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 El surfactante pulmonar es un complejo lipoproteico que recubre la interfase aire-liquido 

alveolar para disminuir las fuerzas de tensión superficial y, con ello, facilitar la dinámica 

respiratoria. Este material es sintetizado por unas células especializadas del epitelio alveolar 

denominadas neumocitos tipo II. La síntesis del surfactante es un proceso biológico altamente 

regulado a nivel intracelular que implica no sólo la síntesis y maduración de las proteínas del 

sistema, sino también el correcto ensamblaje y empaquetamiento de los complejos de 

membrana. Su biogénesis conduce a la formación de unos orgánulos multi-membrana altamente 

empaquetados denominados cuerpos lamelares. En los últimos años, varios estudios sugieren 

que el surfactante pulmonar recién secretado por los neumocitos tipo II tiene unas 

particularidades estructurales que potencian su actividad de superficie. Sin embargo, el 

surfactante que ha venido caracterizándose en investigación, o utilizándose en aplicaciones 

biomédicas, es aislado a partir del lavado broncoalveolar de pulmones animales y, por tanto, ha 

sido ya sometido a dinámica respiratoria y carece de las propiedades estructurales de los 

complejos de surfactante recién ensamblados y secretados. 

 A pesar de las evidencias experimentales, no existe una caracterización detallada de las 

diferencias estructurales y funcionales entre un surfactante que mantenga los determinantes 

moleculares de los cuerpos lamelares y un material sometido a dinámica respiratoria. La causa 

es que las principales fuentes de surfactante pulmonar con propiedades estructurales similares 

a los cuerpos lamelares son los cultivos celulares de neumocitos tipo II, lo que limita la cantidad 

de material disponible. Por tanto, el objetivo de la presente Tesis Doctoral es describir los 

factores clave en la relación estructura-función de los complejos de surfactante pulmonar 

con propiedades similares al recién sintetizado y empaquetado en el estado altamente 

deshidratado y particularmente activo de los cuerpos lamelares.  

 Para ello, el primer objetivo específico fue buscar una fuente biológica que permitiese 

obtener cantidades suficientemente altas de cuerpos lamelares: por fraccionamiento de un 

surfactante pulmonar purificado de pulmones porcinos, escalando la producción de surfactante 

por parte de neumocitos tipo II en cultivo o mediante aislamiento de surfactante a partir de 

líquido amniótico humano (Capítulos 1 y 2). Para determinar la presencia de cuerpos lamelares, 

se analizó 1) la composición de los materiales purificados mediante análisis lipidómico y 

western blot, 2) el grado de empaquetamiento e hidratación de las membranas mediante el uso 

de la sonda fluorescente extrínseca Laurdan, resonancia de spin electrónico y microscopía 

electrónica y 3) las propiedades funcionales de los materiales usando un surfactómetro de 

burbuja cautiva. 
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 El segundo objetivo específico fue la caracterización comparativa de la composición, 

estructura y actividad funcional de los complejos de surfactante pulmonar aislados de 

pulmones porcinos y de líquido amniótico humano (Capítulos 2, 3 y 4). Para ello, además 

de las técnicas mencionadas anteriormente, se estudiaron ambos materiales mediante 

calorimetría diferencial de barrido, resonancia magnética nuclear de fósforo 31, balanza de 

Langmuir, microscopía de fuerza atómica, espectroscopía de fuerzas, dispersión de rayos X, 

reflectometría de neutrones y el uso vesículas unilamelares gigantes. Por otro lado, la valoración 

funcional de los materiales se realizó usando el surfactómetro de burbuja cautiva, balanzas de 

adsorción y un ensayo de fluorescencia en placas multi-pocillo para la valoración de adsorción 

interfacial. También se estudió el efecto de agentes inhibitorios de la función surfactante como 

son el suero, meconio y anticuerpos dirigidos a las proteínas del surfactante pulmonar SP-B y 

SP-C. 

 Los resultados obtenidos y presentados en el capítulo 1 sugirieron que el surfactante 

pulmonar purificado a partir de lavados broncoalveolares de pulmones porcinos estaba 

compuesto por numerosas fracciones con diferencias aparentes en composición y estructura 

microscópica, pero con membranas estructuralmente comparables en lo que se refiere a nivel 

de hidratación, empaquetamiento lipídico y actividad de superficie. Por tanto, se concluyó que 

no es posible obtener cuerpos lamelares a partir de complejos de surfactante aislados de 

pulmones porcinos. 

 En el capítulo 2, se comparó la obtención de cuerpos lamelares a partir de cultivos celulares 

de neumocitos tipo II y de líquido amniótico humano. Los rendimientos de purificación 

empleando cultivos celulares eran muy bajos (en la escala de microgramos), mientras que se 

obtuvieron miligramos de surfactante a partir de líquido amniótico de madres donantes. El perfil 

lipídico del material purificado de líquido amniótico fue comparable al de otros complejos de 

surfactante pulmonar, su microestructura se caracterizó por un alto grado de empaquetamiento 

con presencia de cuerpos lamelares y el perfil de hidratación de sus membranas mostró un alto 

grado de deshidratación en consonancia con el de los cuerpos lamelares secretados en cultivos 

primarios de neumocitos. Por tanto, se concluyó que el aislamiento de surfactante pulmonar 

a partir de líquido amniótico 1) permite obtener complejos de surfactante pulmonar con 

propiedades similares a los cuerpos lamelares y 2) es un proceso viable, no invasivo y que 

permite obtener cantidades elevadas de surfactante pulmonar prístino. 

 Finalmente, se compararon estructural y funcionalmente los complejos de surfactante 

purificados a partir de líquido amniótico y de pulmones porcinos (Capítulos 2, 3, y 4). Respecto 
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a su estructura, el surfactante de líquido amniótico presentó un mayor grado de 

empaquetamiento y se detectó la presencia de estructuras no lamelares. Así mismo, su perfil 

termotrópico, la estructura lateral de sus membranas y el perfil de dispersión de rayos X 

sugirieron la presencia de estructuras con movilidad restringida, deshidratadas, de mayor orden 

y espesor en comparación con las del surfactante porcino. Además, la estructura de las películas 

interfaciales formadas por el surfactante de líquido amniótico era más compleja, exhibiendo 

coexistencia de fases ordenadas y desordenadas. Finalmente, el surfactante de líquido amniótico 

se adsorbía a interfases aire-líquido de manera más eficiente que el surfactante porcino, incluso 

en presencia de suero y meconio, y fue capaz de reducir la tensión superficial durante ciclos de 

compresión-expansión que emulaban la velocidad respiratoria. Por tanto, la principal 

conclusión de estos capítulos fue que los complejos de surfactante pulmonar presentes en el 

líquido amniótico mantienen un alto grado de empaquetamiento similar al de los cuerpos 

lamelares, lo que está estrechamente relacionado con su mejor actividad funcional frente 

a la de un surfactante aislado de pulmones porcinos. 
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 The pulmonary surfactant is a lipid/protein complex that diminishes surface tension forces 

and facilitates respiratory dynamics upon coating the alveolar air-liquid interface. This surface-

active agent is synthesized by specialized cells of the alveolar epithelium termed type II 

pneumocytes. The synthesis of lung surfactant is a highly regulated biological process 

involving, not only synthesis and maturation of surfactant proteins, but also lipid packing and 

assembly. Its biogenesis leads to the formation of tightly packed multilamellar organelles called 

lamellar bodies. In the recent years, several studies have suggested that freshly secreted lung 

surfactant complexes have particular structural properties leading to a highly active interfacial 

behaviour. However, surfactant complexes used typically in both research and clinical 

applications are usually isolated from lavages of animal lungs and have already gone through 

structural alterations as a result of exposure to respiratory dynamics and highly oxidative 

environments, and scarcely contain freshly assembled surfactant complexes. 

 Notwithstanding evidence, there is not a detailed characterization of the structural and 

functional differences between a surfactant assembled as lamellar body-like particles and a 

material already subjected to respiratory dynamics. The reason is the necessary use of cell 

cultures of type II pneumocytes as the main approach to obtain lamellar bodies, what limits its 

experimental use. Therefore, the main objective of this Thesis is to describe the molecular 

determinants underlaying structure-function relationships of lung surfactant complexes 

with similar properties to freshly secreted surfactant aggregates packed as highly 

dehydrated and particularly active lamellar bodies.  

 To address it, our first aim was finding a biological source that allows obtaining high 

enough amounts of lamellar bodies: via fractionation of a lung surfactant isolated from 

porcine lungs, scaling surfactant secretion from primary cultures of type II pneumocytes and 

the isolation of lung surfactant from human amniotic fluid (Chapter 1 and 2). To do so, we 

studied 1) composition by lipidomics and western blot, 2) hydration and lipid packing using the 

extrinsic fluorescent probe Laurdan, electron spin resonance and electron microscopy; and 3) 

surface activity using a captive bubble surfactometer. 

 The second specific objective was to characterize the composition, structure and 

surface activity of lung surfactant complexes isolated from porcine lungs and human 

amniotic fluid (Chapters 2, 3 and 4). Apart from above, these materials were studied by 

differential scanning calorimetry, 31P nuclear magnetic resonance, Langmuir surface balance, 

atomic force microscopy, small-angle X-ray scattering, neutron reflectometry and giant 

unilamellar vesicles. Furthermore, their surface activity was evaluated using a captive bubble 



Summary 
 

28 
 

surfactometer, adsorption surface balances and a high-throughput fluorescent adsorption assay 

in multi-well plates, in addition to evaluate the inhibitory effect of serum, meconium and 

antibodies against surfactant protein SP-B and SP-C. 

 Experiments presented in chapter 1 suggested that a lung surfactant isolated from lavages 

of porcine lungs comprises several subfractions with some structural and compositional 

differences, though all of them were comparable in terms of hydration, lipid packing and surface 

activity. Therefore, we concluded that it is not possible to harvest lamellar bodies from lung 

surfactant complexes isolated from porcine lungs. 

 In chapter 2, we compared the isolation of lamellar bodies from primary cultures of type 

II pneumocytes and human amniotic fluid. Purification yields obtained using cell cultures were 

low (micrograms) whereas milligrams of surfactant could be collected from human amniotic 

fluid. The lipid composition of amniotic fluid surfactant was similar to that of other surface-

active agents, and we observed tightly packed multilamellar membranous assemblies, as well 

as lamellar body-like particles. Laurdan experiments indicated that these complexes had a 

highly dehydrated character, comparable to that of freshly secreted lamellar bodies from cell 

cultures. Therefore, we concluded that the isolation of lung surfactant from human amniotic 

fluid 1) allows obtaining lung surfactant complexes with similar properties to lamellar 

bodies and 2) is a suitable and non-invasive procedure that allows obtaining high enough 

amounts of pristine lung surfactant complexes. 

 Finally, we studied and compared structure-function relationships of lung surfactant 

complexes isolated from human amniotic fluid and porcine lungs (Chapter 2, 3 and 4). 

Structurally speaking, surfactant from human amniotic fluid was characterized by tight lipid 

packing and the presence of non-lamellar phases. Moreover, its thermotropic profile, the lateral 

structure of their membranes and X-ray scattering spectra suggested the presence of restrained 

and highly ordered and dehydrated membranous structures with larger thickness than those 

observed in a porcine surfactant. In addition, the structure of interfacial films formed by 

surfactant from human amniotic fluid was more complex, i.e. exhibiting ordered/disordered-

like phase coexistence. Lastly, surfactant purified from human amniotic fluid adsorbed into air-

liquid interfaces in a much more efficient manner than porcine surfactants, even in the presence 

of serum or meconium, and it was able to reduce surface tension during physiological-like 

compression-expansion cycles. Therefore, the main conclusion was that lung surfactant 

complexes present in human amniotic fluid sustain a tight lipid packing similar to those 
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reported for lamellar bodies, which is linked to its better surface activity in comparison 

to surfactant materials isolated from lung lavages.
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 The respiratory surface is stabilized by a surface-active agent  

 The hallmark of the respiratory surface is its inextricably dynamic behaviour, a necessary 

condition to satisfy the requirements of the aerobic metabolism in vertebrates. However, the 

thin layer of liquid coating the alveolar epithelium defines an air-liquid interface where surface 

tension forces (γ), result of non-balanced out polar interactions established between surface 

water molecules, would hinder operational breathing. As a matter of fact, it is estimated that 

around 30% of the total metabolic energy would have to be spent only to overcome γ. In this 

context, a surface-active agent (surfactant) not only minimizes the mechanical effort of 

breathing, but it also acts as a barrier against air pathogens, chemicals and dust. This 

membranous system is known as lung surfactant (LS) and is found in the low respiratory tract 

lining the alveolar surface, even though some LS-associated components can be detected in the 

upper respiratory airways. Therefore, γ is overwhelmed by adsorbed LS complexes into the 

alveolar air-liquid interface preventing alveolar collapse [1]. To do so, surfactant is synthesized 

and stored by type II pneumocytes as tightly packed multilamellar assemblies in specialized 

organelles, the lamellar bodies (LB). Ultimately, LBs are continuously secreted to fulfil 

respiratory demands as extracellular LB-like particles (LBPs), whose adsorption gives rise to 

an interfacial lipid-protein film (Fig. 1.1). 

 That is the reason why the deficiency of a functional LS is associated to reduced lung 

compliance [2, 3]. This is the case of premature newborns suffering from the Neonatal 

Respiratory Distress Syndrome (NRDS). This clinical condition is caused by lung immaturity 

since pulmonary maturation, including LS synthesis, occurs from the 35th week of pregnancy 

until birth. As a result, the airways of premature newborns may not withstand the demanding 

conditions of breathing [4]. It was not until some time after the discovery of LS that Surfactant 

Replacement Therapies (SRT) were developed and mortality rates for NRDS, a major cause of 

perinatal death in the 20th century, remarkably decreased [2, 4]. On the other hand, the surface 

activity of LS may be blocked in a clinical condition known as Acute Respiratory Distress 

Syndrome (ARDS), which carries reduced lung compliance, hypoxia and respiratory failure. 

Specifically, patients suffering from acute lung injury may have a compromised alveolar-

capillary barrier what leads to the leakage of serum proteins into the air spaces. Consequently, 

LS complexes are inactivated, which aggravates the clinical picture of ARDS and so do patient 

prognosis [2, 3]. Similarly, LS functionality is altered in neonates suffering from Meconium 

Aspiration Syndrome (MAS) [3]. The trigger of MAS is the aspiration of meconium, first stool 

of the baby, leading to airways obstruction, inflammation, high phospholipase activity and 
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increased cholesterol amounts. The prognosis of patients suffering from ARDS or MAS do not 

improve after SRT, likely as a consequence of the inactivation of exogenous surfactant once it 

reaches alveoli [2, 3]. This is the reason why novel surfactant clinical preparations are currently 

under development to face ARDS and MAS. 

 LS composition 

 LS complexes comprise both lipids (around 90% by mass) and proteins (8-10%) (Fig. 1.1) 

[1]. It is important to keep in mind that its detailed composition is typically determined using 

materials purified from bronchoalveolar lavage (BAL) of animal lungs. Therefore, all the 

knowledge about its composition comes from surfactants that may have undergone 

compositional changes during breathing dynamics. In addition, contamination or loss of 

surfactant-associated components during purification cannot be excluded. Besides that, several 

compositional differences have been reported among species and attributed to specific 

environmental conditions. For instance, saturated/unsaturated phospholipid ratio may change 

according to body temperature, breathing rate or hibernation [5-7]. In all these cases, both 

temperature and breathing dynamics govern composition, membrane structure and functionality 

of LS. 

  Lipid fraction 

 Phospholipids are the main component of LS (80% by mass) [1]. Once adsorbed into the 

alveolar air-liquid interface, these amphiphilic molecules orientate their hydrophobic acyl 

chains towards the air with their polar headgroups exposed to the aqueous subphase, thus, 

forming an oriented lipid monolayer (Fig. 1.1). Among phospholipids, dipalmitoyl-

phosphatidylcholine (DPPC) is the most abundant molecular species in LS since it can 

withstand very high lateral pressure upon compression to reach minimal γ because of containing 

two saturated palmitic acids (16:0/16:0 PC). Apart from DPPC, other PCs are present in LS 

such as 16:0/14:0 PC, 16:0/18:1 PC and 16:0/16:1 PC. Regarding anionic phospholipids,  

phosphatidylglycerol (PG) and phosphatidylinositol (PI) are key to establish interactions with 

cationic surfactant proteins B (SP-B) and C (SP-C) [1]. In addition, PG may participate as a 

regulator of innate immunity [8]. Furthermore, small amounts of phosphatidylethanolamine 

(PE) and sphingomyelin (SM) can be detected in LS. Regarding neutral lipids, cholesterol (5-

10%) modulates lipid packing and phase segregation in LS [9]. Remarkably, cholesterol levels 

are highly regulated because minor variations may alter the lateral structure and activity of LS. 

Additionally, cholesterol esters, triglycerides, diglycerides and free fatty acids can be detected 
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in LS though their biological relevance, at least with respect to surfactant biophysical activity, 

seems to be limited. 

Fig. 1.1: The surface-active constituents of LS stabilize the alveolar air-liquid interface in a highly regulated structural cycle. Left) 

Upon stimulation, LS is secreted as multilamellar membranous assemblies (LBP). Afterwards, SP-A along with SP-B disassembles LBPs 

forming a lattice-shaped membranous structure, the so-called tubular myelin (TM). Finally, surfactant lipids coat the alveolar air-liquid 

interface forming a lipid monolayer associated to membrane reservoirs. Right) As a result of compression-expansion respiratory cycles, the 

interfacial monolayer forms 3-D membranous protrusions that are eventually excluded and recycled by alveolar macrophages and type II 

pneumocytes. Below) LS is composed of phospholipids (80% by mass), neutral lipids (10%, w), and specific proteins SP-B (1%, w), SP-C 

(1%, w), SP-A (6%, w) and SP-D (0.5%, w). SP-A octadecamers, SP-B dimers, the monomer of SP-C and SP-D dodecamers are represented, 

not at scaled size.  

  Protein fraction 

 Four proteins are indispensable for the proper function of the LS system (Fig. 1.1) [1]. 

Hydrophobic SP-B and SP-C are essential for the biophysical activity of LS whereas the 

hydrophilic members of the collectin family of proteins, surfactant proteins A (SP-A) and D 

(SP-D), participate in the innate immune defence. 

 SP-B is a cationic and hydrophobic polypeptide comprising 79 amino acids (8.7 kDa) with 

a predominant α-helical secondary structure and it belongs to the saposin-like family of proteins 

(Fig. 1.2) [10, 11]. One of its 7 conserved cysteines is involved in an intermolecular disulphide 
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bond to form a covalent homodimer [11]. In addition, SP-B dimers have been proposed to adopt 

a quaternary structure (pentamers or hexamers of dimers) forming a lipid channel through 

which phospholipids might flow (Fig. 1.2) [12]. Regarding in vitro activities, SP-B 

permeabilizes, aggregates and fuses liposomes [13-16]. All of these activities are related to the 

adsorption of surface-active phospholipids into the alveolar interface, as well as promoting 

monolayer/bilayer interactions (Fig. 1.2) [10, 17, 18]. Remarkably, SP-B is essential for the 

correct assembly of LBs, the pristine membranous assembly of LS [19]. Most importantly, the 

deficiency or certain mutations of SP-B, carries severe or even lethal consequences, underlining 

its indispensable role [20]. 

 Despite not being lethal at first instance, deficiency or mutations in SP-C are related to 

chronic respiratory diseases. This protein is a lung-specific hydrophobic polypeptide 

comprising 35 residues (3.7 kDa) structured as a transmembrane α-helix and a positively-

charged N-terminal segment with two palmitoylated cysteines in most species, which are 

essential to guarantee the mechanical stability of LS films [21-23]. SP-C prompts vesicle 

fragmentation by promoting membrane curvature (Fig. 1.3). This phenomenon may be linked 

to cholesterol mobilization and the squeeze-out of unsaturated phospholipid during 

compression, i.e. compositional refining during respiratory mechanics [24, 25], as well as the 

formation of interdigitated lipid phases (Fig. 1.3) [25, 26]. In addition, SP-C may modulate the 

oligomeric state of SP-B by specific protein/protein interactions [27]. 

 SP-A and SP-D are hydrophilic, fibrous and oligomeric proteins (SP-A assembles as 

octadecamers, SP-D as dodecamers) belonging to the collectin family of proteins. SP-A 

monomers contain four domains: a N-terminal domain, a collagen-like domain forming a (triple 

helix) trimeric stem in the quaternary structure, an α-helical (coiled-coiled) connecting region 

and a C-terminal region containing a carbohydrate recognition domain (CRD) with calcium-

binding sites [28]. Six SP-A trimers give rise to an octadecamer where three C-terminal 

domains form a globular end, with one octadecamer therefore containing six of those globular 

heads. On the other hand, SP-D forms dodecamers comprising four trimers with each monomer 

also including the four described domains of the collectins [29]. Their functions are to 

recognise, opsonize and present microorganisms to immune cells as well as playing direct 

antimicrobial activities [1, 30]. The CRD domains are the main motifs sustaining this function. 

Apart from their innate immune-related activity, SP-A participates in LB unpacking to form a 

membranous assembly called tubular myelin (TM) (Fig. 1.1) [31, 32]. Additionally, surfactant 

amounts are controlled in a process dependent on SP-D [33]. 
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 LS metabolism in alveolar spaces 

 The development of electron microscopy (EM) in the 20th century was a milestone to shed 

light on the pulmonary anatomy and to demonstrate the existence of an hydrated alveolar 

epithelium containing the LS [35]. An initial drawback was the use of chemical fixation 

procedures, dehydration and contrasting agents during sample preparation despite the fact that 

both the structure of LS complexes and alveolar epithelium were altered [36]. Later, the 

development of low-temperature EM provided with reliable information regarding the anatomy 

of the alveolar epithelium and the membranous architecture of LS [35].  

 The alveolar air-liquid interface locates at the air-exposed side of a continuous layer of 

liquid covering the whole respiratory surface despite being dimensionally heterogenous. As an 

illustration, this liquid layer has in mice a thickness of 0.15 µm far from alveoli junctions, 0.89 

µm at the alveolar wall junctions and 0.09 µm over the protruding cells [35]. Regarding cell 

population, the alveolar surface is mainly occupied by flattened epithelial cells called type I 

pneumocytes [37]. These cells are unable to divide and scarcely contain organelles, serving as 

a barrier between blood and the air. Furthermore, the alveolar epithelium contains highly 

specialized cells termed type II pneumocytes, which are responsible for the synthesis of LS 

complexes [37, 38]. These cells assemble surfactant lipids and proteins as LBs, which are the 

intracellular organelles where the pristine membranous assembly of LS is stored (Fig. 1.4). 

Moreover, type II pneumocytes participate in damaged epithelium repair, being able to 

differentiate into type I pneumocytes [37]. Furthermore, type II pneumocytes are also involved 

in surfactant clearance along with alveolar macrophages [37]. 

