation after averaging three replicates. b) Isotherms of films formed by the different LS subfractions and whole NS 
under quasi-static (red) or dynamic (blue) compression-expansion cycling. N6 was not tested due to sample limitation. A representative experiment is shown for each 
sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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to mimic respiratory dynamics (Fig. 10 and Table 1): quick adsorption 
into an air-liquid interface, γ reduction to minimal values with limited 
area reduction during physiological-like compression-expansion cycling 
and high mechanical stability. Altogether, the functional properties of 
NS subfractions did not differ significantly except for N5, which 
exhibited poor surface activity. That low activity is likely associated 
with a combined lack of surfactant proteins, particularly SP-B, and the 
excess of cholesterol, a component whose presence in excessive pro-
portion has been associated with surfactant inactivation [55]. 

It has been proposed that some physiological mechanisms could have 
evolved to facilitate a rapid adaptation of the lung surfactant system to 
special demanding respiratory conditions. High respiratory rates, for 
instance during strenuous exercise, hyperthermia, i.e. during feverish 
states, and other challenging situations could require a rapid action to 
adjust surfactant mechanical properties. This has been demonstrated for 
heterothermic animals, able to breathe normally under rapid changes of 
their body temperature [70]. The surfactant system of squirrels, bats and 
marsupial dunnarts has evolved to a very particular lipid composition 
that can be rapidly adjusted upon incorporation or depletion of 
cholesterol. It is to be investigated how different structures in surfactant 
could participate not so much in the primary function of maintaining 
sufficiently low surface tension but to support such primary function 
through a properly coupled lipid trafficking and lipoprotein plasticity. 
We open the possibility that some of the fractions we are revealing here 
as part of the alveolar surfactant pool, such as for instance our fraction 

N6, could actually sustain a complementary system of physiological 
adaptability to particular breathing demands. The characterization of 
the relationships between these different fractions and assemblies under 
meaningful physiological constraints is beyond the scope of the current 
work. However, the application of the fractionation procedures 
described here to surfactant materials obtained from different patho-
physiological models may offer clues on the metabolic and physiological 
relationships between the different fractions and the processes involved 
into their interconversions. 

To conclude, the main purpose of this work was to characterize the 
composition, structure and surface activity of LS subfractions in the 
bronchoalveolar airspaces. We observed that a surfactant already sub-
jected to breathing dynamics contains a variety of membranous as-
semblies that may reflect sequential stages in LS metabolism. 
Remarkably, we were not able to identify a subfraction enriched in 
membrane assemblies sustaining the structural fingerprint of LBPs. A 
possible explanation may be that LS complexes isolated from animal 
lungs may be still functional but be constituted by already spent mate-
rials, due to the exposure to air spaces and surface dynamics, and 
therefore lacking the most important structural determinants and 
functional features of freshly secreted unused LS complexes. 
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Table 1 
Parameters defining the functional behaviour of NS and its subfractions tested in the captive bubble surfactometer.   

I. 
Adsorption 

PE. 
Adsorption 

1st Quasi-static 2nd Quasi-static 3rd Quasi-static 4th Quasi-static 

Sample γeq (mN/ 
m) 

γeq (mN/m) γmin 

(mN/ 
m) 

γmax 

(mN/ 
m) 

ARγmin 

(%) 
γmin 

(mN/ 
m) 

γmax 

(mN/ 
m) 

ARγmin 

(%) 
γmin 

(mN/ 
m) 

γmax 

(mN/ 
m) 

ARγmin 

(%) 
γmin 

(mN/ 
m) 

γmax 

(mN/ 
m) 

ARγmin 

(%) 