  Biological stimuli 

 The membranous complexes of LS are continuously secreted upon stimulation to fulfil 

respiratory demands [37, 38]. These stimuli are of mechanical and/or chemical origin. On the 

one hand, a higher respiratory rate is linked to greater surfactant demands. In this line, force 

sensing signalling participates in several biological processes such as transcription factor 

trafficking into the nucleus [39]. Therefore, LS homeostasis is modulated by a network of forces 

to which the alveolar epithelium is subjected. On the other hand, the secretion of LS from type 

II pneumocytes can be stimulated by adenosine triphosphate (ATP) secreted by type I 

pneumocytes [37]. Furthermore, many agonists induce surfactant secretion via activation of 

protein kinase A (PKA), protein kinase C (PKC) or Ca2+/calmodulin-dependent protein kinase 

[38]. Specifically, β2 agonists and ATP ultimately activate PKA and PKC triggering protein 
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phosphorylation. Annexin VII may be a target for both kinases and increases vesicle fusion 

within the plasma membrane ending in LS secretion. Regarding cations, LS secretion is 

markedly controlled by Ca2+ in and outflows in type II pneumocytes, firstly prompting Ca2+ 

release from intracellular stores and later regulating fusion and expansion of LB fusion pores 

within the plasma membrane. In addition, SP-B can act as an agonist for surfactant secretion 

suggesting a crosstalk between LS recycling and secretion [40]. 

  Synthesis of lipids 

 The synthesis of surfactant phospholipids can be de novo in the endoplasmic reticulum, 

and by remodelling of unsaturated into saturated phospholipid species [37]. On the one hand, 

de novo synthesis of PC includes phosphorylation of choline by choline kinase, its binding to a 

cytidine triphosphate (CTP) by a CTP phosphocholine cytidyltransferase and conversion to PC 

by choline phosphotransferase. On the other hand, the remodelling pathway consists of de-

acylation of unsaturated PCs by a phospholipase A2 (PLA2) prior to re-acylation with a palmitic 

acid by acyl CoA-lyso-phosphatidylcholine acyltransferase (LPCAT1). Both activities are 

encompassed in an enzyme called peroxiredoxin 6 placed on LBs suggesting a crosstalk 

between de novo synthesis and remodelling pathways. Conversely, de novo synthesis of PG 

comes from cytidine diphosphate-glycerol and includes LPCAT1 activity. Finally, cholesterol 

and its derivates proceed from low and high-density lipoproteins.  

  Synthesis of surfactant proteins 

 SP-B and SP-C are synthesized as large precursors (381 and 197 amino acids respectively) 

that have to be processed in multivesicular bodies, thus coupled to LB formation, to obtain 

mature proteins (79 residues for SP-B and 35 for SP-C) [37]. For SP-B processing, not only is 

the sequential activity of several enzymes necessary but also a gradual pH acidification, which 

has been associated to the exposure of certain targets in proSP-C. In addition, the N-terminal 

domain of proSP-B acts as a chaperon to avoid the exposure of mature SP-B to cell membranes 

until it is included into surfactant membranes. Moreover, it is known that the proper maturation 

of SP-B is essential for the correct processing of SP-C, though the reason is not well known. 

Furthermore, the synthesis of hydrophilic surfactant proteins occurs at the endoplasmic 

reticulum and implies their glycosylation. It is not clear whether SP-A is only secreted via a 

constitutive secretory route or a fraction is associated to LBs. On the contrary, SP-D secretion 

has not been related to LB compartments. 
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  Assembly of LBs 

 Phospholipids, neutral lipids and hydrophobic surfactant proteins are jointly packed within 

multivesicular bodies to ultimately form LB prior to secretion [37]. Lipids are transported from 

the smooth endoplasmic reticulum to early multivesicular bodies by lipid transfer proteins. 

Then, LBs are formed with the participation of a protein belonging to the ATP-Binding Cassette 

family of proteins: ABCA3. This process is highly regulated and several mutations in ABCA3 

lead to aberrant LBs and lung remodelling [41]. As mentioned before, the biogenesis of LBs 

includes not only lipid packing but also maturation of SP-B and SP-C precursors. During their 

assembly, LBs acquire a highly dehydrated state as a result of massive lipid accumulation, 

which is considered a particularly active state leading to optimal surface activity [42, 43]. 

 Prior to secretion, the cytoplasm of type II pneumocytes is replete of LBs: 50-100 LBs of 

0.2-2 µm (diameter) per cell in mice and 200-500 LBs in humans [36, 44]. Several structural 

features are characteristic of intracellular LBs such as great lamellarity, tight lipid packing and 

bifurcated bilayers (Fig. 1.4) [36]. Additionally, the limiting membrane of intracellular LBs is 

thicker than the inner bilayers (17 vs 8 nm) and is separated from them by 24 nm [36]. 

Comparing the structure of LBs from different species, there are structural differences to be 

noticed: human LBs comprise concentrically arranged lamellae attached to a peripherical 

projection core whereas murine LBs are constituted by parallelly arranged bilayers without 

projection core. In this context, SP-B is located in the projection core and SP-A is in the 

periphery of LBs [44]. 

  Beyond the plasma membrane: the structural conversions of LBs 

 After secretion, LBs are disassembled in the course of LS adsorption into the alveolar air-

liquid interface (Fig. 1.1) [32]. During secretion, the limiting membrane of LBs fuses within 

the plasma membrane. Having lost the outer membrane, freshly secreted surfactant assemblies 

are known as LB-like particles (LBPs) (Fig. 1.4) [45, 46]. However, their structural integrity is 

not markedly compromised and LBPs still sustain a tight lipid packing [45]. Then, LBPs are 

disassembled forming TM, which is a crystalline and anisotropic lattice-shaped membranous 

assembly formed by bilayers separated by 40-50 nm one from each other (Fig. 1.1) [32, 47]. 

SP-A is essential for conversion of LBPs into TM and, even though LBPs contain SP-A, LB-

independent SP-A secretion is needed, likely to regulate the due biological time of LBPs 

unpacking [48]. In this context, SP-A interacts preferably with anionic liposomes in vitro at 

acidic pH in the presence of Ca2+, which correlates with LB microenvironment: pH 5.5 and 
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[Ca2+] of 2-10 mM [49]. Four SP-A octadecamers [28] interact between them through their N-

terminal domains while interacting with surfactant membranes through their carbohydrate-

binding domains forming a “X” (Fig. 1.1) [32, 50]. To stabilize TM, DPPC, PG, SP-B, SP-A 

and Ca2+ are needed. The fact that the formation of TM is not indispensable for normal lung 

compliance may be linked to its possible antimicrobial activity beyond a surface-active 

assembly [37]. Similarly, atypical hexagonal tubules separated 80-90 nm each other may be 

formed by SP-D in the presence of PI, Ca2+, SP-B and DPPC [51]. 

 During adsorption, LS forms multi-bilayer stacks connected to the interfacial monolayer 

lining the alveolar interface (Fig. 1.1). Monolayer/bilayer interactions and lipid flow within the 

membranous complexes of LS are ensured by SP-B and SP-C (Fig. 1.2 and 1.3) [1, 32].  

  LB and LBPs as the original membranous assembly in LS metabolism 

 LBs and LBPs are the pristine membranous assembly in LS metabolism. That is the reason 

why their biogenesis and structure have been studied using mainly cell cultures of isolated rat 

type II pneumocytes [42, 43] and the carcinoma cell line A549 (Fig. 1.4) [43, 52]. However, 

other approaches have been developed to conform the 3-R principle of refining, reducing and 

replacing animal testing. This is the case of human decidua-stem cells differentiated into 

cellular phenotypes similar to type II pneumocytes [53]. These cells express SP-A, SP-B, SP-

C, SP-D and ABCA3 proteins and they can assemble and secrete LBs upon stimulation with 

secretagogues. Although this cell model represents a versatile system to study type II 

pneumocyte differentiation and LS synthesis or secretion, it is not widely used because these 

cells are not deeply characterized and probably not fully differentiated. As a matter of fact, rat 

type II pneumocytes tend to differentiate into type I pneumocyte, thus, its use is experimentally 

limited. 

 Structurally speaking, LBs have peculiar anisotropic properties (Fig. 1.4) [42, 43]. These 

membranous assemblies exhibit optical anisotropy observed as a Maltese cross as well as 

spherical radiation-symmetry under polarized light. Therefore, LBs are considered to be liquid-

crystalline lipid assemblies in which phospholipidic acyl chains are well-aligned towards their 

core [43]. Remarkably, the anisotropic hallmark of LBs is kept after heating and cooling down. 

However, the polarization intensity of LBPs is lower than that for LBs (Fig. 1.4). This decay 

may be caused by the swelling of lipid bilayers during secretion indicating that LBPs are not 

structurally identical to LBs. Therefore, as soon as LBs are secreted, an irreversible structural 

rearrangement occurs prior to their adsorption into the alveolar air-liquid interface. 
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 It is important to note that LBs and LBPs differ from surfactant complexes isolated from 

BAL of animal lungs in terms of structure and surface activity [42]. LBPs are tightly packed 

and dehydrated lipid assemblies whereas lavage surfactants are constituted by loose 

membranous complexes. Moreover, LBPs are proposed to contain non-lamellar phases [42, 56] 

and be resistant to serum and meconium inhibition in contrast to lavage surfactants [42, 53]. 

These are the reasons why LBPs are considered to sustain a particularly energetic activated 

state driving to optimal surface activity [42, 43]. It is after adsorption that this active state, 

attained during the biogenesis of LS, is lost due to hydration and unpacking. At γ below 

equilibrium (20-30 mN/m), upcoming LBPs do not disassemble, a process only occurring after 

a LBP contacts the alveolar interface, since their adsorption seems to be an instantaneous but 

self-regulated process modulated by surface forces [45]. The trigger of LBPs adsorption is 

peripherally located SP-B and SP-C containing machineries, which are responsible for the 

transference of surface-active lipids (Fig. 1.4) [54].  

 Nevertheless, several physiological factors may alter the adsorption capabilities of LBPs 

such as pH, temperature or osmolarity [57]. The alveolar surface fluid layer is estimated to be 

0.1-5 ml/kg in humans, with a lipid concentration of 50 mg/ml, Ca2+ concentration of 1.5 mM 

and a pH of 6.9. In this sense, pH>8 and elevated saline concentration (>20 mOsm) reduces 

LBPs adsorption because of neutralization of electrostatic interactions established between SP-

B, SP-C and surfactant lipids. Additionally, pH<7 also reduces LBPs adsorption, which is 

attributed to stabilization of these acid organelles. Regarding temperature, not only does nature 

optimize surfactant composition to be laterally structured as liquid ordered-liquid disordered 

phase coexistence at physiological temperature [9], but it also has a significant impact in 

adsorption, being maximal at 37ºC.  
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 The structure of LS complexes 

  Lateral structure 

 The surface activity of LS is governed by lipids, whose structure is affected by both 

temperature and lateral pressure [32]. Regarding the thermotropic impact, gel-to-fluid lipid 

phase transition occurs at a threshold known as melting temperature (Tm). Below Tm, lipids are 

densely packed, and their lateral diffusion is restrained: it is the Gel phase or Lβ. In contrast, 

phospholipids have greater lateral mobility in the liquid-crystalline fluid phase (Lα), i.e. at 

temperatures above Tm. In this context, each phospholipid species has its own Tm depending on 

polar headgroup, acyl chain length, number of double bounds and their position, e.g. DPPC 

(41ºC) or palmitoyl-oleyl-phosphatidylcholine (POPC) (-3ºC). However, lipid bilayers are 

typically composed of a mixture of phospholipids, making the interpretation of Tm of the system 

non trivial. In addition, cholesterol alters lipid packing by fluidizing Lβ and stiffening Lα. 

Because of that, cholesterol-containing membranes are structured as liquid ordered (Lo) and/or 

liquid disordered lipid phases (Ld). Concerning monolayers, lipid phase transitions are typically 

associated to changes in surface pressure (Π). In this context, Π = γ0 - γ, being γ0 the surface 

tension value of an empty air-water interface, i.e. 72 mN/m at 25ºC. At low surface 

concentration, an adsorbed monolayer is structured as a two-dimensional gas phase, which is 

characterized by great lipid mobility. As surface area is reduced, phospholipids form a liquid 

expanded phase (Le). By increasing Π, lipid mobility is restrained, and the monolayer forms a 

liquid condensed phase (Lc). Lastly, a solid-like monolayer is formed at high Π [32]. 

 On this basis, lateral structure in LS has been studied by X-ray Scattering and fluorescently 

labelled Giant Unilamellar Vesicles (GUVs) (Fig. 1.5). First X-ray Scattering experiments 

using low-hydrated LS suspensions suggested a crystalline-like to liquid crystalline-like phase 

transition at 42ºC [58]. Moreover, it was proposed a relationship between hydration, membrane 

dynamics [58], cholesterol levels and lipid phase segregation [59]. Later, the use of GUVs shed 

light on the lateral structure, lipid phase segregation and protein partition in LS (Fig. 1.5) [9]. 

LS membranes comprise two lipid phases, i.e. an ordered-like and a disordered-like phase, at 

physiological temperatures (37ºC) with membrane-associated proteins SP-B and SP-C 

partitioning into the disordered phase (Fig. 1.5). In this context, cholesterol is responsible for 

this type of phase coexistence since cholesterol-depleted surfactant bilayers display a gel/fluid 

type of coexistence [9]. In addition, LS membranes are considered to be at the edge of a phase 

transition (Fig. 1.5) [9]. As a matter of fact, not only does LS undergo a phase transition to a 

single fluid lipid phase above physiological temperatures (Fig. 1.5) but its surface activity is 



1. Introduction 
 

46 
 

severely compromised [60]. That is the reason why liquid-ordered-like domains are considered 

DPPC-enriched nucleation points growing on compression to diminish γ effectively [9]. In 

contrast, liquid-disordered-like regions may provide LS with dynamism and plasticity, essential 

for efficient adsorption and re-spreading [9]. Nevertheless, other reports suggest that LS-

associated proteins may prompt solid-liquid crystalline phase coexistence [61].  

 According to that, lipid monolayers undergo compression-driven phase transitions (Fig. 

1.6). To study it, fluorescent phospholipids like NBD-PC, which partitions into fluid phases, 

are used. For instance, condensed domains (Lc) immersed in an expanded phase (Le) can be 

discerned in DPPC monolayers above a Π of 5 mN/m at 25ºC [62]. As the monolayer is 

compressed, Lc domains grow and occupy almost the whole interface, and hardly small 

fluorescent traces (Le phase) are observed at maximal Π (72 mN/m) [62]. In this line, a natural 

LS exhibits composition-dependent phase coexistence, i.e. DPPC levels, anionic phospholipids, 

unsaturated phospholipids, cholesterol and surfactant proteins [63]. It is thought that Lc domains 

are DPPC-enriched nucleation points and even their DPPC content has been estimated [63]. It 

is important to note that not only does composition drive the lateral structure of LS, but also 

temperature, Ca2+, ionic strength and pH modulate nucleation, growth and domain morphology.  

 It is noteworthy that domain morphology is governed by the combination of line tension 

and long-range repulsive dipolar forces [64-67]. On the one hand, the hydrophobic mismatch 

within domain boundaries defines a force called line tension which is reduced by minimizing 

boundary length, i.e. leading to circular-shaped domains. On the other hand, permanent or 

induced dipole-dipole interactions prompt the formation of elongated domains. Due to being 

structured as fluid-like lipid phase coexistence, line tension primarily determines domain 

morphology in LS. This is the reason why fluid ordered domains have circular shape in both 

monolayers and bilayers (Fig. 1.5) [64]. Furthermore, surfactant proteins and cholesterol may 

change line tension and so do domain morphology. In this regard, cholesterol diminishes line 

tension leading to elongated micro and nanodomains. Additionally, cholesterol makes DPPC 

monolayers more elastic, which is essential for an efficient re-spreading on expansion and to 

accelerate monolayer buckling on collapse [65].  

 Moreover, it is assumed that phase coexistence is a symmetric phenomenon, i.e. bilayers 

comprising coupled leaflets in terms of composition and lateral structure. However, asymmetric 

bilayers may have special relevance in the surface activity of LS [68]. This is the case of the Lγ 

phase that has been proposed to provide LS films with mechanical stability without refinement 

requirements after adsorption (Fig. 1.5). As an illustration, DPPC-enriched leaflets may point 
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towards the air whereas leaflets containing unsaturated phospholipid may face the aqueous 

subphase. Lγ may explain why LS forms 3-D interfacial films resistant to collapse during 

adsorption [69]. Moreover, this correlates with the fact that both LBPs (Fig. 1.4) [55], natural 

LS vesicles [70] and lipid/protein mixtures [71] can form 3-D membrane structures after 

adsorption. Altogether, these would explain the formation of a mechanically stable naive film 

since the first breath. However, Lγ phase is not detected in hydrated or protein-enriched LS 

suggesting a highly regulated and temporary membranous structure [68]. 

Fig. 1.5: Lateral structure of surfactant membranes. Left panel) In specific cases, saturated phospholipids, e.g. DPPC, and unsaturated 

phospholipids, e.g. POPC, may segregate each other in bilayers and/or monolayers resulting in Lβ/Lα and Lc/Le phase coexistence, respectively. 

Right panel) Concerning LS, cholesterol has a structural impact by fluidizing the gel phase and stiffening the fluid phase leading to ordered-

like and disordered-like phase coexistence, Lo/Ld, at physiological temperatures. Middle panel) Interfacial LS films may comprise a unit-cell 

of consecutive asymmetric bilayers (white dashed box) under certain conditions, i.e. low hydration levels and low protein concentration. It is 

important to note that phase coexistence depends on lipid and protein composition, temperature and lateral pressure. Below) Fluorescently 

labelled GUVs (disordered-like phase is stained using NBD-PC, with green fluorescence; red fluorescence comes from DiIC18 labelling the 

ordered-like phase) composed of a natural LS showing temperature-dependent phase coexistence (left) and protein partition using fluorescently 

labelled SP-B (red) and SP-C (green) (right) (adapted from [9]).  
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  Lipid polymorphism 

 Additionally, phospholipids may organize geometrically giving rise to assemblies of 

different shapes and properties: the so-called lipid polymorphism (Fig. 1.6) [72, 73]. Lipids are 

typically classified regarding their molecular shape as truncated cone-shaped, inverted cone-

shaped and cylinder-shaped phospholipids (Fig. 1.6) [72]. On the one hand, phospholipids with 

small headgroups and bulky fatty acyl chains adopt a molecular shape of a truncated cone and 

induce negative curvature forming inverted micelles, cubic or bi-continuous structures and 

hexagonal type II phases (HII). On the other hand, inverted cone-shaped phospholipids, e.g. 

voluminous polar headgroups and only one acyl chain, induce positive curvature and give rise 

to hexagonal type I phases or spherical micelles. Finally, lamellar phases are characteristic of 

cylinder-shaped phospholipids that are those with similar cross-sectional area for both the polar 

and apolar regions. In addition, lamellar phases are characterized by high hydration in contrast 

to non-lamellar phases [72].  

Fig. 1.6: Impact of lateral structure and lipid polymorphism (left) during adsorption (middle) and on compression (right) of surfactant 

membranes and interfacial films, respectively. The cartoon on the left illustrates how lipids can self-organise geometrically: 1) cylinder-

shaped phospholipids form lamellar phases; 2) truncated cone-shaped phospholipids form hexagonal type II phases; 3) inverted cone-like 

phospholipids form hexagonal type I phases. Middle) During bilayer-to-monolayer conversion upon adsorption, non-lamellar phases are 

generated and facilitated by SP-B, SP-C and truncated cone-like phospholipids. At equilibrium, the lipid monolayer comprises two fluid lipid 

phases (Lo/Ld). Right) To reach minimal γ values on compression, unsaturated phospholipids, proteins and cholesterol are squeezed-out from 

the interface resulting in DPPC-enrichment. Membranous reservoirs remain attached to the monolayer through SP-B and SP-C allowing an 

efficient re-spreading on expansion. 

 The lipid polymorphism allows understanding how LS adsorbs and reorganises along 

breathing mechanics (Fig. 1.6) [34, 42, 56, 74-76]. Particularly remarkable is the case of 
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adsorption, i.e. bilayer-to-monolayer conversion, an energetically unfavourable process 

because phospholipid are induced to adopt highly energetic intermediates, which are 

comparable to those reported for SP-B-induced vesicle fusion [16]. In this context, non-lamellar 

phases are formed to insert phospholipids into the air-liquid interface (Fig. 1.6). Truncated-cone 

shaped phospholipids, and SP-B and SP-C enable the formation of non-lamellar phases (Fig. 

1.6) [34, 56, 74-76]. It is important to note that pre-formed non-lamellar phases have been 

reported to exist in LBs and LBPs what may explain their optimal surface activity [42]. 

 The surface activity of LS 

 To fulfil the demanding requirements of breathing, LS has to 1) adsorb quickly and 

efficiently into the air-liquid interface, 2) diminish γ to minimal values on compression with 

high mechanical stability and 3) re-spread efficiently during expansion stabilizing the interface 

along successive compression-expansion respiratory cycles. 

  Reaching the alveolar interface: the mechanism for LS adsorption 

 After diffusion, LS adsorbs into the alveolar air-liquid interface in a process dependent on 

its composition, concentration and structure. To do so, anionic phospholipids, SP-B and SP-C 

are essential [32]. In this context, SP-B is responsible for the first contact with the interface 

what correlates with its role prompting membrane aggregation, fusion, permeabilization and 

stabilization of non-lamellar phases (Fig. 1.2 and 1.4) [10, 12, 17, 54]. It is important to note 

that the relative humidity of alveolar spaces dramatically affects LS adsorption by establishing 

a high entropic barrier that LS must overcome [77].  

 Physiologically speaking, freshly secreted LBPs adsorbs into the alveolar air-liquid 

interface where a lipid film guarantees operational breathing. Typically, the mechanism 

regarding LS adsorption has been studied using lipid models or lavage surfactants despite the 

significant structural and functional differences between LBPs and model systems [42, 43, 54]. 

In this context, LBPs form interfacial films characterized by a frozen-like scarcely dynamic 

solid phase in the line of the mechanically stable film formed without any compression (see 

Fig. 1.4) [55]. In addition, the complexity of these films goes beyond its lateral structure, i.e. 

coexistence of fluid phases, because the adsorption of LBPs carries the formation of 3-D 

membranous structures (Fig. 1.4) [55]. In contrast, lavage surfactants do not form three-

dimensionally complex films after adsorption. The reason for such remarkable differences 

seems to be related to the highly dehydrated and energetically active state of LBPs including 
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pre-formed non-lamellar phases [36, 42]. However, the molecular mechanisms sustaining the 

unique properties of LBPs are not properly known. 

  LS adsorbed monolayers and multilayers 

 After adsorption into the alveolar interface, LS diminishes γ upon compression with less 

than 20% of area reduction to guarantee operational breathing [1]. Specifically, γ is reduced 

from 72 mN/m, for an empty air-liquid interface at 37ºC, to 25 mN/m during LS adsorption; 

and to minimal values, close to 1 mN/m, on compression with barely 10-15% of area reduction. 

To do so, the membranous lipid/protein complexes of LS undergo a 3-D compositional 

refinement to eventually reach minimal γ: the squeeze-out process (Fig. 1.6) [78]. Fluid mono- 

or polyunsaturated phospholipids, cholesterol, SP-B and SP-C, unable to withstand high Π, are 

squeezed-out from the interface during compression leading to a DPPC-enriched monolayer 

(Fig. 1.6). At maximal Π (around 72 mN/m), the monolayer adopts a mechanically resistant 

configuration similar to a viscous solid-like material. Interestingly, minimal γ can be reached 

at high enough compression rates without the need of DPPC-enrichment [79]. It is important to 

note that excluded material, lipid and proteins, remain attached to the DPPC-enriched 

monolayer through SP-B and SP-C, to constitute the so-called membranous reservoirs, allowing 

an efficient re-spreading on expansion (Fig. 1.6) [32].  

 As mentioned before, two fluid lipids phases can coexist in LS monolayers and bilayers 

(Fig. 1.5 and 1.6). In this context, the condensed phase is thought to act as DPPC-enriched 

nucleation points growing on compression to ultimately form a solid-like phase [32]. 

Conversely, re-spreading of excluded molecules on expansion reverts LS films to disordered-

like-ordered-like lipid phase coexistence. Therefore, the mechanical and rheological properties 

of adsorbed monolayers are not static during breathing dynamics. 

  Breathing dynamics 

  In the physiological context, LS complexes have to stabilize the alveolar air-liquid interface 

under a dynamic regimen. However, the respiratory rate varies from 30-60 cycles/min in 

newborns to 10-20 cycles/min in adulthood having a compositional impact in their LS [80, 81]. 

Furthermore, some compositional differences among mammals are attributed to specific 

breathing rates [6, 80, 82]. This biological adaption pursues to modulate the surface activity of 

LS in the face of a different respiratory rate. 
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 To conduct a functional evaluation, several bubble/drop-based techniques have been 

developed such as the Pulsating Bubble Surfactometer (PBS), the Constrained Sessile Drop 

(CSD) or the Captive Bubble Surfactometer (CBS). All of them consist on an air-liquid 

interface defined at the surface of a bubble or a drop which is compressed and expanded at a 

required rate [3]; γ is then calculated at any time via bubble shape analysis [83]. In this regard, 

several parameters are determined to evaluate surface activity such as equilibrium γ (γeq), film 

compressibility (the lower, the steeper the γ variation), minimal γ on compression (γmin), 

maximal γ on expansion (γmax), percentage of area reduction to reach γmin (ARγmin), hysteresis, 

i.e. overlapping of γ-area curves along cycles, and stability (γmin, γmax and hysteresis) during 

over-compression or mechanical perturbations (see Materials & Methods Fig. 2.15). 

 An efficient surface-active agent must reach γmin with low compression, which not only 

depends on fluid lipid depuration but also on the compression rate [84-86]. After compression-

expansion dynamics, the interfacial film is likely enriched in DPPC and γ is reduced to minimal 

values with barely 15-20% of area reduction mimicking a pure DPPC monolayer. 

Consequently, γ-area curves overlap throughout cycles illustrating great film stability [85-87]. 

Natural LS complexes, surfactant subfractions or clinical preparations exhibit optimal surface 

activity under dynamic cycling [84-89]. Nevertheless, it is important to note that alveolar 

humidity might hinder the surface activity of LS [90, 91], which seems to be lower in humid 

than in dry air [92].  

 In addition, synthetic lipid mixtures containing SP-B or SP-C synthetic analogues do not 

accomplish the surface activity of native proteins and natural LS complexes in vitro [93-95], in 

line with their limited biophysical activity in vivo [2]. Conversely, SP-B-containing samples 

adsorb quickly into air-liquid interfaces, re-spread efficiently on expansion and reach γmin with 

low ARγmin (20%) reproducing the surface activity of a natural LS [87, 96, 97]. Additionally, 

for samples with reduced DPPC content, only SP-B-containing samples can reach γmin [98]. 

Furthermore, native SP-C is essential for surfactant adsorption, film stability, re-spreading and 

to reduce compressibility and hysteresis on dynamic cycling [99, 100]. Additionally, 

palmitoylated SP-C along with SP-B reverses deleterious effects of high cholesterol levels 

during dynamic cycling [22, 101, 102]. Lastly, SP-A enhances lipid adsorption along with SP-

B and anionic lipids, though its relevance in the surface activity of LS seems to be limited [97]. 

In contrast, this protein has been reported to revert serum inhibition [103]. 
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  Recycling 

 To revert the effects of breathing mechanics and oxidation on surfactant progressive 

inactivation, surfactant lipids and proteins are recycled by alveolar macrophages and type II 

pneumocytes [37]. In this context, SP-C prompts lipid budding and eventually fragmentation 

of membranes and films, leading to the formation of small vesicles that can be easily uptaken 

(Fig. 1.1 and 1.3) [24]. In addition, SP-C-containing vesicles might trigger cellular signalling 

driving endocytosis. In this context, exogenous SP-C is internalized preferably in LB-related 

organelles meaning that protein recycling is somehow connected to the secretory pathways 

[104]. In the same line, SP-B prompts LB secretion in type II pneumocyte via P2Y2 purinergic 

signalling [40]. In contrast, SP-A has been reported to be part of a feed-back mechanism that 

inhibits surfactant secretion when enough surfactant is present at the alveolar spaces [105, 106]. 

Therefore, there is a crosstalk between LS recycling and secretion to establish an equilibrated 

metabolic scenario.  

 Methodological approaches 

  Materials 

 The membranous lipid/protein complexes of LS are typically isolated from BAL and/or 

minced animal lungs [2]. Subsequently, the lipid fraction, and the hydrophobic proteins SP-B 

and SP-C are separated from hydrophilic molecules, including SP-A and SP-D, by organic 

solvent extractions. In clinical applications, these methodologies pursue to produce surfactant 

preparations with minimal incidence of pernicious immunological responses. Indeed, the 

surface activity of LS is efficiently accomplished by the lipid fraction along with hydrophobic 

surfactant proteins. Additionally, cholesterol is usually removed from clinical preparations [2]. 

Therefore, despite standing for a narrow picture in the LS landscape, natural surfactants 

represent the standard material to do research as well as to sustain biomedical applications. 

However, it is important to note that native protein/protein or lipid/protein interactions as well 

as lipid polymorphism are unavoidably altered during organic extraction. In addition, lavage 

surfactants have been already subjected to respiratory mechanics. This may explain why natural 

LS preparations scarcely contain LBPs [42].  

 Apart from native surfactants, several lipid mixtures have been widely employed as models 

to study structure-function relationships in the LS system. For instance, pure DPPC or DPPG 

[107-110]; binary systems such as DPPC/POPC, DPPC/DPPG, DPPC/POPG; or ternary 

mixtures like DPPC/POPC/POPG [10, 25]. Regarding proteins, SP-B is markedly toxic in 
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expression heterologous systems, which has precluded its production as recombinant 

alternative, in contrast to SP-C, which can be produced in Escherichia coli [21]. This is the 

reason why to develop a synthetic surfactant, several synthetic peptides containing part of the 

primary structure of SP-B have been tested such as KL4, Mini-B and SuperMini-B [2]. 

 For clinical applications, there are several surfactant-based available drugs that are 

typically prepared from BAL (Bovactant and Calfactant), minced lungs (Beractant and 

Poractant) or produced as synthetic preparations (CHF5633 and Lucinactant) [2]. In each 

particular case, the clinical effectiveness, dose and phospholipid concentration is different, what 

is attributed to their composition and physical properties [2].  

  Surfactant delivery 

 In research, lipid/protein mixtures in organic solvents can be directly spread at the air-

liquid interface defined by a surface balance. The aim of this methodology is to form a lipid or 

lipid/protein interfacial films, and to study γ reduction properties as well as lateral structure and 

rheology as a function of Π. Conversely, aqueous suspensions of native samples or reconstituted 

organic extracts can be injected in the same way at the interface or introduced into the aqueous 

subphase to analyse how they adsorb into the interface and form surface-active films. It is 

noteworthy that a multilamellar film may be formed when applying an aqueous suspension 

since membranes are already connected by surfactant proteins. In that sense, a high 

phospholipid concentration may well facilitate film formation. Similarly, compression-

expansion cycles prompt the formation of 3-D membranous structures and ultimately a 

membrane reservoir. Therefore, the way in which a surfactant is introduced into an air-liquid 

interface has to be taken into consideration depending on the physical or biological question 

addressed. Finally, the technique employed sometimes cannot provide information beyond the 

interface or just yield an averaged picture of a heterogenous surface architecture. All in all, 

experimental methodologies may affect the structure of the interfacial film and so do findings 

[111]. 

 For newborns or patients in critical care units, LS administration is a risk procedure 

including intubation and intratracheal instillation, what can carry obstruction, hypotension and 

mechanical damage [2]. Last-generation methodologies, such as the use of nebulizers, seem to 

be promising to overcome these problems [112]. However, solution-to-steam transition may 

alter surfactant structure and so do functional performance. Therefore, concentration, size, 

composition and duration of delivery have to be optimized. 
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  Beyond a flat monolayer: novel methodological approaches 

 The development of equipment to mimic alveoli branching and geometry is a challenge. In 

this line, an adjustable curved air-liquid interface coupled to confocal Fluorescence Microscopy 

(FM) has been developed by Sachan and collaborators (Fig. 1.7) [66]. They observed that the 

curvature radius has a dramatic impact on the structure of interfacial LS films. Specifically, flat 

or low-curvature interfaces did not alter the lateral structure of interfacial monolayers: stable 

circular-shaped condensed domains within an expanded phase. Contrary to that, by decreasing 

the curvature radios below 200 μm, condensed phases formed elongated stripes in a 

discontinuous Le phase (Fig. 1.7). Apart from that, interfacial monolayers on highly curved 

interfaces had lower compressibility and higher mechanical resistance [66]. 

 Other approach is the use of bubbles coupled to atomic force microscopes or fluorescence 

microscopes (Fig. 1.7) [71, 113]. This methodology is appealing to study the spontaneous 

formation of multilamellar structures [113]. Moreover, monolayer-to-multilayer conversion can 

be monitored both under static and dynamic conditions using this methodology. Additionally, 

it is possible to conduct force-distance experiments, i.e. indentation with AFM cantilevers [71]. 

This is especially relevant to study the mechanical properties of lipid assemblies via 

quantification of breakthrough forces (Fig. 1.7) [114]. Indeed, force spectroscopy is not only 

used for single-molecule experiments for polyproteins but also in lipid bilayers [114] and 

multilayers (Fig. 1.7) [115]. 

 Furthermore, neutron or X-ray reflectometry allow conducting quantitative 

characterizations of LS films owing to their sensitivity to lipid/protein assemblies underneath 

an interfacial monolayer (Fig. 1.7). Using this methodology, bovine and porcine LS extracts 

have been reported to form films comprising between 3 to 25 bilayers with a lamellar repeat 

distance of 70 Å [116]. In this line, a novel milli-fluidic device developed by Andersson and 

co-workers allows studying the structure and composition of LS films under non-equilibrium 

conditions (Fig. 1.7) [117]. Specifically, lipid phase distribution, hydration and protein partition 

can be inferred. They detected three different phases along a multi-bilayer film formed by 

surfactant extract: a Lβ phase and Lγ-like phase close to the interface and a predominant Lα 

phase next to the aqueous subphase. All in all, these novel techniques will help to unravel the 

structure and membrane architecture of LS beyond lipid bilayers and interfacial monolayers. 
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Fig. 1.7: Novel methodologies to study the structure and mechanical properties of surfactant films. 1) Air bubbles anchored to 

hydrophobic patches (left) can be coupled to confocal FM or surface force microscopy to monitor, not only the rheology and structural 

remodelling (right) during adsorption, but also on compression (adapted from [71]). 2) Force spectroscopy allows studying the nanomechanical 

properties of multi-bilayer stacks supported in a substrate (adapted from [115]). 3) Bubble-based curvature modulation instrument (top) allows 

analysing the structure and film formation kinetics in curvature-controlled air-liquid interfaces (bottom) (adapted from [66]). Confocal FM 

images of Survanta films (bottom) illustrate circular condensed domains in a continuous expanded phase in flat or slightly curved interface 

whereas a meshwork of condensed domains in a disperse expanded phase is formed on highly curved interfaces. 4) Neutron reflectometry in 

interfaces subjected to compression-expansion cycles may provide with a quantitative structural characterization of LS films because not only 

2-D information concerning lipid compressibility is obtained but also lamellarity and the three-dimensional structure can be resolved. 5) 

Schematic cartoon of a milli-fluidic device consisting of a capillary, which is connected to a reservoir containing an aqueous surfactant 

suspension, defining an air-liquid interface (adapted from [117]). The multi-bilayer film is formed as a result of vesicle fusion. 
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 Clinical conditions with impact in the structural integrity of LS 

  Synthesis, packing and secretion 

 No wonder, it is expected that any alteration in the membranous architecture of LS may 

trigger a pathological condition. In this regard, mutations in ABCA3, the protein involved in 

the biogenesis of LBs, is related to lethal deficiencies of LS synthesis [118]. Regarding 

hydrophilic surfactant proteins, deficiencies in SP-A or SP-D are connected with 

immunological disorders and susceptibility to microbial infections [119-121]. Concerning SP-

B, total or partial deficiency of this protein, as a consequence of several mutations in the SFTPB 

gene, result in NRDS and are lethal immediately after birth [20, 122, 123]. Furthermore, 

idiopathic pulmonary fibrosis and interstitial lung diseases have been related to certain 

mutations in SP-C [124, 125].  

 In addition, SRT may affect viability and DNA synthesis in type II pneumocytes depending 

on surfactant composition and duration of treatment [126]. Indeed, bronchopulmonary 

dysplasia associated or not to mechanical ventilation is a clinical condition characterized by 

fibrosis, cell proliferation and an anatomic alteration of both capillaries and alveoli. 

Promisingly, non-invasive high-frequency ventilators seems to prevent this clinical condition 

[127]. Moreover, perfluorocarbons, which are used to improve gas exchange, barely interact 

with cell membranes and do not have any effect on membrane fluidity, endocytosis or cell 

viability [128]. Additionally, ambroxol, a drug widely employed for mucociliary clearance, 

may diffuse into LBs leading to alkalization and fluidification, Ca2+ release and LS secretion 

[129]. Finally, LS secretion is stimulated by long-term exposure to bacteria lipopolysaccharide, 

which is a highly pro-inflammatory molecule leading to endotoxic shock [130].  

  Blood proteins may inhibit LS: acute lung injury and ARDS 

 Acute lung injury may lead to ARDS that is a severe clinical condition characterized by 

hypoxemia, lung oedema and increased alveolar-capillary permeability. As a result, serum 

proteins are leaked into air spaces and alter the surface activity of LS, thus, exacerbating the 

work of breathing (Fig. 1.8) [3]. Typically, it is thought that blood proteins compete with the 

surface-active constituents of LS to occupy the alveolar air-liquid interface (Fig. 1.8). This 

hypothesis has been demonstrated in vitro: serum proteins established a steric and electrostatic 

barrier that LS needs to overcome [131-133]. The serum barrier can be overcome by highly 

concentrated LS samples in vitro [131]. This is the reason why researchers initially thought that 

SRT, as for premature newborns, could improve lung compliance in patients suffering from 
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ARDS. However, SRT have failed to improve the prognosis of patients suffering from ARDS 

what has been attributed to inhibition of LS once it reaches alveolar spaces [3]. 

Fig. 1.8: LS inhibition in ARDS (top) and MAS (below). Top) The alveolar-capillary barrier may be altered owing to acute lung injury 

resulting in blood protein release into alveolar spaces. In addition, the inflammatory context leads to oedema and dilution of surfactant 

aggregates resulting in remarkable changes in the microstructure of LS assemblies, i.e. tightly packed aggregates are re-organized into hydrated 

single membranes. Consequently, LS becomes more sensitive to inhibition by serum proteins that compete to coat the respiratory interface. 

Down) MAS carries compositional alteration of LS membranes with structural and functional impact. The increase of cholesterol levels and a 

high phospholipase A2 activity increase lyso-phospholipid species and diminish the DPPC content exacerbating the impairment of surface 

activity of LS. 

 Additionally, it is possible that serum proteins represent not only a steric and electrostatic 

barrier (Fig. 1.8). This is in the line with the fact that serum proteins may interact with 

membranes and alter the lateral segregation of lipids and proteins [134], diminish membrane 

thickness [135] and even form a protein network on the expanded phase while deforming 

condensed domains in adsorbed monolayers [136, 137]. In this line, Gunasekara and 

collaborators observed a correlation between membrane packing and the susceptibility to 

inhibition by albumin or fibrinogen [138]. Specifically, they reported that the microstructure of 
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LS aggregates depends on its concentration, i.e. concentrated LS samples comprise highly 

packed aggregates whereas dilution prompts LS to adopt a configuration of unilamellar 

vesicles. Therefore, they suggested that well-organized multilamellar aggregates may have 

better surface activity under the demanding conditions imposed by ARDS and, therefore, 

dilution would increase sensitivity to inhibition (Fig. 1.8). This may explain why LBs have 

better surface activity than surfactants from BAL, which comprise loose membranous 

assemblies as a result of their exposure to breathing dynamics, in terms of resistance to serum 

or meconium inhibition [42]. All in all, these inhibition mechanisms may illustrate consecutive 

time-points in patients suffering from ARDS, i.e. lung oedema dilute surfactant suspensions in 

the alveoli while serum proteins interact with phospholipids, what subsequently leads to a 

higher susceptibility to competitive inhibition (Fig. 1.8).  

 Finally, C-reactive protein, which is an inflammatory marker produced by the liver and 

whose levels are increased in ARDS, strongly inhibits LS adsorption in a Ca2+ dependent 

manner [139]. In this context, SP-A and phosphocholine ligands seem to prevent the deleterious 

effect of C-reactive protein in LS functionality [140]. 

  Meconium and cholesterol as potential inhibitors: MAS 

 Additionally, compositional changes may have a significant impact in the structure and 

surface activity of LS. As an illustration, the LS of newborns suffering from MAS undergo a 

structural remodelling because of increased cholesterol and phospholipase A2 activity (Fig. 

1.8). The inhibition of LS by cholesterol is controversial and still a matter of discussion. On the 

one hand, cholesterol plays a key role modulating the lateral structure of LS films [9]. That is 

the reason why physiological cholesterol contents, i.e. up to 10% (w), are not deleterious for 

the surface activity of LS. On the other hand, cholesterol amounts above 20% (by mass with 

respect to phospholipids) prevent LS to reach minimal γ values on compression and increase 

film compressibility during cycling [131, 138, 141]. It is thought that cholesterol may prevent 

monolayer collapse and the formation of 3-D membrane structures on compression [142]. 

Interestingly, condensed-enriched surfactant preparations, such as Surfacen, seem to be less 

susceptible to cholesterol insertion and the subsequent inactivation [132]. Apart from the case 

of MAS, cholesterol-induced inhibition occurs in patients subjected to prolonged mechanical 

ventilation [143]. In this line, not only injurious ventilation of excised lungs but also standard 

mechanical ventilation procedures may reduce lung compliance and increase cholesterol and 

protein levels [144].  
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 Similarly, meconium, which is the first stool of newborns and rich in cholesterol and biliary 

acids, slows LS adsorption, expands adsorbed monolayers, increases hysteresis and 

compressibility and restrains the surface activity of LS under physiological-like conditions in 

vitro. The structure of meconium-stained surfactant monolayers is characterized by condensed 

domains with tendency to aggregate. Biliary acids seems to participate in cholesterol insertion 

into LS membranes [145]. To face it, it has been proposed that the inactivation of LS in patients 

suffering from MAS can be reverted in vivo after 48-72 h of whole-body hypothermia [146, 

147]. During hypothermia, LS complexes undergo compositional and structural rearrangements 

that allow them to reach minimal γ values with low compressibility on dynamic cycling [146, 

147]. 

  Treatment with polymers may revert LS inhibition 

 To recover lung compliance in clinical conditions carrying LS inhibition, the use of ionic 

and/or non-ionic polymers seems to be promising (Fig. 1.9). For instance, polymyxin B, 

polyethylene glycol (PEG), dextran and hyaluronic acid (HA) can prevent and/or revert serum, 

meconium or cholesterol inhibition in vitro [131, 132, 148-150]. Therefore, ionic and/or non-

ionic polymers, as well as its combined use, are effective rescuing the surface activity of LS 

regardless the inhibitory mechanism. This is the reason why their mechanism of action is not 

properly understood, even though several explanations have been proposed (Fig. 1.9). What it 

is clear is that their activity depends on their molecular weight, concentration and time of 

exposure.  

  On the one hand, polymers that are excluded from LS membranes and the interface create 

an osmotic pressure gradient, which facilitates LS to overcome the steric and electrostatic 

barrier established by blood proteins. This mechanism would be a consequence of the so-called 

non-specific depletion attraction forces theory (Fig. 1.9) [151, 152]. In such a way, depletion 

attraction forces diminish the energy barrier imposed by serum for a surface-active agent to line 

an air-liquid interface [151, 152]. The depletion-attraction forces can be increased by 

optimizing the polymer/LS ratio, their molecular weight and net charge [153]. A 3-D 

distribution of Survanta, a clinical surfactant preparation, co-spread with polymers and albumin 

supports this theory: surfactant aggregates and albumin are detected on the interface but not 

PEG that remains in the aqueous subphase and favours LS adsorption without interacting with 

either lipids or proteins [133, 154]. Moreover, the barrier imposed by serum proteins have not 

only a steric but also an electrostatic component. Therefore, the energy barrier is reduced by 

cationic polyelectrolytes such as chitosan (Fig. 1.9) [154-156]. This cationic polymer adsorbs 
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to both anionic blood proteins as well as anionic phospholipids reducing inhibition and 

favouring LS adsorption, though high chitosan levels may neutralize the negative surface 

potential of surfactant aggregates and inhibit LS [155]. 

Fig. 1.9: Strategies to rescue the surface activity of LS using ionic or non-ionic polymers. Top left) Non-adsorbing polymers generate 

osmotic pressure gradients due to polymer exclusion from both LS membranes and the interface, what decreases the energy barrier imposed 

by blood proteins. Top-right) Cationic polymers can interact with negatively charged blood components, thus, diminishing the electrostatic 

contribution of serum inhibition. Down-left) Polymers prompt membrane remodelling because of osmotic pressure differences between the 

lumen of surfactant aggregates and the surrounding media leading to outward liquid flow and dehydration. Consequently, a greater lipid packing 

facilitates LS adsorption. Down-right) HA causes lipid refinement because of dehydration-induced membrane curvature and lipid exclusion 

what enriches LS in saturated lipids and makes it to acquire an activated state capable of overcoming inhibition. 