NS 21.7 ± 0.4 23.2 ± 0.1 1.8 ±
0.5 

24 ±
0.6 

50 ± 4 1.2 ±
0.4 

24.2 ±
0.6 

27 ± 5 0.9 ±
0.4 

24.8 ±
0.4 

22 ± 8 0.8 ±
0.3 

24.9 ±
0.3 

20 ± 7 

N1 22.1 ± 0.2 22.3 ± 0.5 2.6 ±
1.2 

25.2 ±
0.9 

59 ± 6 0.9 ±
0.4 

25.7 ±
0.8 

33 ± 11 1 ± 0.2 25.4 ±
0.9 

26 ± 5 1.1 ±
0.4 

25.7 ±
1.2 

22 ± 3 

N2 22.5 ± 0.9 22.2 ± 0.7 7.4 ±
10.5 

24.8 ±
0.4 

52 ± 16 1.9 ±
1.9 

25.2 ±
1.4 

33 ± 24 1.1 ±
0.6 

25.7 ±
1 

24 ± 14 1.2 ±
0.2 

25.1 ±
1 

21 ± 10 

N3 22.1 ± 0.3 22.3 ± 0.5 2.6 ±
1.1 

25 ±
0.6 

53 ± 7 1.4 ±
0.3 

25.4 ±
0.9 

34 ± 4 1 ± 0.1 25.5 ±
0.8 

24 ± 5 0.8 ±
0.2 

25.6 ±
0.6 

20 ± 5 

N4 22 ± 0.9 22.7 ± 0.2 3.6 ±
4.1 

25.7 ±
0.6 

45 ± 20 1.1 ±
0.7 

26 ±
0.7 

26 ± 14 0.9 ±
0.2 

25.9 ±
0.5 

21 ± 10 0.7 ±
0.1 

25.9 ±
0.5 

17 ± 7 

N5 24.6 ± 0.4 26.1 ± 5.3 15.6 ±
6.6 

26.8 ±
1.8 

76 ± 4 13.6 ±
9.2 

28.4 ±
4.6 

75 ± 1 18.9 ±
0.5 

29.5 ±
4.1 

76 ± 4 19.2 ±
0.6 

31.6 ±
5.4 

69 ± 6 

N7 21.5 ± 0.7 23 ± 0.4 2.3 ±
1.5 

25.4 ±
0.1 

57 ± 12 1.5 ±
0.9 

25.3 ±
0.4 

38 ± 12 1.3 ±
0.4 

25.4 ±
0.7 

29 ± 12 1.2 ±
0.7 

25.9 ±
1.1 

24 ± 10    

1st Dynamic 10th Dynamic 20th Dynamic Stability 

Sample γmin 

(mN/m) 
γmax 

(mN/m) 
ARγmin 

(%) 
γmin 

(mN/m) 
γmax 

(mN/m) 
ARγmin 

(%) 
γmin 

(mN/m) 
γmax 

(mN/m) 
ARγmin 

(%) 
γ 0 (mN/ 
m) 

γ 5 (mN/ 
m) 

γ 10 

(mN/m) 
γ 15 

(mN/m) 

NS 1 ± 0.5 26.9 ±
4.4 

14 ± 6 0.7 ± 0.3 27.5 ±
2.2 

14 ± 5 0.7 ± 0.4 27.8 ±
1.9 

14 ± 4 1.1 ± 0.6 1.9 ±
0.2 

3.3 ± 0.5 4.4 ± 0.1 

N1 1.4 ± 0.4 26.9 ±
1.4 

17 ± 1 1 ± 0.4 28.7 ±
0.6 

16 ± 1 0.9 ± 0.4 28.8 ±
0.4 

16 ± 1 1.1 ± 0.4 1.7 ±
0.2 

2.3 ± 0.1 2.7 ± 0.1 

N2 0.9 ± 0.4 28.4 ±
2.5 

15 ± 3 0.9 ± 0.4 28.5 ±
2.6 

15 ± 3 0.9 ± 0.4 29.4 ±
2.3 

15 ± 3 1.7 ± 0.2 2.4 ±
0.2 

3.4 ± 0 3.8 ± 0.2 

N3 1.3 ± 0.2 27.2 ± 2 13 ± 2 1.2 ± 0.4 27.9 ±
2.3 

13 ± 2 1.2 ± 0.4 28.2 ± 2 13 ± 2 1.7 ± 1.2 2.6 ±
0.8 

3.6 ± 0.5 4.2 ± 0.6 

N4 0.8 ± 0.3 25.2 ±
1.5 

14 ± 1 0.9 ± 0.3 26.9 ±
2.8 

14 ± 1 0.9 ± 0.4 27.1 ±
2.8 

15 ± 2 0.9 ± 0.2 2.1 ±
0.2 

3 ± 0.4 3.5 ± 0.6 

N5 1.7 ± 1.9 50.1 ±
5.5 

47 ± 1 5.8 ± 5.2 54.8 ±
5.7 

58 ± 6 9.6 ± 4.9 55.1 ±
7.5 

61 ± 5 18.7 ±
2.3 

18.3 ±
2.1 

18.8 ±
1.7 

18.6 ±
2.1 

N7 1 ± 0.4 27.2 ±
1.9 

16 ± 3 0.9 ± 0.3 28.5 ±
2.2 

14 ± 3 0.9 ± 0.3 29.1 ±
2.1 

15 ± 2 1.1 ± 0.3 2.2 ±
0.4 

3.1 ± 0.5 3.6 ± 0.6 

Equilibrium surface tension (γeq) is shown upon initial and post-expansion adsorption. Minimal surface tension (γmin), maximal surface tension (γmax) and percent of 
area reduction required to reach γmin (ARγmin) is presented for each of four quasi-static cycles and for the 1st, 10th and 20th dynamic cycles. For stability, γ0, γ5, γ10 and 
γ15 are γ after 0, 5, 10 and 15 mechanical perturbations discharged over the bubble by a pendulum hammer. Data correspond to the mean and standard deviation after 
averaging three replicates. 
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