 On the other hand, polymers can rearrange the structure of LS complexes to acquire an 

“activated state” resistant to inhibition (Fig. 1.9). In this line, Braun and co-workers reported 

that polymers: 1) do not adsorb on the surface of LS membranes but, 2) dehydrate LS owing to 

outward liquid flow consequence of an osmotic gradient established between the void volume 

inside LS aggregates and the surrounding media and 3) prompt vesicle rearrangement, packing, 

flocculation and membrane/membrane interactions [157]. Therefore, polymer-induced 
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membrane rearrangement, which leads to higher resistance to inhibition, is similar to the effect 

of increasing surfactant concentration [138]. Moreover, this correlates with the fact that native 

surfactants purified from BAL do have limited functional properties, due to their loose 

membranous assemblies, whereas LB or LBPs, which are tightly packed and dehydrated, have 

optimal surface activity in the presence of inhibitors [42]. Finally, all these polymers do not 

increase the viscosity of LS at the concentrations used for clinical applications and 

physiological temperatures ensuring a hypothetical distribution along the airways [158].  

 It is important to note the specific effect of HA compared to other polymers. This polymer 

allows LS to acquire an activated functional state able to revert the inhibition caused by serum 

or meconium [159]. The outward liquid flow prompted by HA generates lipid budding, 

membrane curvature and lipid refinement in the fluid phase (Fig. 1.9). Consequently, the 

composition and structure of LS aggregates shifts towards tightly packed and DPPC-enriched 

assemblies [159]. Interestingly, the effect of HA to activate native surfactant complexes is 

irreversible and only pre-incubation is needed to promote the remodelling of LS aggregates 

[159].  

  Nanoparticles and other molecules may compromise the surface activity of LS 

 The vast respiratory surface, which has an estimated sized of around 100 m2, is appealing 

for drug delivery strategies [160]. Nanoparticles are being developed as a common container 

for drugs, whose possible deleterious effects in LS and cells is being studied in the recent years 

[161-169]. Nanoparticles may reduce the surface activity of LS [165] and aggregate in domain 

boundaries altering line tension [166] in a size and concentration-dependent manner [167, 168]. 

On the one hand, low-concentrated and small nanoparticles do not compromise the surface 

activity of LS [167, 168]. On the other hand, highly concentrated and large nanoparticles target 

disordered-like phases, altering the lateral structure of surfactant membranes, and remain 

attached to membrane reservoirs [167, 168]. Moreover, nanoparticles are covered by surfactant 

lipids causing a structural rearrangement of LS films what impose an energy barrier for their 

squeeze-out from interfacial films and cellular uptake [169].  

 Finally, other substances such as lipopolysaccharide [170-172], bilirubin [173], drugs like 

budesonide or salbutamol [174] and reactive oxygen species [175] may affect the structure and 

surface activity of LS in vitro.  
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 The structure and surface activity of LS as obtained from BAL of lungs seems to be 

significantly different to that of freshly secreted pristine surfactant complexes. However, the 

basis of their particular structure-function relationships is not properly known yet. The lack of 

a biological source to access to high enough amounts of LS structured as LBPs has precluded 

the comparison between pristine surfactant assemblies, as they are assembled in pneumocytes, 

and the lipid/protein complexes isolated from lung lavages. Therefore, the general objective of 

the present Thesis is to describe the structural determinants defining the surface activity 

of LS complexes with functional and structural features comparable to those of freshly 

assembled, secreted and dehydrated surfactant. To accomplish this general objective, two 

specific objectives were addressed: 

1) Isolation and functional evaluation of a surface-active agent sustaining the structural 

fingerprint of a pristine LS.  

a. Characterization the composition, structure and surface activity of porcine LS 

subfractions in search for a fraction enriched in LBPs (Chapter 1). 

b. Isolation of LS complexes from 1) type II primary cultures of pneumocytes 

and 2) human amniotic fluid, and characterization of their composition and 

surface activity (Chapter 2). 

2) Structural characterization of pristine LS complexes.  

a. Study of the structure of LS complexes isolated from human amniotic fluid 

in comparison with surfactant purified from BAL of porcine lungs (Chapter 

3). 

b. Characterization of interfacial surfactant films formed by simplified lipid 

models of LS and by LS complexes isolated from human amniotic fluid and 

from BAL of porcine lungs (Chapter 4). 

 

 

 



 

66 
 

 

 

 

 

 

 

 

 



 

67 
 

 

2. Materials 

& Methods 

 

 

 

 

 



 

68 
 

 

 

 

 

 

 

 



2. Materials & Methods 

69 
 

 Materials 

  Surfactant complexes 

 LS complexes were isolated following a previous protocol optimized in our laboratories 

[151]. For porcine LS, a whole respiratory apparatus freshly obtained from a slaughterhouse 

was washed with a buffer solution Tris 5 mM, NaCl 150 mM pH 7. After collecting BAL, 

cellular debris were removed by a short centrifugation (1000xg, 5 minutes, 4ºC). Then, 

supernatants were centrifuged at 100000xg, 4ºC for 1 hour to obtain the whole surfactant 

complexes. After that, pellets, containing the whole set of membranes, were homogenized using 

a potter and charged into a sodium bromide discontinuous density gradient containing three 

layers: from bottom to the top, 4 ml of NaBr 16% (w/v) in NaCl 0.9%; 6 ml of NaBr 13% in 

NaCl 0.9%; and 2.5 ml NaCl 0.9% (Fig. 2.1a). Afterwards, density gradients were centrifuged 

at 120000xg, 4ºC for 2 hours and surfactant complexes were harvested from the interface 

between the second and third gradient solutions and diluted in NaCl 0.9%. To divide LS into 

subfractions, isolated surfactant complexes from porcine lungs were charged into density 

gradients containing sucrose solutions at 0.9, 0.8, 0.7, 0.55, 0.45 and 0.32 M (Fig. 2.1b) [176]. 

Then, gradients were centrifuged for 2 hours at 120000xg and 4ºC resulting in seven 

subfractions, which were diluted in NaCl 0.9%.  

Fig. 2.1: Purification of NS (a) and its fractionation into 7 fractions by density gradient ultracentrifugation (b). Left in a and b) Images 

of sodium bromide (a) and sucrose density gradients (b). Right in a and b) Volume and sodium bromide (a) or sucrose concentration (b) for 

each solution forming the corresponding density gradient. 

   LS from human amniotic fluid 

 To collect human amniotic fluid, the research project of this Thesis and an informed 

consent were presented and approved by the Ethical Committee of “Hospital Universitario 12 

de Octubre” (CEI:16/205 at 14/07/2016) (Annex 2). Donor mothers were properly informed, 

and they gave their consent. Human amniotic fluid was collected in the Obstetrics and 

Gynaecology Department of “Hospital Universitario 12 de Octubre” (Madrid, Spain) from full-
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term programmed caesareans. LS was isolated from 35 human amniotic fluids, from which 19 

samples were discarded because of contamination. It is important to note that AFS was isolated 

according to experimental needs and all the available AFS were used when conducting an 

experiment. The protocol to isolate AFS is analogous to that described above. AFS batches 

were managed independently and stored at -80ºC. 

 In the present Thesis, LS complexes isolated from BAL of porcine lungs were called Native 

Surfactant (NS) and surfactant complexes isolated from human amniotic fluid were termed 

Amniotic Fluid Surfactant (AFS). 

  Organic extract 

 The hydrophobic constituents of LS, or minced porcine lungs, were obtained through 

organic extraction [177]. A volume of an aqueous lipid dispersion was mixed with chloroform 

and methanol in a proportion of 1:2:1 (v/v/v, sample/methanol/chloroform) and mixed 

vigorously for 30 seconds to obtain a single-phase suspension. Then, this mixture was incubated 

at 37ºC for 30 minutes to prompt hydrophilic protein flocculation. Next, additional volumes of 

chloroform and water were added to obtain a proportion of 1:1:1 (v/v/v) leading to a biphasic 

suspension. After that, the mixture was centrifuged at 600xg for 5 min and 4ºC resulting in 

separation of aqueous and organic phases. Organic fraction was harvested, and an appropriate 

volume of chloroform was added to the aqueous phase to get a ratio of 1:1 (v/v, 

chloroform/water), mixed vigorously and centrifuged again to increase recovery yields 

(typically two times). Finally, the organic solutions collected were stored at -20ºC overnight to 

visualize possible water contamination; if this is the case, organic phases were harvested once 

again and transferred into a clean vial. 

  Surfactant lipids and proteins  

 The hydrophobic constituents of LS complexes were obtained through organic extraction 

and size-exclusion chromatography. On the one hand, NS was the starting point for the isolation 

of the native protein, phospholipid and neutral lipid fractions of a LS. First, NS was subjected 

to organic extraction following the Bligh and Dyer procedure [177]. After that, the 

chloroform/methanol fraction, termed organic extract (OE), was concentrated using a rotary 

evaporator. Then, OE was loaded into a LH-20 size-exclusion chromatography (Sephadex 

LH20, GE Healthcare) equilibrated with chloroform/methanol (2:1, v/v). This gel-filtration 

column allows separating surfactant proteins and lipids. Finished the chromatography, 

absorbance at 240 and 280 nm was measured to follow the fractions containing lipids and/or 
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proteins. First components to elute were proteins according to their large size, followed by 

phospholipids and neutral lipids. Phosphorus and cholesterol quantification, as well as western-

blot analyses, were routinely conducted to evaluate lipid concentration and protein partition. 

All organic fractions were stored at -20ºC.  

 On the other hand, SP-B and SP-C were isolated from minced porcine lungs in order to 

obtain high enough protein amounts, following the next procedure [178]: a complete respiratory 

apparatus was minced with NaCl 0.9% (1 L). Afterwards, it was filtered and centrifuged for 5 

minutes at 1000xg and 4ºC to remove cellular debris, and later for 2 hours at 3000xg and 4ºC. 

The resulting pellets contained lipid/protein complexes and pulmonary membranes and were 

stored at -20ºC. Then, surfactant complexes were extracted by the Bligh and Dyer procedure 

[177]. The chloroform/methanol fraction was concentrated in a rotary evaporator and loaded 

onto the LH-20 column to separate surfactant proteins from lipids (Fig. 2.2a). Afterwards, the 

protein fraction, containing both SP-B and SP-C, was concentrated, and loaded onto a second 

size-exclusion chromatography (Sephadex LH-60, GE Healthcare). This column was 

equilibrated with chloroform/methanol (1:1, v/v) containing HCl 0.05% (0.1 N) to minimize 

protein/resin interactions and facilitating the separation of SP-B from SP-C (Fig. 2.2b). Finally, 

absorbance at 240 and 280 nm was measured: SP-B adsorbed at both wavelengths whereas SP-

C only adsorbed at 240 nm because it does not contain any aromatic residues. SP-B eluted in 

the first peak according to its larger size and SP-C was obtained from the second peak (Fig. 

2.2b). Western blot analyses and phosphorus quantification were routinely conducted to analyse 

protein content and lipid concentration respectively. Protein concentration was determined by 

amino acid analysis. Tubes from each of the peaks were finally collected and stored at -20ºC. 

Fig. 2.2: Isolation of hydrophobic surfactant proteins from OE of minced porcine lungs. a) Elution profile in a Sephadex LH-20 gel 

filtration column. The first peak corresponds to the hydrophobic protein fraction, the second to phospholipids and the third to neutral lipids. b) 

Elution profile obtained by loading the protein fraction (from a) in a Sephadex LH-60 chromatography column. The first peak corresponds to 

SP-B and the second one to SP-C. Black profile was measured at λ = 240 nm, red profile at λ = 280 nm. 
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  Cell cultures 

 Freshly secreted surfactant complexes from cultures of human decidua mesenchymal stem 

cells differentiated into type II-like pneumocytes were obtained as described in the literature 

[53]. First, mesenchymal stem cells were isolated from human placenta provided by the 

Department of Gynaecology of “Hospital Universitario 12 de Octubre” following protocols 

approved by the Ethical Committee of the Hospital [179]. Stem cells were cultured in a 

Dulbecoo’s modified Eagle Medium (Lonza) supplemented with L-glutamine 2 mM, sodium 

pyruvate 0.1 mM, β-mercaptoethanol 55 µM, 1% (v/v) of no-essential amino acids, 1% (v/v) 

of penicillin/streptomycin, 10% (v/v) of foetal bovine serum and epidermal growth factor at 10 

ng/ml (Sigma-Aldrich) in an atmosphere containing 5% CO2 and 95% relativity humidity at 

37ºC. Then, stem cells were differentiated to type II-like pneumocytes using a Small Airway 

Epithelial Cell Growth Medium (Lonza) for 4-6 days. Once cells changed from a smooth to a 

more flattened morphology rich in refractive particles, surfactant secretion was stimulated using 

a medium composed of ATP 100 µM, phorbol esters 10 nM, NaCl 140 mM, KCl 5 mM, MgCl2 

2 mM, 1% (v/v) of penicillin/streptomycin and HEPES 10 mM pH 7.4 for 6 hours at 37ºC. 

After that, secreted surfactant complexes were collected and centrifuged at 100000xg for 1 h at 

4ºC. To evaluate cell viability, metabolic activity was determined using the Alamar blue test 

[180]. To scale up surfactant secretion, cells were seeded in surfaces of 10 cm2, 25 cm2, 80 cm2 

and 175 cm2 (p6 plates and flasks from Nunc) and growth till confluence prior to differentiation. 

 

 

 

 

 

 

 

 

 

 



2. Materials & Methods 

73 
 

 Methods for compositional analysis 

  Phosphorus quantification 

 Phospholipid concentration was determined by phosphorus quantification [181]. This 

method consists of the mineralization of the phosphate group from the phospholipids by 

incubation with HClO4 (70%) for 30 minutes at 250-260ºC in a sand bath. Then, it reacts with 

ammonic molybdate (2.5%, w/v) to produce phosphomolybdic acid in an acidic medium, and 

then reduced to phosphomolybdate by ascorbic acid (10%, w/v) resulting in a blue-colour 

compound. This reaction was undertaken for 7 minutes at 100ºC and stopped with an ice bath. 

Finally, absorbance at 820 nm was determined in a UV/Vis spectrophotometer (Beckman). The 

concentration of phosphorus was determined upon interpolation in a calibration curve built from 

known concentrations of KH2PO4 and converted into phospholipid concentration. 

  Lipidomic analyses 

 Lipidomic analyses were carried out in the Research Unit on Bioactive Molecules (IQAC-

CSIC) as reported in the literature [182] with the collaboration of Drs. Josefina Casas and 

Gemma Fabrias. To do so, 0.15 ml of each sample were fortified with internal lipid standards 

(200 pmol each). The following di-acyl phospholipid standards were used: 16:0(D31)/18:1 PC 

and 16:0(D31)/18:1 PE. Standards with a non-natural odd carbon chain (C 17:1) were chosen 

for PC and PE polar headgroups. The liquid chromatography mass spectrometry analysis 

consisted of a Waters Acquity UPLC system connected to a Waters LCT Premier orthogonal 

accelerated time-of-flight mass spectrometer (Waters), operated in both positive and negative 

electrospray ionization mode. Full-scan spectra from 50 to 1500 Da were acquired, and 

individual spectra were summed to produce data points each of 0.2 s. Mass accuracy and 

reproducibility were maintained by using an independent reference spray (leucine enkephalin) 

via the LockSpray interference. The analytical column was a 100x2.1 mm inner diameter and 

1.7-mm C8 Acquity UPLC-bridged ethylene hybrid (Waters). The 2 mobile phases were 

methanol (phase A) and water (phase B), both containing 0.2% formic acid (v/v) and 2 mM 

ammonium formate.  A linear gradient was programmed: gradient started with 80% A and 

increased to 90% A in 3 min. After 3 min at 90% A the gradient increased to 99% A in 9 min 

and continued at 99% A for 3 min. During the following 2 min the column was readjusted to 

initial conditions and equilibrated for further 2 min. The flow rate was 0.3 ml/min. Positive 

identification of compounds was based on the accurate mass measurement with an error <5 ppm 

and its liquid chromatography retention time, compared with that of a standard. When authentic 
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standards were not available, identification was achieved based on their accurate mass 

measurement, elemental composition, calculated mass, error, double-bond equivalents and 

retention times. 

  Cholesterol quantification 

 Cholesterol levels were determined using a commercial kit (Spinreact, Barcelona) [183]. It 

was based on coupled reactions that produce a quinonimine, which was quantified by its 

absorbance at 505 nm. First, a cholesterol esterase hydrolysed cholesterol esters to obtain free 

cholesterol, which was subsequently oxidized by cholesterol oxidase to 4-cholestenona and 

hydrogen peroxide. Finally, peroxidase catalysed the following reaction: hydrogen peroxide + 

phenol + 4-aminophenazone to quinonimine + water. 

  Amino acid analysis 

 Considering that SP-B and SP-C contain low (SP-B) or no (SP-C) aromatic amino acids, 

protein concentration was determined by amino acid analysis. For this purpose, 300 µl of 

purified protein were dried under a gentle nitrogen stream. After that, proteins were hydrolysed 

using a solution of HCl 6 N containing nor-leucine (internal standard) during 24 h at 100ºC 

under vacuum. Later, HCl was evaporated and samples were washed with milliQ water twice 

and dried. Finally, samples were diluted in a sodium citrate 0.2 M pH 2.2 and loaded onto an 

ion exchange chromatography within a high-performance amino acid analyser. Protein 

concentration was determined considering amino acid sequences and nor-leucine 

concentration. 

  Western blot 

 For western-blots, 16% acrylamide gels, for SP-B and SP-C, and 10% acrylamide gels, for 

SP-A, were used. Samples were prepared in loading buffer containing 0.03% bromophenol 

blue, 2% SDS, 10% glycerol and 5% β-mercaptoethanol. Prior to being loaded into a gel, 

samples were boiled for 10 minutes at 99ºC. Equal phospholipid amounts were loaded per well: 

10 µg for detection of SP-A and SP-C, and 5 µg for SP-B. Gel electrophoresis were done under 

denaturing conditions. Finished electrophoresis, proteins were transferred to PVDF membranes 

(Bio-Rad) in humid conditions during 1 hour at 400 mA and 4ºC. Afterwards, membranes were 

blocked with PBS-T containing 5% milk (w/v) for 2 hours at room temperature. Primary 

antibodies were diluted in PBS-T and incubated overnight at 4ºC. Unbound antibodies were 

removed by step-wise washes with PBS-T. Antibodies used to develop western blots were: αSP-
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A (1/10000 v:v) gently provided by Dr. David Phelps, from the Department of Paediatrics, 

University of Pennsylvania at Hershey, USA; αSP-B and αSP-C (1/5000 v:v) from Seven Hills 

Bioreagents (Cincinnati). Then, membranes were incubated with a rabbit anti-immunoglobulin 

antibody (1/5000 v:v, from Dako) for 2 hours at room temperature and subsequently washed. 

Finally, ECL Immobilon Western (Millipore) was used for revealing in an image analyser 

(Image Quant-Las 500, GE, Healthcare Bio-sciences AB). 

 

 Methods for the study of membrane structure in bulk 

  Particle size distribution and zeta potential 

 The study of particle size and charge is a current area of interest for the assessment of 

extracellular exosomes that participate in intercellular communication with biological and 

physiological outcomes [184]. That is the reason why several techniques have been developed 

to conduct a proper physicochemical characterization of these particles in an easy, quick and 

cheap way [185, 186]. In this Thesis, a qNano device (Fig. 2.3a), which is based on the tuneable 

resistive pulse sensing (TRPS) technology, was used to study particle size distribution in human 

amniotic fluid. The basis of the TRPS technology is the resistive pulse signal generated by 

particles upon passage through a nano-sized pore, and the relationship between electric pulse 

decays and particle size, and of the decay time with particle zeta potential (Fig. 2.3b) [187, 

188]. According to that, the qNano device allows measuring simultaneously size, charge and 

particle concentration in a sample with high sensitivity and accuracy. 

 To determine particle size distribution and concentration in human amniotic fluid, small 

aliquots of cellular debris-free amniotic fluid (500 µl) were loaded into size-exclusion columns 

(Izon Science qEV SEC – 70 nm nominal separation size) to remove soluble proteins, lipids, 

solutes or other contamination and facilitate measurements. This gel-filtration column was 

previously equilibrated with Tris 5 mM, NaCl 150 mM, pH 7, which is the eluent in the 

protocol. Immediately after loading the sample, 0.5 ml fractions were collected. Void and bed 

volumes were 3 and 10 ml respectively and flow rate 1 ml/min at 25ºC. After collecting LBs, 

particle size distribution was acquired using a qNano (Izon Science) and Izon Control Suite 

v3.3. Experiments were conducted using a NP250 nanopore (Izon Science) with an analysis 

range of 110-630 nm. Carboxylated polystyrene calibration particles with a nominal diameter 

of 210 and 350 nm (CPC200 and CPC400 from Izon Science) were used for calibration and as 
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internal standards. All samples were tested at three different pressures. A similar protocol was 

followed to obtain particle size distribution in BAL of porcine lungs. 

 In a typical experiment, concentration is acquired as a function of particle diameter and 

several parameters are calculated: mean (average value of recorded particle size), mode (most 

frequent particle size), d90 (particle size where 90% of the population falls below this value) 

d10 (particle size where 10% of the population falls below this value), d90/d10 (reflect 

distribution width and indicates sample polydispersity) and raw concentration (concentration 

of the original sample). 

Fig. 2.3: Particle size and charge. a) qNano is a TRPS-based device used for measuring size, charge and particle concentration. b) 

Experimental basis: an electric current is established between both sides of a nano-sized pore in such a manner that there is a size-dependent 

intensity decay each time a particle passes through this nanopore. According to the formula, particle diameter (d) is calculated from its 

relationship to resistance signal magnitude (ΔR) where D is pore diameter and ρ is aqueous media resistivity.  

  Transmission and Cryo-EM 

 For Transmission EM, LS complexes were pelleted and fixed with glutaraldehyde for 5 

hours at 4ºC. Then, samples were treated with 1% osmium tetra-oxide for 1 hour. Afterwards, 

samples were dehydrated with burgeoning-concentrated acetone solutions (30, 40, 50, 60, 70, 

80, 90, 95 and 100% v/v) and embedded in Spurr resin by incubation with increasing resin 

amounts in acetone (2:1, 1:1 and 0:1, acetone/resin v/v). Surfactant samples embedded in 100% 

of resin were incubated overnight. Then, resin was replaced, and samples were stored for 48 h 

at 37ºC. Finally, sections of embedded resin were observed in an electron microscope JEOL, 

JEM1010 model, at the National Centre of Microscopy (Madrid, Spain). 

 Cryo-EM experiments were conducted at the Biological Research Center (CIB-CSIC, 

Madrid). Aqueous suspensions of LS at 10 mg/ml were prepared and an appropriate volume of 

sample (≈4 µl) was applied to holey carbon grids (Quantifoil) after glow-discharge, and 

immediately blotted and vitrified using a FEI Vitrobot cryo-plunger. Micrographs were taken 

at x40000 nominal magnification in a Jeol 1230 electron microscope operated at 100 kV and 
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equipped with a Gatan liquid nitrogen specimen holder for cryo-EM. Images were taken under 

low dose conditions with a CMOS Tvips TemCam-F416 camera. 

  Fluorescence emission of Laurdan  

 Laurdan (6-dodecanoyl-2-dimethylaminonaphtalene) is a hydrophobic fluorescent dye 

employed to evaluate hydration and polarity of lipid membranes [52, 92, 189]. Laurdan is 

sensitive to the microenvironment surrounding phospholipid headgroups. According to that, the 

increase of polarity in this region, i.e. hydration, results in a switch of its fluorescence emission 

from 440 nm (blue) to 490 nm (green) (Fig. 2.4a). Therefore, Laurdan is useful to monitor how 

hydration at the headgroup level evolves as a function of temperature and lateral pressure [92]. 

For instance, gel-like lipid phases are associated to a much tighter packing, i.e. non-hydrated 

phospholipids, and a blue emission fluorescence of Laurdan. Conversely, fluid-like lipid 

phases, i.e. hydrated phospholipids, exhibit high lateral mobility, where Laurdan emits in the 

green region. Therefore, to study hydration-related lipid order, fluorescence emission of 

Laurdan is typically recorded at different temperatures (Fig. 2.4a) [92].  

 In this thesis, fluorescence emission of Laurdan-labelled LS complexes was recorded as 

described previously in the literature [92]. Laurdan was solved in dimethyl sulfoxide and small 

aliquots were added to surfactant aqueous suspensions at 10 µg/ml to get a dye ratio of 1% 

(mol/mol respect to phospholipid). Immediately afterwards, samples were kept in a dark 

chamber at room temperature for 30 minutes to facilitate Laurdan insertion. Then, fluorescence 

emission spectra (λexcitation=370 nm) were recorded between 400-550 nm at 10, 15, 20, 25, 30, 

35, 37, 40, 45, 50 and 55ºC (Fig. 2.4a). Lastly, Generalized Polarization Function of Laurdan 

(GPF) was calculated according to the following equation and represented as a function of 

temperature (Fig. 2.4b). 

𝐺𝑃𝐹  
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Fig. 2.4: Fluorescence emission of the extrinsic probe Laurdan to evaluate hydration in surfactant membranes. a) Chemical structure of 

Laurdan taken from ThermoFisher Scientific’s catalogue. b) Fluorescence emission spectra of a Laurdan-labelled NS at 10, 15, 20, 25, 30, 35, 

37, 40, 45, 50 and 55ºC. c) Temperature dependence of GPF allows monitoring gel-like to fluid-like phase transition where the inflexion point 

of the curve corresponds to the transition temperature (red arrow). The higher the GPF, the more dehydrated membranes, thus, GPF decreases 

with temperature because of fluidification so do hydration.  

  Giant Unilamellar Vesicles (GUVs) 

 GUVs are used to study several physical aspects in lipid membranes such as lateral 

structure, lipid/protein interactions and mechanical properties [9, 190, 191]. They are useful 

due to their size (from 1 to tens of micrometres), which is in the order of that of cell size, and 

easy labelling with lipid-based fluorescent probes for observation by fluorescence optical 

microscopy [192]. In this sense, lipid phase segregation can be observed according to preferable 

partition of fluorescent dyes into different membrane regions. For instance, BODIPY-PC 

partitions into disordered-like phases in contrast to DiIC18 which is mainly distributed within 

ordered-like regions [9]. Regarding their preparation, there are several methods such as lipid 

film hydration, electro-formation, lipid-stabilized single or double emulsions, fusion of small 

vesicles, etc [193, 194]. The most widely employed method to prepare GUVs is electro-

formation, consisting of hydration of lipid films deposited on conductive glass surfaces, 

composed of indium tin oxide (ITO), and application of an electric field (electro-swelling).  

 In this Thesis, GUVs composed of LS were prepared following the electro-formation 

protocol. First, surfactant complexes were labelled with DiIC18 (0.5% molar) and BODIPY-

PC (1% molar) in a buffer solution containing Tris 5 mM, NaCl 150 mM, pH 7 for 1 hour at 

45ºC with orbital agitation. Then, 15-20 µl of a fluorescently labelled LS at 3 mg/ml were 
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deposited onto two ITO-coated glasses and dried under a gentle nitrogen stream. Glass supports 

were kept under vacuum for 30 minutes in a dark chamber to remove residual water. Then, an 

electro-formation cell was prepared by attaching both glasses and adding milli-Q water in the 

space in between. Afterwards, this cell was closed with clamps and placed in a temperature-

controlled chamber for electro-swelling at 45ºC. Next, the cell was connected to a power supply 

to conduct amplitude and frequency ramps following the scheme presented in Fig. 2.5. Finally, 

freshly prepared GUVs were observed in an epifluorescence microscope (Leica DM4000B, 

Leica Microsystems, Germany); equipped with L5 (excitation range 440-520 nm and emission 

range 497-557 nm) and TX2 (excitation range 520-600 nm and emission range 670-720 nm) 

Leica filter sets, for observation of BODIPY-PC and DiIC18 respectively, and an ORCA R2 

10600 camera (Hamamatsu, Germany); at 25, 30, 37 and 45ºC using a temperature-controlled 

plate. 

Fig. 2.5: Preparation of GUVs by electro-formation. a) Chemical structure of BODIPY-PC and DiIC18, taken from ThermoFisher 

Scientific’s catalogue. b) Amplitude and frequency ramps to prepare GUVs by electro-formation. From left to right) First, amplitude is 

increased stepwise (from 0.23 to 1.4 V) and kept constant for 5 minutes each time, being the frequency 10 Hz. Then, settings are kept constant 

(1.4 V and 10 Hz) during 150 min. Finally, frequency is reduced stepwise from 10 Hz to 0 Hz being the amplitude 1.4 V.  
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  Differential Scanning Calorimetry (DSC) 

 DSC is a thermo-analytic technique employed to obtain thermodynamic parameters 

associated to a physical or chemical change. The basis of this technique is to measure the 

different amount of heat required to increase simultaneously temperature in two independent 

cells containing a sample and its reference. Heat supplied to both chambers is monitored as a 

function of temperature in such a way that a thermodynamic event is observed when the energy 

needed to increase temperature in the sample cell is different to that for the reference cell. A 

physical or chemical change may be endothermic (when higher heat is needed to increase 

temperature for the sample cell) or exothermic (when lower heat is provided to the sample cell). 

 To obtain thermodynamic parameters associated to lipid phase transitions (Fig. 2.6), 

aqueous suspensions of LS at 1 mg/ml in Tris 5 mM, NaCl 150 mM pH 7 were prepared and 

analysed in a microcalorimeter MicroCal VP-DSC against clean buffer. Experimental settings 

were: 15 scans, post-cycle temperature at 15ºC, starting temperature at 15ºC, final temperature 

at 75ºC, scan rate at 30ºC/hour, and pre- and post-scan thermostatizing time during 5 minutes. 

Last scan was represented for each sample. Tm, cooperativity (ΔT1/2) and enthalpy (ΔH) were 

calculated from thermograms using Origin 7 (OriginLab) as shown in Fig. 2.6. 

 

Fig. 2.6: DSC thermogram acquired for a NS. Sample thermodynamic parameters associated to gel-to-fluid-like phase transition are 

indicated. Tm is calculated according to the maximum of the curve. ΔT1/2 is calculated as the full width at half maximum of the peak. The area 

under the curve corresponds to the enthalpy (ΔH) associated with the transition. 

 

 

 

 



2. Materials & Methods 

81 
 

  Electron Spin Resonance (ESR) 

 Spin-label ESR spectroscopy is useful to study molecular mobility in lipid membranes 

[195]. Specifically, ESR has been employed for the study of lipid/protein interactions in the LS 

system with regards to acyl chain motional restriction [196-198]. This technique is based on the 

inherent properties of molecules comprising unpaired electrons, whose energy levels split under 

magnetic field exposure (Zeeman effect). In this sense, unpaired electrons can align themselves 

parallel or antiparallel to a magnetic field, being the energy of each level different (Fig. 2.7a). 

In an ESR experiment, frequency is fixed, and an external magnetic field is varied in the region 

of microwaves, where unpaired electrons transit from the lower to the upper energy state. 

Typically, energy absorption is acquired and the first derivate of the spectrum is represented 

(Fig. 2.7b).  

 Considering that unpaired electrons are not common in biological membranes, lipid-based 

spin labels are used to conduct an ESR experiment. These spin labels can be chemically 

synthesized placing nitroxide radicals along phospholipid acyl chains [195]. According to that, 

by changing the nitroxide group position, information at different depth of the membrane can 

be obtained. As mentioned before, the first derivate of the absorption spectrum is recorded and, 

in the case of nitroxide groups, three peaks are observed, with the distance between them 

depending on anisotropy motion. To evaluate acyl chain mobility, the outer hyperfine splitting 

constant (2Amax), which correspond to the distance from the first maximum to the last minimum 

in the first derivate of the absorption spectrum, is measured as a function of temperature (Fig. 

2.7c). 

 In the present thesis, we studied lipid order in surfactant membranes by ESR as described 

in the literature [195]. Spin labels used were: 5, 12 and 16-DOXYL-phosphatydylcholine spin 

label (5, 12 and 16-PCSL) from Avanti Polar Lipids (Fig. 2.7d). First, a surfactant aqueous 

suspension was incubated with the spin labelled lipid (1% molar), loaded into micro 

Haematocrit capillary tubes (Brand) and pelleted with a Haematocrit-Rotor (ThermoFisher 

Scientific) at 21000xg, 4ºC for 30 minutes. Haematocrit tubes containing surfactant pellets were 

introduced into quartz tubes with silicon oil for thermal stability. Finally, ESR spectra were 

acquired 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 recorded per temperature (25, 30, 37, 45 and 60ºC) and sample to minimize 

noise during acquisition. WinEPR software was employed for recordings setting microwave 
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power at 10 mW, modulation amplitude at 1.25 G, modulation frequency at 100 kHz, time 

constant at 0.33 s, sweep width set at 150 G and center field at 3360 G. 

Fig. 2.7: Evaluation of lipid order in LS membranes by ESR. a) Energy levels for unpaired electrons upon exposure to an external magnetic 

field. ms is the magnetic moment of the spin number. b) ESR spectra of 5-PCSL included in AFS at 25, 30, 37, 45 and 60ºC and calculation of 

2Amax. c) 2Amax decreases with temperature because of membrane fluidification, i.e. greater molecular mobility. d) Chemical structure of 5, 12 

and 16-DOXYL-PCSL, taken from Avanti Polar Lipids’ catalogue. 

  31-Phosphorus Nuclear Magnetic Resonance (31P-NMR) 

 31P-NMR spectroscopy is a powerful technique to study phosphorus-containing samples. 

Therefore, it is employed to study lipid bilayers and biological membranes in native conditions, 

since it is not a perturbing technique, focusing on phase transitions, orientation and dynamics. 

Regarding lipid membranes, and considering that 31P is predominant in biological molecules, 
31P-NMR allows performing label-free experiments. In addition, dipole-dipole interactions 

between 31P and 1H are relatively small and easily removed by decoupling. Typically, chemical 

shift of phosphorus nucleus is recorded, providing information regarding phosphorus 

orientation and so lipid polymorphism (Fig. 2.8). This chemical shift depends on partial 

shielding of a magnetic field by surrounding electron density, i.e. minimum for low electron 

density regions and maximum for high electron density regions.  
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 In the present Thesis, 31P-NMR experiments were performed to study lipid polymorphism. 

Surfactant suspensions at 40 mg/ml were prepared and transferred to 5 mm NMR tubes. 31P-

NMR spectra were acquired in a Bruker AV 500 MHz (11.74 T) with a BBO probe and 

referenced to 85% phosphoric acid in D2O at the Research Support Center of Magnetic 

Resonance in Complutense University (Madrid, Spain). 31P-NMR spectra were acquired with 

proton decoupling during signal acquisition and 44756 and 12000 scans were accumulated for 

37 and 50ºC, respectively. Temperature was calibrated using deuterated methanol as NMR 

thermometer [199]. The spectra obtained for each sample allow inferring lipid polymorphism 

as shown in Fig. 2.8. 

Fig. 2.8: Lipid polymorphism (a) and corresponding 31P-NMR spectrum (b, adapted from [200]). 

  Small Angle X-ray Scattering 

 Small Angle X-ray Scattering (SAXS) is an analytical method widely employed to study 

the structure of particle systems (solid, liquid or surface-near samples) in terms of averaged size 

[201]. This technique is accurate, non-destructive and can solve structures sized in the range 

from 1 to 100 nm. For SAXS experiments, samples must have an electron density different to 

background. It is important to note that scattering techniques do not allow obtaining small or 

local structural details, but provides artefact-free averaged and representative information.  

 A schematic representation of a typical SAXS device is shown in Fig. 2.9a (adapted from 

[201]). The X-ray source can be: (i) sealed X-ray tubes in which an electric current heats up a 

filament leading to electron emission towards an anode and causing X-ray emission; (ii) rotating 
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anodes equivalent to the previous one but with the anode made into a rotating wheel to enhance 

lifetime; or (iii) synchrotron source based on accelerated electrons moving along a circular path, 

and providing highly intense X-ray emission. Then, X-rays pass through a collimation system 

(optics), i.e. pinholes, to keep a low divergence and monochromatize the beam avoiding 

wavelength smearing. Next, X-rays irradiate the sample placed in a holder that differ between 

instruments to control environmental conditions (temperature, pressure, humidity, etc). Finally, 

scattered X-rays are collected by a detector at a given scattering angle (2θ) with respect to 

incident beam direction. The difference between scattered (kF) and incident (k0) X-ray vectors 

results in the scattering wavevector q [201]. Therefore, scattered X-ray intensity is acquired at 

a range of q values in a typical SAXS experiment. For crystalline-like particle systems, a SAXS 

spectrum can have pronounced peaks due to particle alignment into highly ordered and periodic 

arrangements, the so-called Bragg peaks. Bragg peak maximum indicates repeat distances 

between particles by using the Bragg’s law: 

𝑑  
2𝜋
𝑞

 

 As multilamellar vesicles comprised aligned bilayers, d correspond to lamellar repeat 

distances as shown in Fig. 2.9b (adapted from [202]) and provide with information related 

membrane thickness. Additionally, lipid phase coexistence can be observed as Bragg peak 

splitting according to long-range alignment of the lipid domains [202]. Finally, scattered X-

rays at larger angles (Wide Angle X-ray Scattering, WAXS) provide with information of 

crystalline lipid packing, i.e. average distance between acyl chains [202]. In this sense, area per 

lipid molecule can be calculated through the q value of WAXS peaks [203] according to the 

following formula: 

𝐴
16𝜋

𝑞 √3
 

 In the present Thesis, SAXS experiments were performed with aqueous LS suspensions 

and multi-bilayer films formed in a milli-fluidic device [117]. On the one hand, surfactant 

suspensions were prepared at 30 mg/ml, for AFS, and 60 mg/ml, for NS, and X-ray scattering 

was acquired at 15, 25, 30, 37, 45 and 60ºC using a SAXSpace (Anton Paar, Graz, Austria). 

SAXS and WAXS were recorded by setting sample-to-detector distance to 380 and 180 mm 

respectively. Samples were loaded into glass capillaries of 1 µm. The exposure time was 20 

minutes (six frames for SAXS and three frames for WAXS). Data integration was conducted 



2. Materials & Methods 

85 
 

using SAXStreat, and background scattering from sample holder and buffer was subtracted by 

smoothing using the ATSAS suite [204]. Furthermore, SAXS spectra were acquired by Prof. 

Georg Pabst and PhD Barbara Eicher in SOLEIL synchrotron (Paris, France). On the other 

hand, multilamellar films were prepared in a milli-fluidic device developed by Andersson and 

collaborators [117] and SAXS spectra were acquired in the synchrotron facility from the Paul 

Scherrer Institute (CSAXS/SLS beamline) (Switzerland). Film formation was monitored by 

Polarized Light Microscopy and took around 24-36 hours at room temperature to get a 70-100 

µm thick film. SAXS spectra were acquired orthogonal to the film plane, i.e. from bulk to the 

air-liquid interface, each 3 µm (around 30 spectra) in three different regions. 

 Lamellar repeat distances were calculated from the q-value of Bragg peaks in SAXS 

spectra (Fig. 2.9b) and area per lipid molecule was determined from the q-value of WAXS 

peaks (Fig. 2.9c). WAXS spectra were deconvoluted to obtain fluid-like and gel-like 

contributions using Origin 7 (OriginLab) (Fig. 2.9c).  

Fig. 2.9: Basis of SAXS and its use to study the structure of surfactant membranes. a) Schematic representation of a SAXS device (adapted 

from [201]). An incident X-ray beam is scattered by a sample at a given angle (2θ) and collected by a detector in such a way that scattering 

intensity is obtained as a function of q (b and c). b) Lamellar repeat distance (d) is calculated from the q-value of the first Bragg peak in the 

small angle (red solid line). c) WAXS spectra were fitted to two gaussian curves, i.e. gel-like and fluid-like contributions, and area per lipid is 

calculated from q-values corresponding to WAXS peak (red solid line). 
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  Atomic Force Microscopy and Force Spectroscopy 

 Atomic Force Microscopy (AFM) is a widely employed technique to measure topography 

of biomolecules at the nanoscale. It is based on the reflexion of a laser beam, incident into a 

flexible cantilever, towards a detector. The cantilever scans a sample, which is deposited in a 

solid substrate, in x, y and z planes by oscillation at a fixed amplitude (tapping mode) or by 

contact with the surface at a fixed force (contact mode). In such a manner, cantilever deflection 

allows imaging bio-surfaces with high resolution at the nanoscale. In the recent years, AFM has 

become a popular surface force technique to study DNA, proteins and supported lipid bilayers 

(SLBs) because of the possibility of controlling environmental conditions and conducting 

experiments in liquid environments [29, 205]. Nowadays, it is possible to image biological 

samples in real-time using high-speed AFM [206].  

 As being a force-based technique, the use of AFM-based force spectroscopy is considered 

a promising tool to study nanomechanical properties of biological compounds, not only at the 

single-molecule level but also in cellular systems [39, 207]. In the specific case of lipid bilayers, 

this technique has been used to study mechanical properties of SLB and multi-bilayers stacks 

[114, 115]. For a SLB on a mica surface, a force-distance curve is presented in Fig. 2.10d. In a 

typical experiment, the cantilever moves itself orthogonal to a SLB at a constant speed. On 

approaching, the cantilever does not contact a SLB and, therefore there is no detectable tip 

deflection (Fig. 2.10.d1). Once the cantilever contacts a SLB, its deflection is recorded (Fig. 

2.10.d2). Eventually, the cantilever breaks through the bilayer at a critical force threshold and 

a deflection jump is observed, the so-called breakthrough force, which is the nanomechanical 

fingerprint of a SLB, i.e. the maximum force that is able to withstand before breaking (Fig. 

2.10.d3). Subsequently, cantilever deflection increases again because of contacting mica. 

Finally, the cantilever retracts itself to finish a force-distance experiment.  

 In the present Thesis, we evaluated the nanomechanical properties of SLBs composed of 

different lipid mixtures with or without surfactant proteins using an atomic force microscope 

(Bruker) and force spectroscopy. To prepare SLBs, we used a methodology known as fusion of 

lipid vesicles [208]. First, phospholipids (Avanti Polar Lipids), alone or with the proper 

amounts of surfactant proteins, were solved in chloroform/methanol (2:1) to get an organic 

solution at 10 mM, and 100 µl from this solution were taken and dried in a de-lipidized vial 

under a gentle nitrogen stream for 30 minutes. Then, 2 ml of a buffer solution containing 

HEPES 10 mM, NaCl 150 mM, MgCl2 20 mM and pH 7.4 were added and mixed vigorously. 

The solution was incubated for 1 hour at 45ºC and shaken using a vortex each 10 minutes for 
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30 seconds resulting in a dispersion of multilamellar vesicles. Next, liposome suspensions were 

sonicated for 20 minutes to get small unilamellar vesicles. Finally, 50 µl of these solutions were 

placed on freshly cleaved mica plates (Fig. 2.10b) at room temperature for 30 minutes. After 

that, SLBs were washed three times with fresh buffer to remove non-deposited vesicles. 

 We used a triangular-shaped SNL-10 tip A cantilever (Bruker Probes, Germany) with a 

nominal resonant frequency of 65 kHz, spring constant of 0.35 N/m, length of 120 µm and 

width of 25 µm. To measure accurately forces, we firstly calibrated the AFM cantilever against 

a freshly cleaved mica according the equipartition theorem: 

1
2

𝑘〈𝑥 〉
1
2

𝑘 𝑇 

 Where kB is the Boltzmann’s constant, T is the absolute Temperature, and 〈𝑥 〉 is the 

expected value of x2 as measured over a very long interval tT. Solving the equipartition theorem 

for k results in: 

𝑘  
𝑘

〈𝑥 〉
𝑇 

 Therefore, to estimate k, thermal cantilever calibration consists of measuring the 

temperature and variance of the cantilever position. Finally, force exerted on the cantilever is 

calculated according to its deflection and calibrated spring constant via Hooke’s law: 

𝐹 𝑘𝑥 

 Once calibrated, we used the Peak Force Tapping Mode for imaging, prior to conducting 

force measurements (Fig. 2.10c), setting Peak Force Amplitude at 10 nm, Peak Force Frequency 

at 2 kHz and Peak Force Setpoint around 500 pN. Typically, a 10x10 μm region was scanned 

firstly and amplified to 3x3 μm or less once detected a bilayer patch. Then, force-distance 

curves were conducted in the centre of SLBs (Fig. 2.10d) setting force upper limit at 25 nN and 

piezoelectric speed at 1 μm/s. For each lipid system, 400-500 force-distance curves were 

performed, and breakthrough forces were determined using NanoScope Analysis. Force 

distributions were represented for each sample and adjusted to gaussian curves using Origin 7 

(OriginLab) (Fig. 2.10e). 
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Fig. 2.10: AFM and force spectroscopy. a) Atomic force microscope used for force spectroscopy experiments. b) SLBs were prepared on 

freshly cleaved 4.4 cm2 mica plates. c) Topology image of a SLB (left) and height profile (right) of the section signalled with a white line. d) 

Force-distance curves were conducted in the centre of SLBs. The cantilever approaches (black line) to a bilayer patch (1), contacts it and starts 

to bend (2) and eventually breaks through (3). Cantilever bending allows calculating the force needed to break through a bilayer, which 

correspond to the peak in the approaching curve. e) Breakthrough force distribution for a SLB composed of DPPC/POPC/POPG/Cholesterol 

(50:25:15:9 w:w:w:w). Force distribution was fitted to gaussian curves using Origin 7 (OriginLab).  

 

 Methods for the study of interfacial surfactant films 

  Interfacial adsorption surface balance 

A surface balance was used to study interfacial adsorption kinetics (Fig. 2.11a). It basically 

consists of a Π sensor (NIMA technologies, UK) holding a Wilhelmy plate made with filter 

paper (grade 41, Whatman, GE Healthcare) and placed on the top of an air-liquid interface 

defined in a surface trough (Fig. 2.11a). Three different temperature-controlled surface areas 

were employed (3.14, 22.5 and 103.9 cm2) (Fig. 2.11a). 2 µl of a surfactant aqueous suspension 

at different concentrations (0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 and 

20 mg/ml) were deposited onto the interface and Π was monitored for 1000 s. All these 

experiments were conducted at 37ºC. Finally, Π was plotted against time and both maximal Π 

(Π max) and the maximal slope of the curve during adsorption were determined using Origin 7 

(OriginLab) (Fig. 2.11b). 
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 Fig. 2.11: Interfacial adsorption surface balance. a) Image of the surface trough employed to acquire interfacial adsorption kinetics (left). 

Experiments were conducted in three different surface areas (3.14, 22.5 and 103.9 cm2) (right). b) Πmax and maximal slope were determined 

from adsorption kinetics and from its first derivate respectively. 

  Interfacial adsorption kinetic assay 

 Interfacial adsorption in the presence of inhibitory agents (serum, meconium or antibodies) 

was evaluated using a multi-well plate test described previously in the literature [209]. The 

basis of the experiment is the recording of fluorescence that appears only when LS reaches the 

interface. The inhibition of surfactant adsorption by the presence of serum or meconium leads 

to reduced fluorescence readings (Fig. 2.12).  

Fig. 2.12: Interfacial adsorption kinetics assay. Fluorescently labelled LS is injected into a buffer solution containing Brilliant Black (a) in 

such a way that fluorescence is only recorded because of surfactant adsorption into the interface (b). c and d) The higher the serum (c) or 

meconium (d) concentration, the lower the surfactant adsorption, i.e. less fluorescence is recorded with respect to control conditions. 

 Surfactant was stained with BODIPY-PC (1% molar) for 1 h, when using serum or 

meconium as inhibitors, or 2 h, for experiments with αSP-B or αSP-C antibodies, at 37ºC with 

orbital agitation. Then, 80 µl of a buffer solution containing Tris 5 mM, NaCl 150 mM, pH 7 

and the fluorescence quencher Brilliant Black (Sigma-Aldrich) at 5 mg/ml were loaded to each 
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well of a multi-well plate. For inhibition studies, 5 µl of human serum or meconium solutions 

at increasing concentration were included into the previous solution. Conversely, specific 

protein inhibition was made using antibodies αSP-B and/or αSP-C incubated with LS during 

labelling. Then, fluorescently labelled samples at 0.15 mg/ml (phospholipid concentration) 

were loaded (20 µl/well) at the bottom of each well and fluorescence emission was acquired at 

520 nm for 2 hours (40 readings) (λexcitation=485 nm) in a Fluorstar Optima Microplate Reader. 

Before each measurement, plates were agitated by orbital shaking. Finally, fluorescence was 

represented as a function of time and percentages of fluorescence emission after 60 minutes 

was compared between samples. 

  Langmuir surface balance and epifluorescence microscopy 

  The structure and rheology of interfacial LS films is usually studied using Langmuir 

surface balances (Fig. 2.13). Interfacial monolayers are prepared by deposition of a sample 

dissolved in organic solvents, or as aqueous suspension, on the air-liquid interface to reach low 

Π values (1-2 mN/m). Then, the interfacial monolayer is compressed at a certain rate and 

constant temperature, to obtain the so-called compression Π-area isotherms. Typically, these 

experiments are conducted at 25ºC because the extensive interface defined by a Langmuir 

trough results in high water evaporation, temperature gradients and monolayer instability. 

Moreover, compression-expansion cycles can be performed in Langmuir surface balances at a 

rate restrained to non-physiological conditions. To study the lateral structure of surfactant 

monolayers, interfacial films can be observed in situ using microscopes coupled to Langmuir 

troughs or applied to films transferred to solid supports, using the Langmuir-Blodgett 

methodology, for imaging with epifluorescence microscopes or atomic force microscopes. 

 In this Thesis, aqueous suspensions of LS were labelled with NBD-PC (1% molar) and/or 

DiIC18 (0.5% molar) for 1 hour at 45ºC with orbital agitation. Then, 50 µg of the fluorescently 

labelled surfactant were deposited on the interface defined at the surface of a Langmuir surface 

balance 302RB/D1 (Nima Technology) (Fig. 2.13). Afterwards, the interfacial films were 

equilibrated for 10 minutes and isotherms were acquired upon compression at 25 cm2/min 

before or after 5 compression-expansion cycles at 65 cm2/min. For observation of the films by 

epifluorescence microscopy, interfacial films were transferred onto de-lipidized glass 

coverslips while continuously varying Π as described in the literature [210]. Fluorescence 

images were acquired with an ORCA R2 10600 camera (Hamamatsu Photonics K.K.) coupled 

to an epifluorescence microscope Leica DM 4000B (Leica Microsystems) to scan the whole 

range of Π. ImageJ was used for quantitative measurements. 
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Fig. 2.13: Langmuir surface balance. Image of a Langmuir trough (a), dimensions and experimental settings (b).  

  Neutron reflectometry 

 Specular Neutron Reflectometry (NR) is a powerful technique to resolve composition and 

structure of samples at solid/liquid, liquid/liquid and air/liquid interfaces [211]. In a specular 

NR experiment, a neutron beam irradiates an interface, and is reflected towards a detector being 

incident and reflection angles identical. In this sense, reflectivity is the ratio of neutrons 

reflected with respect to incidents. Specular NR is highly sensitive to the density profile of 

atoms in the z-direction of the reflecting surface, being spatial resolution few hundreds of 

nanometres. This technique is based on neutron interaction with atoms, what depends on 

chemical composition and structure. Similar to SAXS, Bragg peaks can be observed when 

repeated structures in the direction orthogonal to the reflecting surface are formed, such as 

multilayers. A specular NR experiment can be conducted measuring reflectivity with respect to 

the incident angle (θ) or wavelength (𝜆) to obtain reflectivity profiles as a function of 

momentum transfer (Qz) [211], being Qz: 

𝑄
4𝜋
𝜆

sin 𝜃 

 In a specular NR, the refractive index of a material (n), which determines neutron 

reflectivity, is a function of its scattering length density (ρ) and neutron wavelength as given by 

the next equation [211], 

𝑛 1
𝜆
2𝜋

𝜌 

 From this formula, it can be deduced that materials with low refractive index also have 

high scattering length densities (SLD) resulting in total neutron reflection below a critical angle. 

Above this value, reflectivity profiles decay depending on material structure. To increase SLD 

of a sample, hydrogen/deuterium chemical substitution is typically used. Furthermore, these 

experiments are usually performed under several isotopic contrast, i.e. different percentages of 
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D2O in water, to obtain different information according to sample chemical composition and 

background refractive index. For instance, a mixture of 8.1% D2O in H2O (v/v), which is called 

Air Contrast Match Water (ACMW), has a SLD of zero. Therefore, neutron reflection comes 

strictly from interfacial layers in experiments using ACMW. Reflectivity profiles acquired for 

different isotopic contrast and using deuterated or hydrogenated samples are fitted altogether to 

a model to obtain information regarding density, thickness, roughness or hydration.  

Fig. 2.14: NR for the study of interfacial surfactant films. a) Schematic view of the Fluid Interfaces Grazing Angles ReflectOmeter 

(FIGARO) from the Institute Laue-Langevin (adapted from [212]). b) Langmuir trough placed in the sample holder (adapted from [212]). The 

direction of incident and reflected beams are indicated with yellow arrows, and QZ is indicated with a red arrow. c) Chemical structure of d62-

DPPC, d31-POPC and d5-POPG taken from Avanti Polar Lipids’ catalogue. 

 In this Thesis, we performed neutron reflectometry experiments using the time-of-flight 

horizontal neutron reflectometer called FIGARO (Fluid Interfaces Grazing Angles 

ReflectOmeter) in the Institute Laue-Langevin (Grenoble, France) (Fig. 2.14a) [212]. We used 

hydrogenated or deuterated versions of phospholipid mixtures mimicking LS composition 

(DPPC/POPC/POPG 50:25:15 w:w:w, Avanti Polar Lipids) with or without physiological 

concentrations of native SP-B and/or SP-C (1% w) and NS or AFS. We performed our 

experiments in two isotopic contrasts: a buffer subphase containing Tris 5 mM, NaCl 150 mM, 
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pH 7 in D2O or ACMW. First, we prepared argon-sealed vials containing dried lipid/protein 

films (100 µg). Then, we added 100 µl of chloroform/methanol (2:1) to these vials and 

immediately spread around 5 µl (to reach a Π of 1-2 mN/m) on the air-liquid interface of a 

Langmuir surface balance (Fig. 2.14b). Conversely, NS and AFS were deposited onto the 

interface as aqueous suspensions. Then, the interface was equilibrated for 15 minutes allowing 

chloroform evaporation. After that, neutron reflection was acquired first at 10 mN/m, and then 

at 35 mN/m before and after 5 compression-expansion cycles at 65 cm2/min. Reflectivity 

profiles were obtained and adjusted using AuroreNR v4.0.  

  Captive Bubble Surfactometer (CBS)  

 Surface activity of LS samples was studied using a bubble-based tensiometer called CBS 

[213]. This home-made equipment is used to evaluate surface activity under conditions 

mimicking breathing dynamics. The set up consists of a temperature-controlled experimental 

chamber enclosed by an agarose cap connected to a piston (Fig. 2.15a). The air-liquid interface 

is defined at the surface of an air bubble whose dimensions are continuously monitored to 

calculate γ at any time using a custom-made software (Fig. 2.15b) [83].  

 A typical experiment consists of five stages. First, a small volume of LS (around 150 nL) 

is injected underneath the air bubble to study surfactant adsorption for 5 minutes. Then, the 

experimental chamber is sealed, and the bubble is subjected to a quick expansion, from a 

volume of around 0.035 cm3 at the end of adsorption to 0.15 cm3 in 1 second, to study surfactant 

respreading for 5 minutes. Next, two types of compression-expansion cycles are performed. 

Quasi-static cycles consist of stepwise compression (20% of the bubble volume in each step), 

being inter-step time 1 second, followed by equivalent stepwise expansion. Typically, 4 quasi-

static cycles are done. Then, 20 dynamic compression-expansion cycles are carried out being: 

minimal volume that reached during quasi-static cycles, maximum volume 0.15 cm3 and 

cycling rate 20 cycles/min. Finally, the bubble is compressed to minimal volume and subjected 

to mechanical perturbations using a pendulum hammer to evaluate film stability.  

 In the experiments presented in this Thesis, we used aqueous suspensions of LS at 12 

mg/ml. The experimental chamber contained a buffer solution (Tris 5 mM, NaCl 150 mM, 10% 

sucrose and pH 7) and was thermostatized at 37ºC. Lastly, several parameters were determined 

to evaluate the surface activity of a sample as shown in Fig. 2.15b. 
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Fig. 2.15: Evaluation of surface activity using a CBS. a) Schematic representation of a CBS (top). Bubble dimensions (essentially bubble 

height and width) are monitored to calculate γ at any time (below). b) Data analysis for an experiment using a NS: equilibrium γ (γeq), minimal 

γ on compression (γmin), maximal γ on expansion (γmax), compressibility, hysteresis and area reduction percentage to diminish γ to γmin (ARγmin).
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3. Chapter 1 

 

LS complexes isolated from BAL comprise several 

membrane entities with comparable structural patterns  
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 The basis of this chapter started as a continuation of experiments performed by Mikel 

Conde and PhD. Alejandro Cerrada de Dueñas. 
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 Introduction 

  The structural cycle of LS 

 The central feature of the alveolar air-liquid interface is its inherent dynamic character. As 

a result, the membranous lipid/protein complexes of LS are involved in a lifetime structural 

cycle (see Fig. 1.1). In this line, the composition and structure of LS vary in the face of different 

respiratory requirements or in a pathological context. As an illustration, surfactant synthesis is 

significantly stimulated during birth, even though, the excess of LS and inactive aggregates are 

recycled after few hours [214]. This is the reason why the quantification of surface-active 

aggregates in LS, and how their levels evolve during breathing dynamics, was a topic of interest 

in the twentieth century. In this sense, former studies suggested that respiratory compression-

expansion cycles may cause a significant reduction in the density of LS aggregates with 

compositional and functional impact [215].  

  Large and small aggregates as a starting point 

 In this line, Gross and Narine described that native surfactant isolated from animal lungs 

is a heterogenous membranous complex including different subfractions, which were 

characterized by contrasting density, microstructure and surface activity: light aggregates 

(mainly small unilamellar vesicles with a density of 1.025 g/ml comprising 43 ± 18% of total 

phospholipids), heavy aggregates (surface-active TM and large vesicles with a density of 1.052 

g/ml containing 48 ± 11% of total phospholipids) and ultraheavy aggregates (surface-active TM 

associated to LBPs with a density of 1.068 g/ml accounting for 9 ± 4% of total phospholipids) 

[216]. Looking through their data, it is important to note that the inactive lipid fraction 

represented the 40% of a natural surfactant, whereas LBPs were barely observed in 

bronchoalveolar extracts (only 10%). To study structural conversions among LS subfractions, 

Gross and Narine proposed the use of a changing surface area defined in a rotating tube 

containing a surfactant suspension, the surface cycling technique [217]. In this regard, they 

observed a relationship between surface dynamics and subfraction formation, what led them to 

propose the following structural conversion: ultraheavy  heavy  light aggregates [217].  

 Since then, natural surfactants have been considered to comprise functional membranous 

complexes (large aggregates) and slightly active lipid vesicles (small aggregates). One reason 

for their different surface activity is that only large aggregates contain SP-A, SP-B and SP-C 

[218]. In this regard, SP-A is thought to sustain the structural integrity of large aggregates by 

stabilizing TM [219, 220]. Moreover, freezing methods, which are widely employed for long-
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term sample preservation, make large aggregates sensitive to conversion to small aggregates 

[218]. Indeed, an imbalance between large and small aggregates may occur consequence of 

higher respiratory rates [221], drugs [222], acute lung injury [223, 224] or pneumonitis [225].  

  More than lipid aggregates: membrane entities in LS 

 Beyond the simplistic distinction between large and small aggregates, LS is now 

considered to comprise several membrane assemblies such as LBs, LBPs, TM, multi-bilayer 

stacks or small vesicles (see Fig. 1.1) [32]. Most importantly, their composition, lipid phase 

segregation, lipid polymorphism and hydration are key factors determining membrane structure 

and surface activity (see figures 1.4, 1.5 and 1.6). In this context, LBPs are postulated as the 

most promising membranous assemblies to unravel the molecular determinants of pristine LS 

complexes. Indeed, LBPs are proposed to be structured in a highly energetic state result of 

massive lipid accumulation, the presence of pre-formed non-lamellar phases and a highly 

dehydrated state [42, 43]. However, the structure of these membranous assemblies is not 

properly known yet because of the lack of a biological source that allows obtaining high enough 

amounts of LBPs. 

 Objectives 

 In the present chapter, we aimed to purify LBPs from a NS, which was purified from BAL 

of porcine lungs through: 

1) Fractionating NS into fractions with different density through sucrose density 

gradient ultracentrifugation. 

2) Characterization of the composition, structure and surface activity of NS 

subfractions. 
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 Results 

 LS complexes isolated from BAL of porcine lungs, termed NS here, could be divided into 

seven subfractions through sucrose density gradient ultracentrifugation (see Fig. 2.1b) 

following a protocol reported in the literature [176]. NS subfractions were named N1 to N7 

with increasing density. Most abundant fractions were N2, N3 and N4, followed by N1 and N5, 

whereas small quantities of N6 and N7 were harvested. Regarding composition, NS 

subfractions differed each other in terms of protein and cholesterol amounts (Fig. 3.1). 

Specifically, SP-B and SP-C were predominantly detected in N1, N2, N3 and N4 whereas small 

traces of both proteins were present in the highest density subfractions (Fig. 3.1a). Conversely, 

SP-A was partitioned in N3, N4, N5 and N7 but absent in low density surfactant subfractions 

(Fig. 3.1a). Furthermore, all subfractions had similar saturated/unsaturated PC ratio, what is 

usually quantified according to the optimal surface activity of saturated molecular species of 

PC. However, NS subfractions contained different cholesterol amounts (Fig. 3.1b), which is 

known to modulate lipid phase segregation in LS bilayers and monolayers with functional 

impact [9, 101]. 

Fig. 3.1: Compositional analysis of NS subfractions. a) Western blot against proteins SP-A, SP-B and SP-C. Equivalent phospholipid 

amounts were loaded per well. b) Lipidomic analyses and phospholipid: cholesterol ratio. 

 Then, we performed Transmission EM experiments to study the microstructure of NS 

subfractions (Fig. 3.2 and 3.3). On the one hand, low-density NS subfractions comprised 

multilamellar lipid assemblies (Fig. 3.2). These membranous entities were apparently similar 

to LBPs, even though, their structural integrity seemed to be compromised, i.e. open, fractured 

and non-concentrically arranged lipid bilayers. On the other hand, high-density subfractions 

included stringy membranes (N5), consisted of small vesicles and protein aggregates (N6 and 

N7) (Fig. 3.2). Remarkably, a lattice-shaped lipid structure, similar to TM, was observed in N4 

(Fig. 3.2).  
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Fig. 3.2: TEM micrographs of surfactant subfractions. N1, N2 and N3 were constituted by multilamellar membranous assemblies. A lattice-

shaped lipid structure was observed in N4. Unpacked membranous assemblies, small vesicles and lipid/protein aggregates formed subfractions 

N5, N6 and N7. 

All these assemblies were identified in NS (Fig. 3.3); thus, these entities were not formed 

because of surfactant fractionation.  

Fig. 3.3: TEM images acquired for NS. Flexible lipid organizations (left), multilamellar membranous assemblies (middle) and lipid/protein 

aggregates (right) were observed within NS. 

 Next, we studied hydration and lipid order by fluorescence spectroscopy using the extrinsic 

probe Laurdan and by ESR spectroscopy with spin-probe labelled phospholipids (Fig. 3.4 and 

3.5). Once immersed in lipid membranes, Laurdan is a hydration-sensitive fluorescent dye (see 

Materials & Methods and Fig. 2.4) [189]. Therefore, Laurdan is used to evaluate lipid packing 

in phospholipid bilayers and monolayers according to the change in its fluorescence emission 
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from 440 to 490 nm due to hydration, as occurs with the increase of temperature (Fig. 3.4) [92]. 

We acquired fluorescence emission spectra of Laurdan-labelled NS subfractions at 

temperatures ranging from 10 to 55ºC. No apparent differences in the curves of Laurdan GPF 

vs temperature were discerned, i.e. the thermotropic curves of the different subfractions 

overlapped (Fig. 3.4b). In this regard, gel-like to fluid-like phase transitions occurred always at 

32ºC (calculated from Fig. 3.4b).  

Fig. 3.4: Hydration in NS subfractions sensed by the fluorescent extrinsic probe Laurdan. a) Fluorescence emission spectra recorded for 

a Laurdan-labelled NS at 10, 15, 20, 25, 30, 35, 37, 40, 45, 50 and 55ºC. b) GPF of Laurdan-labelled NS and its subfractions as a function of 

temperature. 

 As Laurdan senses hydration of polar headgroups, we continued studying lipid order by 

ESR (Fig. 3.5). To do so, we acquired ESR spectra for 5 and 12-PCSL probes included into NS 

and its main subfractions (N1 to N4) (Fig. 3.5a). In this manner, we aimed to study lipid order 

at different depths with respect to the membrane plane, i.e. close to polar headgroups (5-PCSL) 

or deeper (12-PCSL) [191, 195, 198]. We calculated the outer hyperfine splitting (2Amax) from 

the first derivate of the 

absorption spectra (see 

Materials & Methods) at 

temperatures surrounding the 

gel-like to fluid-like phase 

transitions (Fig. 3.5b). For 

experiments using 5-PCSL, 

2Amax decayed from 25 to 

45ºC resulting in a transition 

at temperatures around 30ºC 

in line with the Laurdan 

experiments (Fig. 3.5b). In 

contrast, 2Amax values 
Fig. 3.5: Lipid order in NS subfractions. a) ESR spectra recorded for a NS subfraction 
including 5-PCSL (left) or 12-PCSL (right) at 25, 30, 37 and 45ºC. b) 2Amax calculated 
from ESR spectra (a) and represented as function of temperature.
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obtained for 12-PCSL did not change significantly at any temperature (Fig. 3.5b). Note that 

2Amax values obtained for 12-PCSL are remarkably lower than those calculated for 5-PCSL, 

highlighting lower rotational anisotropy at deeper positions in the membrane. However, we did 

not observe remarkable differences between NS subfractions either using 5-PCSL or 12-PCSL.  

 After that, we performed DSC experiments to determine the thermodynamic parameters 

associated to those phase transitions (Fig. 3.6). A broad transition was observed for NS and its 

subfractions at around 30ºC (Fig. 3.6a). Remarkably, N3 had other thermotropic contribution 

at temperatures above 40ºC. Regarding ΔH, transitions acquired for N2 and N1 had lowest and 

highest values, respectively. Furthermore, transitions exhibited low cooperativity, i.e. ΔT1/2 

values from 6ºC to 26ºC. All in all, NS subfractions exhibited a similar thermotropic pattern. 

Fig. 3.6: a) DSC thermograms for NS and its main subfractions. b) Thermodynamic parameters associated to gel-like to fluid-like lipid 

phase transitions calculated using Origin 7 (OriginLab).  

 Next, we studied the structure of interfacial films formed by NS subfractions. To do so, NS 

subfractions were fluorescently labelled with NBD-PC, which partitions in disordered-like lipid 

phases, and deposited at the air-liquid interface of a Langmuir surface balance. Then, 

monolayers were compressed to reach a Π of 45 

mN/m (Fig. 3.7). Compression isotherms were 

similar for NS subfractions (Fig. 3.7) exhibiting a 

plateau at 45 mN/m. Remarkably, higher amounts 

of N1, N5, N6 and N7 (72, 100, 80 and 100 µg) 

were needed in comparison to NS, N2, N3 and N4 

(40, 27, 13 and 35 µg) to get the initial Π of the 

isotherm. 

 Then, interfacial LS films were transferred to 

glass coverslips and observed under an 

epifluorescence microscope (Fig. 3.8) [210]. For 

Fig. 3.7: Compression Π-area isotherms for interfacial 
films of NS and its subfractions at 25ºC. 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. 
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all samples, a predominant disordered-like lipid phase (green background) covered the film 

(Fig. 3.8). Additionally, label-free regions were observed as filamentous structures at low Π 

(between 5-20 mN/m) (Fig. 3.8, yellow arrows). Those structures were absent at Π above 15-

20 mN/m, when label-enriched structures appeared as projections from monolayers (Fig. 3.8, 

blue arrows). 

Fig. 3.8: Fluorescence images taken from interfacial LS films. Three images are shown per sample at different Π being scale bars 25 μm. 

Label-free and label-enriched regions are signalled with yellow and blue arrows, respectively. 

 Both label-free and label-enriched regions accounted for 4-8% of interfacial area (Fig. 3.9). 

Moreover, the transition from label-free to label-enriched structures occurred at 15 mN/m (Fig. 

3.9b) except for N3, in which label-free structures were observed until 25 mN/m and occupying 

two-times more area (Fig. 3.9). Apart from that, we did not observe lipid phase coexistence or 

kidney-shaped DPPC condensed domains in any sample. All in all, NS subfractions formed 

comparable interfacial films. 

Fig. 3.9: Quantitative analyses for label-free and label-enriched regions in interfacial films of NS subfractions. a) Area percentage and 
compression-dependent evolution of label-free and label-enriched regions for N3 (see Fig. 3.8). b) Π (circles) at which label-free regions are 
not observed and label-enriched regions protruded from the monolayer; and maximum area percentage (bars) occupied by both structures. 
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 Finally, we evaluated the surface activity of NS subfractions using a CBS (Fig. 3.10 and 

Table 3.1) [3, 83, 88]. No differences were observed in terms of adsorption except for N5, which 

caused the slowest γ reduction under static conditions (initial adsorption) or after expansion 

(Fig. 3.10a). γeq was 22 mN/m for NS and its subfractions after 5 minutes (Table. 3.1). Except 

for N5, NS subfractions were able to diminish γ to values around 2 mN/m from the first quasi-

static compression-expansion cycle, despite requiring large compression (around 50%) (Fig. 

3.10b and Table 3.1). Hysteresis and the percentage of area reduction required to reach minimal 

tension were sequentially reduced in the course of 2nd, 3rd, and 4th quasi-static cycles, with 20% 

of area reduction required to reach minimal γ values in the 4th cycle (Fig. 3.10b and Table 3.1). 

No hysteresis was observed from the 4th quasi-static cycle for all NS subfractions (Fig. 3.10b). 

In contrast, N5 did not diminish γ beyond 10 mN/m even with 75% of area reduction (Fig. 3.10b 

and Table 3.1). On the dynamic regimen, NS subfractions similarly diminished γ to minimal 

values with only 15% of area reduction while maintaining γmax around 28 mN/m in all the 

compression-expansion cycles (Fig. 3.10b and Table 3.1). Moreover, γ vs area curves 

overlapped for all cycles with no hysteresis (Fig. 3.10b). For N5, despite reaching γ below 10 

mN/m, γmax and area reduction were higher: above 50 mN/m and 50% respectively (Fig. 3.10b 

and Table 3.1). Finally, NS subfractions were equally stable after few mechanical perturbations 

except for N5, which could not maintain γ stabilized below 18 mN/m (Table 3.1). 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10: Surface activity of NS and its subfractions evaluated using a CBS. a) Initial interfacial adsorption under static conditions (left) 

and after a quick bubble expansion (right). b) Quasi-static (red) and dynamic (blue) compression-expansion cycles. N6 was not tested due to 

sample limitation. A representative experiment is shown for each sample.
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 Discussion 

 LS preparations used for both research and clinical applications are typically isolated from 

animal lungs [2]. As a consequence, these surface-active agents may have undergone 

compositional and structural alterations as a result of exposure to the alveolar interface and 

breathing dynamics. This may be the reason why an heterogenous membranous architecture is 

observed in the alveolar epithelium or in isolated LS complexes [35, 44, 51, 216, 226-229]. 

Until recently, surfactant complexes isolated from BAL of animal lungs have been considered 

to include a surface-active fraction, the large aggregates, and inactive lipid assemblies, the so-

called small aggregates [216, 217, 219, 220, 223]. In this regards, large aggregates would 

include LBPs, multi-bilayer stacks and TM-like structures whereas small aggregates would 

comprise small vesicles and lipid/protein aggregates [216]. In this sense, large aggregates 

perform efficient surface activity because of containing SP-A, SP-B and SP-C whereas small 

aggregates, which did not comprise hydrophobic surfactant proteins, barely reduce γ [48, 219, 

220, 230]. The formation of large and small aggregates is linked to respiratory mechanics. As 

a matter of fact, Gross and Narine proposed that large aggregates may turn into small aggregates 

during dynamic cycling and can be separated according to their different density [217]. In this 

chapter, we suggest that several membrane entities can be distinguished and harvested from a 

LS isolated from operational porcine lungs. We propose that these membranous assemblies may 

correspond to different stages in the bio-structural cycle of LS established from its synthesis to 

recycling. 

 Furthermore, there is a current trend of thought suggesting that freshly secreted LBPs may 

be assembled and structured as highly energetic membrane entities with optimal surface 

activity, resulting from the massive lipid accumulation attained during LS synthesis [42, 43, 54, 

55]. Indeed, LBPs are characterized by a peculiar spherocrystalline anisotropy on exposure to 

polarized light [43], great dehydration and lipid order, and likely including non-lamellar phases 

[42]. In addition, several reports propose that SP-B and SP-C might have discrete activities in 

LBPs [27, 54]. However, the presence and biophysical characterization of LBPs in a NS has 

not been fully explored, beyond qualitative observations of concentrically arranged lipid 

bilayers. Therefore, our aim was to harvest LBPs through: 1) the fractionation of a LS isolated 

from BAL of porcine lungs, and 2) the structural characterization of its subfractions [176, 231].  

 It is important to note that we could repetitively isolate seven subfractions from an already 

purified LS (Fig. 2.1a). Therefore, our starting point was a surface-active surfactant preparation 

(NS) predominantly containing large aggregates since the isolation of small aggregates takes 
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longer centrifugation times [232]. Our first observation was that seven subfractions could be 

repetitively collected from that NS according to density differences. Therefore, large aggregates 

seemed to be constituted by several defined membrane entities. Moreover, surfactant proteins 

were differently partitioned among these NS subfractions (Fig. 3.1a): hydrophobic proteins 

were present in the most abundant (low dense) subfractions (N1 to N4) whereas SP-A was 

detected in N3, N4, N5 and N7. Furthermore, despite containing similar saturated/unsaturated 

PC ratio, cholesterol content was significantly different among NS subfractions. Specifically, 

N2, N3 and N4 contained lower cholesterol amounts. It is noteworthy that cholesterol 

dramatically affects domain formation and morphology and so do surface activity [2, 9, 101, 

141, 145, 233-235]. We speculate that high-density NS subfractions may be generated as a 

result of cholesterol depuration from N2 to N4 subfractions subjected to surface dynamics. In 

addition, membranous assemblies in NS subfractions were structurally different (Fig. 3.2 and 

3.3). We observed multi-lamellar membrane aggregates in N1, N2 and N3, TM-like structures 

in N4 and small vesicles and lipid/protein aggregates in N5, N6 and N7.  

 Therefore, NS seemed to be constituted by several membranous assemblies with 

compositional and structural identity. This led us to the idea that the membrane architecture of 

a NS may show sequential structural states during LS metabolism: biogenesis (N1 and N2), 

adsorption and surface activity (N3 and N4) and eventually recycling (N5, N6 and N7). 

According to that, we expected that NS subfractions differed in terms of lipid packing and 

hydration. If that were correct, LBPs could be easily detected due to its tight and dehydrated 

lipid packing. As mentioned before, several structural features are inherent of LBPs: tight 

packing and dehydrated membranes forming three-dimensionally complex interfacial films 

after adsorption [42, 43, 54, 55]. To discern a LBP-enriched NS subfraction, we first evaluated 

membrane hydration by Laurdan fluorescence (Fig. 3.4) [42, 92, 189] and lipid order by ESR 

(Fig. 3.5) [191, 195-198]. However, we did not observe significant differences among NS 

subfractions. Laurdan GPF curves, exposed to a temperature range between 10 and 55ºC, 

overlapped, illustrating comparable gel-like to fluid-like phase transitions (Fig. 3.4), and were 

also comparable to those reported in the literature for a NS [42, 92]. This transition could be 

also observed in ESR experiments using 5-PCSL but not 12-PCSL probes. The 2Amax values 

were identical in all the main NS fractions meaning similar lipid order.  

 Despite being controversial, our results suggest that the structure of membranes in the NS 

subfractions were comparable despite their different microstructure or protein and cholesterol 

content. These results correlated with those reported from the comparison of NS with or without 
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its native protein and cholesterol content [191], in spite that SP-B, SP-C and cholesterol alter 

lipid order in model lipid mixtures [61, 197, 198]. Therefore, it seems that specific lipid/protein 

interactions are not distinguishable in a natural surfactant or its subfractions, what does not 

mean that these local events are not essential for the surface activity of LS. In this line, the 

thermodynamic behaviour reported for NS, its reconstituted OE, or protein-free lipid fraction 

and phospholipid fraction are fully comparable: a main phase transition at temperatures around 

30ºC with ΔH between 2 and 3.3 kcal/mol and ΔT1/2 of 9ºC [191]. Our results are in line of 

those data reported by Bernardino de la Serna and collaborators [191], even though, a broad 

peak was observed for N3 at temperature above 40ºC (Fig. 3.6). We think that this contribution 

is related to the presence of dehydrated DPPC clusters because freeze-dried DPPC has a Tm 

above 41ºC [236]. These clusters may be local regions in N3 where Laurdan may not partition, 

or its contribution may be masked by a main fluid-like phase. Therefore, the highly dynamic 

character of native LS complexes may mask local but essential events for the surface activity 

of LS. 

 In line with that described above, the structure of interfacial films formed by NS 

subfractions was similar (Fig. 3.7 and 3.8). A disordered-like fully interconnected phase 

covering the whole interface was observed at low Π. Upon compression, some stringy 

condensed regions were observed, especially in N3, but disappeared as soon as exclusion 

(bright) points nucleate from monolayers (Fig. 3.8 and 3.9a). Experiments conducted using 

fluorescent αSP-B antibodies (data not shown) suggested that these label-free regions may be 

protein-enriched channels towards the aqueous phase allowing monolayer protruding on 

compression and re-spreading on expansion. As a matter of fact, maximizing the interface 

between Lc and Le phases in adsorbed monolayers has been suggested to facilitate reversible 

collapse of monolayers [62, 233, 237]. In this sense, both SP-B and SP-C have been associated 

to decrease condensed domain size while increasing the length of domain boundaries and 

forming multilayers during compression [62, 107, 238-250]. In our experiments, area 

percentages calculated for both regions, and label-free to label-enriched Π transition were 

similar except for N3, whose films contained larger label-free regions (Fig. 3.9b). Considering 

the lack of kidney-shaped domains (typical of pure DPPC domains segregated during 

compression) or lipid phase coexistence, our results suggested that NS subfractions formed 

equally structured interfacial films. 

 Finally, we evaluated the surface activity of NS subfractions using the CBS (Fig. 3.10 and 

Table 3.1) [83, 88]. To discuss these data, it is important to note that an efficient surface-active 



3. Chapter 1 

111 
 

agent must accomplish three surface features: adsorb quickly at the air-liquid interface, 

diminish γ on compression and stabilize the interface, i.e. reaching γmin on compression and 

avoiding high γmax on expansion, during physiological-like compression-expansion cycles [87]. 

In this sense, all NS subfractions adsorbed efficiently (Fig. 3.10a) and reached γmin during both 

quasi-static and dynamic cycling (Fig. 3.10b and Table 3.1). In line with preceding experiments, 

their functionality did not differ significantly except for N5, which performed poor surface 

activity. This is reasonable since isolated LS complexes exhibit optimal activity in vitro and in 

vivo, thus, barely include poorly active aggregates.  

 Outcome 

 The main purpose of this chapter was to characterize the composition, structure and surface 

activity of NS subfractions in order to identify and isolate a membrane entity sustaining the 

structural fingerprint of LBPs. Even though NS was constituted by several membranous entities 

with different microstructure or protein and cholesterol content, our data suggest that NS 

subfractions only comprised similarly packed membranes with comparable surface activity. 

Therefore, we concluded that: 

- LS complexes isolated from BAL of porcine lungs comprise several membranous 

assemblies that may be associated to different stages during LS synthesis, assembly, 

secretion, surface activity and recycling. 

- NS subfractions have similar surface activity than whole pulmonary surfactant 

from BAL. The differences in structure and composition observed between fractions 

would likely result of exposure to alveolar spaces and breathing dynamics. 

- The hallmark of tightly packed freshly secreted LBs (i.e. LBPs, secreted but not 

adsorbed) could not be identified within the most dense and active fractions of the 

surfactant material harvested from BAL. 
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Isolation of LS from human amniotic fluid: looking for 

a pristine freshly secreted unused surfactant 
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Cell culture work was carried out in the Regenerative Medicine Group from the Research 

Institute “Hospital Universitario 12 de Octubre” (imas12) (Madrid, Spain) under the 

supervision of PhD Ana Isabel Flores. Human amniotic fluid was collected in the Department 

of Obstetrics and Gynaecology from “Hospital Universitario 12 de Octubre” (Madrid, Spain) 

by Prof. Alberto Galindo and MD Emma Batllori-Badia. To do this, a research project and an 

informed consent were presented and approved by the Ethical Committee of the “Hospital 

Universitario 12 de Octubre” (14/07/2016, CEI: 16/205). 
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 Introduction 

  LBPs and where to find them 

 Nowadays, to study structure-function relationships in LS, most of research is conducted 

using lipid mixtures, purified surfactant proteins, synthetic peptides or native LS complexes. 

Nevertheless, not only do these materials stand for a narrow window in surfactant landscape, 

i.e. constrained lipid and protein composition, but these models have also remarkable structural 

differences in comparison to freshly secreted LS complexes assembled as LBs or LBPs [42, 

43]. Until recently, the mere visualization of a concentrically arranged multilamellar assembly 

has been considered enough to confirm the presence of LBs. But today it is proposed that the 

pristine assembly of LS comprises highly dehydrated and packed membranes and possibly non-

lamellar lipid phases, with high resistance to serum and meconium inhibition and interface-

assisted transformation to three-dimensional solid-like interfacial films upon adsorption [42, 

43, 53-55, 57]. Unfortunately, protocols to obtain LB and/or LBPs require the use of cell 

cultures, stimulation of surfactant secretion with secretagogues and collection of secreted 

lipid/protein assemblies [42, 53]. However, limited amounts of freshly secreted surfactant are 

available from this source, and that is the reason why the structural fingerprint of LBPs has 

been elusive. 

 In addition to the aqueous layer coating the alveolar epithelium, LS can be also found in 

the amniotic fluid [251-256]. Apart from being involved in mechanical protection and 

temperature regulation, this biological fluid stimulates foetal lung maturation along the 

gestational development by flowing through foetal airways. Consequently, the foetus starts to 

secrete a LS that still is not induced to undergo a structural or compositional remodelling as a 

result of breathing dynamics, nor altered as a consequence of oxidation processes upon 

exposure to genuine air-liquid interface once air respiration is stablished. Amniotic fluid can 

therefore serve as a source of pristine surfactant still unexposed to air. 

  How to assess foetal lung maturity and predict the risk of NRDS 

 The quantification of surfactant amounts in amniotic fluid has been employed in bedside 

clinical applications to evaluate foetal lung maturity [252, 254, 257-259]. On the one hand, PC 

amounts increase gently until the 34-35th week of pregnancy, and then abruptly to become the 

most abundant lipid class in amniotic fluid at term [257]. On the other hand, SM appears in the 

24th week of pregnancy but its levels decrease from the 30-32nd week. Therefore, PC/SM ratio 

has been useful to infer the risk of NRDS (the Neonatal Respiratory Distress Syndrome 
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developed as a consequence of the lack of an operative surfactant allowing the opening of the 

lungs) [257]. In this line, PI levels increase parallel to PC’s in the gestational development until 

the 34-35th week when their amounts start to decrease [257]. In addition, the 36th week of 

pregnancy is the onset of PG secretion, which subsequently becomes the second lipid class in 

the Amniotic Fluid Surfactant (AFS) [257]. The PC/SM ratio and PG concentration have been 

useful indexes to predict the risk of lung immaturity in a simple, cheap and quick manner [257]. 

In an attempt to increase sensibility, accuracy and specificity, SP-A detection (increases from 

the 32-34th week of pregnancy) seemed to be useful accompanied by these tests [252, 254].  

 It is important to note that LS complexes present in amniotic fluid may be assembled as 

LBPs inasmuch as AFS has not been exposed to air. As a matter of fact, apart from lipid 

quantification, the lamellar body count (LBC) in amniotic fluid has been used to evaluate foetal 

lung maturity owing to being a cheap, quick and easy methodology using a hematologic 

analyser [253, 258, 259]. Altogether, there are several laboratory tests to not only evaluate foetal 

lung maturity but also the need of SRT in the face of NRDS. However, these procedures require 

amniotic fluid collection through amniocentesis, which is a risky methodology. 

  Rescuing breathing capacity in premature newborns using AFS 

 The isolation and characterization of human AFS was conducted parallel to those for 

surface-active materials purified from animal lungs in the early 80s [255, 256]. AFS was 

obtained from pregnant women at term subjected to scheduled caesareans with yields around 1 

mg of phospholipid per litre of amniotic fluid (300-400 ml amniotic fluid per donor) [255, 256]. 

The lipid composition of AFS is equivalent to that of LS complexes isolated from BAL of 

human lungs or human lung homogenate, and to murine, canine, and rabbit surfactant: 80% (w) 

phospholipids, 10% (w) neutral lipids and 10% (w) proteins [256]. The most abundant lipid is 

DPPC accounting for 40% of AFS mass followed by PG and PI with around 6% (w) each [256]. 

Additionally, not only does AFS contain SP-B and SP-C but these proteins can also be purified 

from AFS complexes and reconstituted with synthetic lipids to prepare a surface-active agent 

in vitro and in vivo as tested in foetal rabbits [260, 261]. Remarkably, AFS complexes contain 

proteins linked to host defence, some of them with anti-inflammatory activities, also suggesting 

a possible immunological role at the very end of pregnancy [262].  

 In the race to develop a candidate to treat premature newborns suffering from NRDS, pilot 

studies using AFS showed immediate beneficial effects: reduction of mechanical ventilation 

needs and oxygen supply (PO2 increase and FIO2 reduction), which are harmful for immature 
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lungs, as well as reduction of bronchopulmonary dysplasia incidence [256, 263]. In this context, 

it was required to collect 1.5 litres of amniotic fluid (5 caesareans) to treat one patient [256]. 

Later, a randomized clinical trial comparing premature newborns treated with either AFS or 

mechanical ventilation confirmed that AFS administration reduced FIO2, airways pressure and 

oxygen needs, while increasing PO2 and reducing death incidence, bronchopulmonary 

dysplasia, intraventricular haemorrhage, pneumothorax, pulmonary interstitial emphysema, 

sepsis, retinopathy of prematurity or necrotizing enterocolitis [264]. Beneficial respiratory 

effects comprehended 48 hours after treatment with AFS, while patients belonging to the 

control-group undergone life-threatening complications [264].  

 Notwithstanding promising outcomes, there were several drawbacks to spread the use of 

AFS in clinical applications at that time, such as the transmission of HIV, among others, as well 

as possible long-term negative outcomes or inflammatory responses [265]. That is the reason 

why clinical surfactant preparations are animal-based, and AFS is not used in either research or 

biomedical applications [2]. However, considering our current knowledge concerning LBPs 

[42, 43, 53, 55], positive outcomes when using AFS to treat patients suffering from NRDS [256, 

263, 264], the development of novel biophysical technologies [66, 115, 117] and the fact that 

the pandemic of HIV is under control in western countries, the study of AFS seems to be 

appealing. 

 Objectives 

 In chapter one, we aimed to characterize NS subfractions to isolate LBPs. However, a 

natural surfactant comprises diverse membranous assemblies but similar in lipid packing and 

surface activity. In chapter two, we aimed to look for a biological source that allow us to obtain 

high enough amounts of pristine LS complexes. To do so, we: 

1) Escalated LBP secretion from human decidua-derived mesenchymal stem cells 

differentiated into type II-like pneumocytes.  

2) Isolated LS from human amniotic fluid and characterize its composition and surface 

activity in comparison to a surface-active agent purified from porcine lungs (NS). 
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 Results 

 To try obtaining LBPs from cell cultures, we used mesenchymal stem cells purified from 

human placenta (Fig. 4.1a). These cells can be easily differentiated to cellular phenotypes 

similar to type II pneumocytes (Fig. 4.1b), able to express surfactant proteins and secrete LBs 

upon stimulation with phorbol esters and ATP [53]. To escalate surfactant secretion, we seeded 

stem cells in surfaces of 10, 20, 80 and 175 cm2. Once differentiated, surfactant secretion was 

stimulated, and freshly secreted aggregates were quantified by phosphorus analysis (Fig. 4.1c). 

In our experiments, we could not collect more than tens of micrograms of surfactant aggregates.  

Fig. 4.1: Isolation of LS complexes from cell cultures. a) Mesenchymal stem cells isolated from human placenta. b) Type II-like pneumocytes 

resulting from cellular differentiation. c) Yield of surfactant isolation from freshly secreted complexes in culture surfaces of increasing size.   

 In search for an alternative, we have isolated LS from 35 human amniotic fluids, which 

were collected from pregnant women at term subjected to scheduled caesareans (Table 4.1). In 

this manner, we could collect hundreds of millilitres of human amniotic fluid (around 300 ml 

per donor) (Table 4.1). To avoid possible blood or meconium cross-contamination, samples 

were managed independently. Indeed, we routinely quantified cholesterol amounts to 

distinguish clean and meconium-stained AFS, which were not employed in the subsequent 

characterization (Table 4.1). In contrast to the use of cell cultures, we obtained milligrams of 

surfactant aggregates from human amniotic fluid (Table 4.1). Moreover, our purification yields 

(57 ± 29 µg of phospholipid per millilitre of human amniotic fluid) correlated with those 

reported from Hallman and collaborators [256]. These results confirmed the feasibility of AFS 

isolation to conduct a detailed characterization in comparison to a standard pulmonary 

surfactant purified from BAL of porcine lungs, i.e. NS. 

Table 4.1: Isolation of LS from 35 human amniotic fluids. AFS batches were stored independently and two groups were distinguished: clean 

and meconium-stained. Statistics were conducted using t-Student method: * (P<0.05), ** (P<0.01) and *** (P<0.001). 
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 Next, we analysed particle size distribution and zeta potential of surfactant particles in 

human amniotic fluid using an equipment based on tuneable resistive pulse sensing (Fig. 4.2) 

(see Materials & Methods). Size distributions in AFS revealed particle diameters ranging from 

100 to 500 nm (Fig. 4.2a), which correspond to that reported for human LBPs [44]. Mean 

diameter and mode diameter for 6 amniotic fluids were in the range of 200-300 nm and 100-

180 nm respectively (Fig. 4.2b). Particle size distribution were polydisperse as indicated by the 

d90/d10 ratio, being values close to one typical of monodisperse distributions, as determined 

for calibration particles. Concentration was in the range of 109-1010 particles per millilitre of 

amniotic fluid.  In addition, particle zeta potential was comparable to that of large unilamellar 

vesicles composed of PC and/or PG (Fig. 4.2c), which are abundant lipid classes in LS [1]. 

Similar experiments were conducted using BAL of porcine lungs, though particle size 

distribution could not be acquired because of nanopore blockage during measurements. We 

attributed that to the presence of aggregates with a size above the upper limit of the nanopore 

(630 nm), which correlated with the fact that NS was constituted by large membranous 

assemblies.  

Fig. 4.2: Particle size distribution and charge in AFS. a) Size distribution of carboxylate polystyrene calibration particles with nominal 

diameter of 210 (CPC 200) and 350 nm (CPC 350) and six debris-free human amniotic fluids acquired using a nanopore NP250 (analysis range 

of 100-630 nm). b) Data analysis. c) Particle zeta potential of three human amniotic fluids (left) and 100 nm-sized large unilamellar vesicles 

(right) composed of PC (black) or PG (red) (each spot corresponds to a single particle).     
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 Then, we compared the composition of AFS and NS (Table 4.2). Similar phospholipid 

distributions were obtained, being PC the major lipid class accounting for 86 and 89% (molar), 

from which 32.6 and 34.4% (molar) correspond to DPPC, for NS and AFS respectively. Other 

lipids identified were PE (6.4 vs 4%, molar), PI (4.7 vs 2.6%, molar) and PG (1.6 vs 2.1%, 

molar). Minor traces of PC plasmalogens (PC Plasm), LPC and LPE were found. Similarly, the 

proportion between saturated and unsaturated phospholipids did not differ significantly 

between NS and AFS (Table 4.2a). The main compositional difference was cholesterol content: 

5 and 10% (mass) for NS and AFS respectively. Furthermore, SP-A, SP-B and SP-C were 

detected in all AFS batches by western blot (Fig. 4.3). Despite faint signals detected for porcine 

NS, it is not possible to quantitatively compare protein amount present in NS and AFS because 

of antigen-antibody specificity, i.e. primary antibodies used were obtained against human 

proteins and therefore longer exposition times are required for the detection of porcine proteins. 

Table 4.2: Lipidomic analyses. a) Saturated/unsaturated phospholipid ratio for each lipid class (N=3 for both NS and AFS). b) Phospholipid 

composition (molar percentage) (N=3 for both NS and AFS). 

 

Fig. 4.3: Western blot analyses against SP-A, SP-B and SP-C for 16 AFS.  1, 2, 5, 6, 9, 10 and 11 correspond to clean AFS samples. 3, 4, 

7, 8, 12, 13, 14, 15 and 16 correspond to meconium-stained samples. Isolated surfactant proteins and NS complexes were used as control. 

Equal phospholipid amounts were loaded per well. 

  



4. Chapter 2 

121 
 

 The structure of these lipid/protein complexes were also studied by Cryo-EM. On the one 

hand, NS was constituted by a heterogenous mixture of membranous assemblies including 

multi-bilayer stacks, small unilamellar vesicles or multi-vesicular bodies (Fig. 4.4). On the other 

hand, tightly packed membranous assemblies were observed in AFS (Fig. 4.5). Specifically, 

most of lipid particles were structured as LBPs and tight multi-bilayer stacks (Fig. 4.5). Indeed, 

bifurcated bilayers were observed similar to those reported for intracellular LBs [36].   

Fig. 4.4: Cryo-EM images acquired for NS preparations. Several lipid entities were observed including membrane stacks (arrows in a, b 

and c), small lipid vesicles or multi-vesicular assemblies (asterisks in a, b, c and e), fractured lipid bilayers (crosses in c, d and f), concentrically 

arranged bilayers similar to LBPs (dollar in a) and detached bilayers (at sign in d and f). Scale bar, 200 nm.  

 

 Therefore, NS seemed to be constituted by loose lipid entities in comparison to AFS whose 

membranes sustained a tighter lipid packing. To confirm that, we did a quantitative analysis 

(Table 4.3). In this regard, we measured inter-bilayer spacing (171 and 213 measurements for 

NS and AFS respectively) as well as the distance from the outer to the inner bilayer forming a 

lipid particle (51 and 49 particles for NS and AFS respectively) (Table 4.3). This quantitative 

analysis showed that the inter-bilayer spacing, calculated as average or per lipid assembly, was 

significantly smaller for lipid particles constituting AFS meaning tighter lipid packing (Table 

4.3). In the same line, the number of bilayers forming a lipid particle divided by the distance 

from the outer to the deepest was higher for AFS (Table 4.3).  
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Fig. 4.5: Cryo-EM images acquired for AFS. Several membranous assemblies were distinguished: a) tightly packed membrane stacks; b) 

zoom in a) showing more than ten lipid bilayers (≈ 7 nm each one) forming a membrane stack; c) LBPs ; d) LBPs and lipid vesicles; zoom in 

e) illustrates bifurcated bilayers forming a LBP. Scale bars, 200 nm. 

 

Table 4.3: Quantitative analysis of structures in NS and AFS. The distance between consecutive bilayers is shown as inter-bilayer spacing 

average as well as for each particle. Moreover, the number of bilayers comprising a membranous particle was divided between the distance 

from the outer to the inner bilayer. 171 and 216 inter-bilayer distances in 51 and 49 membranous particles were analyzed for NS and AFS, 

respectively. Statistics were conducted using t-Student method: * (P<0.05), ** (P<0.01) and *** (P<0.001). 

 

 Having observed membranous complexes in human amniotic fluid, the following question 

to be addressed was if those materials had the functionality expected for an operative surfactant. 

As mentioned in previous sections, an optimal LS must diminish γ quickly on adsorption, and 

to minimal values (around 1 mN/m) with low area reduction on compression and during 

compression-expansion cycles at respiratory rate (20 cycles/min). To evaluate the functional 

properties of AFS, we studied adsorption capabilities using a surface balance (Fig. 4.6 and 

Materials & Methods Fig. 2.11) and the surface activity of AFS under breathing-like conditions 

using a CBS (Fig. 4.7, 4.8, 4.9 and 4.10 and Materials & Methods Fig. 2.15).  
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 To compare interfacial adsorption, we conducted experiments for aqueous suspensions at 

different phospholipid concentration, i.e. ranging from 0.5 to 20 mg/ml, in the Wilhelmy surface 

balance (Fig. 4.6a). In this manner, we studied adsorption capabilities as a function of surfactant 

concentration. Moreover, we used different surface areas to increase time and spatial resolution 

(Fig. 4.6b-d). For each experiment, we calculated maximum Π (left in Fig. 4.6b-d), from 

interfacial adsorption kinetics, and maximum adsorption rate (right in Fig. 4.6b-d), from first 

derivate peaks. Our first observation was that adsorption occurred in two consecutive steps for 

both NS and AFS: a dramatic increase of Π followed by a second late adsorption at a Π above 

40 mN/m. This two-steps adsorption was easily observed for NS (bottom in Fig. 4.6a) because 

this surface-active agent adsorbed more slowly. Indeed, this fast-late adsorption has been 

reported for other surfactant preparations in the literature [266]. Furthermore, our results 

showed that the higher the concentration, the better the adsorption. From a comparative point 

of view, AFS adsorbed significantly quicker and reached higher Π, at same phospholipid 

concentration, when increasing surface area (Fig. 4.6b-d).  

Fig. 4.6: Interfacial adsorption of AFS and NS evaluated in an adsorption surface balance. a) Adsorption kinetics of AFS (top) and NS 

(bottom). b-d) Maximal Π (left) and maximal slope (right) for experiments conducted in surface areas of 3.1 (b), 22.5 (c) and 103.9 cm2 (d). 

N=3 for both NS and AFS. Statistics were conducted using t-Student method: * (P<0.05), ** (P<0.01) and *** (P<0.001). 

 In addition, we systematically evaluated the surface activity of AFS using a CBS (Fig. 4.7, 

4.8, 4.9 and 4.10). As detailed in Materials & Methods (see Fig. 2.15), this equipment is a 

bubble-based tensiometer that allows studying not only adsorption capabilities, but also 
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functional properties during breathing-like compression-expansion cycling [3]. Our 

experiments showed that AFS adsorbed efficiently under static conditions and after surface 

expansion (Fig. 4.7). In this case, we did not observe relevant differences between AFS and 

NS, even though statistical analyses showed significance at certain time points (being the γ 

lower for AFS). It is important to note that, for CBS experiments, surfactant suspensions at 12 

mg/ml were injected into a bubble with a size of 0.6 cm2; thus, this experiment did allow us to 

conduct a fine-grained adsorption characterization because of spatial and time resolution.  

Fig. 4.7: Adsorption capabilities of NS (black, N=3) and AFS (blue, N=16) evaluated in a CBS. Left) Initial adsorption under static 

conditions. Right) Post-expansion adsorption. Statistics were conducted using t-Student method: - (no statistical relevance), * (P<0.05), ** 

(P<0.01) and *** (P<0.001). 

 Apart from adsorption, the most important information that can be obtained from a CBS 

experiment is the surface activity during compression-expansion cycles. In this regard, two 

different regimens were used: quasi-static (Fig. 4.8), which provide with information 

concerning compression-driven exclusion of fluid lipids so interfacial refinement; and dynamic 

(Fig. 4.9), to evaluate surface activity under breathing-like cycling. For comparison, several 

parameters were determined such as minimal γ on compression (γmin), maximal γ on expansion 

(γmax) and area reduction percentage to reach γmin (ARγmin). On the one hand, despite no 

statistical significance between AFS and NS, there was variability among AFS batches during 

quasi-static cycling (Fig. 4.8). NS reduced γ to minimal values (around 1 mN/m) from the first 

cycle (Fig. 4.8a) whereas some AFS did not (Fig. 4.8b). During the subsequent cycles, both 

surfactants required less ARγmin while sustaining a γmax of 25 mN/m (Fig. 4.8c). 
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Fig. 4.8: Surface activity of NS (a, N=3) and AFS (b, N=16) during 4 consecutive quasi-static compression-expansion cycles: 1st (black), 

2nd (red), 3rd (blue) and 4th (green). A representative replicate is shown for each biological sample. c) Data analysis. Statistics were conducted 

using t-Student method: - (no statistical relevance), * (P<0.05), ** (P<0.01) and *** (P<0.001). 

 

 On the other hand, AFS performed efficient surface activity during compression-expansion 

cycles at breathing-like rate, i.e. γmin of 1-3 mN/m, γmax of 25-30 mN/m and ARγmin of 13-15% 

(Fig. 4.9c). In this case, comparable compression-area curves were obtained for NS and AFS 

(Fig. 4.9a-b).  
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Fig. 4.9: Surface activity of NS (a, N=3) and AFS (b, N=16) during dynamic compression-expansion cycles: 1st (black), 10th (red) and 20th 

(blue). A representative replicate is shown for each biological sample. c) Data analysis. Statistics were conducted using t-Student method: - 

(no statistical relevance), * (P<0.05), ** (P<0.01) and *** (P<0.001). 

 

 Finally, we evaluated stability on mechanical perturbations using a pendulum hammer (Fig. 

4.10). In this regard, an only slight increase of γ was observed after 15 perturbations (from 2 to 

5 mN/m), illustrating the high mechanical stability of interfacial films formed by both NS and 

AFS (Fig. 4.10). 

 

Fig. 4.10: Stability of NS (black, N=3) and AFS (blue, N=16) on mechanical perturbations. Statistics were conducted using t-Student 

method: - (no statistical relevance), * (P<0.05), ** (P<0.01) and *** (P<0.001). 
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 To complete the functional characterization, we studied the resistance to serum and 

meconium inhibition (Fig. 4.11) and the blockage of adsorption mediated by αSP-B and αSP-

C (Fig. 4.12). To do so, we used a multi-well plate adsorption test described in the literature 

(see Materials & Methods and Fig. 2.12) [209] and employed previously for the same purpose 

[42, 53, 54]. We performed these experiments because: 1) LBPs have been reported to be 

resistant to serum and meconium inhibition [42, 53] and 2) SP-B and SP-C are essential key 

elements driving LBP unpacking and film formation [54]. Following this reasoning, if AFS 

sustained the structural state of LBPs, this surface-active agent would be resistant to serum and 

meconium, but its adsorption would be significantly lower after incubation with αSP-B or αSP-

C.  

Fig. 4.11: Resistance to serum and meconium inhibition of NS (number of biological samples were 4 and 3, for serum and meconium 

respectively) and AFS (number of biological samples were 7 and 5, for serum and meconium respectively). Serum and meconium were added 

at increasing concentrated solutions as shown in the figure caption. a) Representative adsorption kinetic acquired for NS (left) and AFS (right) 

in the presence of serum (above) or meconium (below). b) Percentage of interfacial adsorption as a function of serum (left) or cholesterol 

(right) concentration. Statistics were conducted using t-Student method: * (P<0.05), ** (P<0.01) and *** (P<0.001). 
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 On the one hand, both serum and meconium hindered the adsorption capabilities of both 

NS and AFS, even though susceptibility to inhibition was significantly greater for NS (Fig. 

4.11). On the other hand, αSP-B and αSP-C reduced film formation by AFS (Fig. 4.12). 

Moreover, inhibition curves obtained for experiments using αSP-B, αSP-C or both overlapped. 

Although this inhibitory effect was equivalent for NS, in this case, control experiments using 

unspecific αIgG result in similar inhibition curves. To explain this, it is important to note that 

immunoglobulins may compete with LS to line the interface in a similar way than serum 

proteins. Therefore, the reduction of fluorescence emission recorded for experiments using NS 

could not be attributed to the blockage of surfactant proteins but unbound antibody-induced 

inhibition. In contrast, αIgG did not cause the reduction of AFS adsorption (Fig. 4.11), likely 

because this material resists competitive inhibition (Fig. 4.11).  

Fig. 4.12: Inhibition of the adsorption capabilities of NS and AFS by αSP-B and αSP-C antibodies. AFS and NS were incubated with 

αSP-B (a) or αIgG (b, control) as indicated in the figure caption. c) Percent of interfacial activity of NS (left) and AFS (right) as a function of 

antibody concentration. 
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 Discussion 

 The development of SRT with clinical surfactant preparations was a milestone in the 

twentieth century. Since then, mortality rates for premature newborns suffering from NRDS 

decreased remarkably [4]. Nowadays, clinical surfactants are still prepared from BAL or 

minced tissue from animal lungs [2]. To avoid pernicious immunological responses, these 

biological materials are subjected to organic extraction to remove hydrophilic proteins. 

However, as a result of processing, these lipid/protein complexes represent a mixture of 

surfactant constituents but do not sustain the original structure of surfactant as it is assembled 

in pneumocytes [36, 44, 226]. In the recent years, there is a current trend of thought proposing 

that these materials may not perform at the respiratory surface as true native LS does. Moreover, 

surfactant complexes isolated from lavages of animal lungs may not be fully optimal surface-

active materials, due to being already subjected to oxidation and breathing dynamics [42]. This 

may explain why SRT have failed to improve the prognosis of patients suffering from ARDS 

or MAS, whose physiopathology implies a challenge for currently available clinical 

preparations [2, 3].  

 In this context, some researchers have studied the structure-function relationships of 

pristine LS assemblies: LB and/or LBPs [36, 42, 43, 54, 55]. These lipid/protein particles are 

proposed to sustain an “optimal active state” result of massive lipid accumulation, and are 

characterized by a highly dehydrated lipid packing and the formation of solid-like 3-D 

interfacial films after interfacial adsorption [42, 43, 54-56]. In addition, their structural 

organization may provide with higher resistance to serum or meconium inhibition [42]. In this 

line, highly concentrated LS suspensions, structured as dense aggregates, or polymer-treated 

surfactants, which undergo dehydration and a structural refinement to form tightly packed 

assemblies, become resistant to inhibition by serum or meconium [138, 157, 159]. Following 

this reasoning, we aimed to isolate freshly secreted LBPs from human decidua stems cells 

differentiated into type-II like pneumocytes [53] to conduct a detail characterization (Fig. 4.1). 

However, the use of cell cultures to obtain LBPs was unfeasible because of low purification 

yields and being an expensive and time-consuming methodology. As an illustration, only few 

micrograms of surfactant were collected after weeks of cell culture work (Fig. 4.1). Conversely, 

we required milligrams of surfactant to not only do research but also to propose this model as 

candidate in SRT since clinical doses varied between 50 to 200 mg/kg [2]. 

 The fact that surfactant complexes are typically isolated from operational lungs does not 

imply a unique biological source of LS. As a matter of fact, LS-associated components are 
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detected in the upper airways, tear fluid, middle ear, amniotic membranes and amniotic fluid 

[255, 256, 267-269]. Indeed, the quantification of surfactant lipids and/or proteins, and LBC, 

in human amniotic fluid has been approached to evaluate foetal lung maturity [252, 257-259]. 

Taking into consideration that this material has never been exposed to air or air-liquid 

interfaces, AFS might sustain the structural fingerprint of a pristine freshly secreted surfactant. 

According to that, we aimed to isolate LS complexes from human amniotic fluid. To do so, we 

collected amniotic fluid from 35 full-term programmed caesareans (Table 4.1). In this case, our 

purification yields were high enough to conduct a detailed characterization (Table 4.1). The 

human amniotic fluid contained particles with a size from 100 to 400 nm (Fig. 4.2), which were 

in the range of human LBPs [36], and whose concentration correlated with LBC cut-off of ≥ 

200000 particles/µl [259]. Moreover, these membranous particles sustained a tighter membrane 

packing in comparison with those observed in NS (Fig. 4.4, 4.5 and Table 4.3). This is in line 

with the idea that surfactant exposed to alveolar spaces and surface dynamics, i.e. NS, loses the 

tight packing attained during LS biogenesis.  

 Moreover, the phospholipid composition of AFS was equivalent to that of NS (Table 4.2) 

and correlated with lipidomic analyses reported in the literature [256]. Additionally, AFS 

contains SP-A, SP-B and SP-C (Fig. 4.3) proving the presence of LS complexes. It is 

noteworthy the different cholesterol content in AFS and NS: 10 vs 5% (weight percentage), 

respectively. The role of cholesterol in surfactant is still a matter of controversy. On the one 

hand, several clinical surfactants are cholesterol-depleted materials [2] because this lipid has 

been considered as a strong inhibitor of LS surface activity [101, 102, 145]. This is particularly 

remarkable in the case of newborns suffering from MAS [2, 3, 145]. In our study, the presence 

of meconium in amniotic fluid, due to foetal stress during delivery, ended in meconium-staining 

of isolated surfactant complexes, likely because of pulling together meconium and surfactant 

complexes during isolation. As a matter of fact, cholesterol content allowed us to distinguish 

between clean (10% cholesterol by weight) and meconium-stained AFS (up to 20%) (Table 

4.1). On the other hand, cholesterol modulates lipid phase segregation in native LS membranes 

or in membrane or surfactant models made of lipid mixtures [9, 102, 270], which may be 

essential for nucleation and growth of DPPC-enriched domains and multilayer formation during 

compression [233], i.e. the squeeze-out of fluid regions containing poor surface-active lipids 

and proteins. It is important to consider that physiological levels of cholesterol in surfactant 

vary from 5 to 10%. Thus, cholesterol content in clean AFS is within the normal range. 
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 Furthermore, the membranous complexes isolated from human amniotic fluid 

accomplished the functional requirements of a good surfactant: adsorbed efficiently into an air-

liquid interface (Fig. 4.6 and 4.7) and reduced γ to minimal values during cycling under 

physiological constraints (Fig. 4.9). Regarding adsorption capabilities, our experiments showed 

that AFS adsorbed better, reaching higher Π (lower γ) (Fig. 4.6d), and quicker (Fig. 4.6b-d) 

than NS. The adsorption mechanism of LS has been widely studied because it implies bilayer-

to-monolayer conversions, which are energetically unfavourable processes, which requires the 

transient formation of non-lamellar phases [266, 271-274] (see Introduction and Fig. 1.6). Still, 

these non-lamellar phases might be not only temporary events, but pre-formed in LBs and LBPs 

(in AFS) [42]. This way, the energy barrier for surfactant adsorption would be much lower, and 

that could explain why AFS has better adsorption capabilities than NS, which has been already 

exposed to alveolar spaces, somehow dissipating these determinants.  

 Moreover, SP-B and SP-C may induce and stabilize the formation of non-lamellar phases 

by promoting negative curvature, with electrostatic and geometric contributions [34, 74-76]. In 

LBPs, SP-B and SP-C have been attributed a role as molecular drivers of surfactant unpacking 

and film formation [54]. In this line, our results showed that the blockage of either SP-B or SP-

C resulted in a significant reduction of AFS adsorption (Fig. 4.12). The fact that identical 

inhibition curves were obtained using either αSP-B or αSP-C (Fig. 4.12) suggested that the 

blockage of SP-B or SP-C carried not only the inhibition of the targeted protein but the two of 

them. It has been demonstrated that SP-B and SP-C interact one to each other and modulate 

common properties in surfactant complexes, such as their oligomeric state [27], membrane 

permeability [275] or membrane fusion or fragmentation [276]. A similar disposition of protein 

complexes in AFS could explain the common susceptibility to αSP-B and αSP-C antibodies. 

Altogether, it is tempting to speculate that SP-B and SP-C may stabilize non-lamellar phases in 

pristine LS complexes. It is not until the formation of interfacial film that these protein/protein 

interactions could be lost. If this were the case, the adsorption of a pristine LS, while 

maintaining the original protein-protein interactions, would be boosted what would become 

more evident in a pathological context, as reported for LBPs [42, 53]. In this line, we observed 

that AFS is more resistant to serum or meconium inhibition than NS (Fig. 4.11). Additionally, 

this logic might explain why the development of inhibition-resistant clinical preparations has 

been a challenge so far.  

 Apparently, AFS performed worse than NS during quasi-static cycling (Fig. 4.8). This 

observation can be explained in structural terms. The reduction of γ depends on DPPC-
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enrichment, i.e. compositional refinement. According to that, the compression-driven squeeze-

out of fluid lipids and proteins in NS may be accompanied of a loss of certain lipid/protein 

complexes. Conversely, the tightly packed complexes within AFS may need to be disassembled 

in order to enrich the interface with DPPC monolayer patches. Therefore, a quasi-static regimen 

may slow AFS unpacking and so do γ reduction. In this line, the adsorption of LBPs has been 

proposed to be self-regulated and modulated by surface forces [45]. At γeq, upcoming LBPs do 

not unpack and remain underneath the interfacial film [45]. Following this logic, it may not be 

until no-equilibrium conditions, i.e. dynamic cycling, that the film formed by a pristine LS is 

re-organized to reach γmin. This explanation agrees with the fact that AFS exhibits efficient 

surface activity during compression-expansion cycles applied at the respiratory rate (Fig. 4.9), 

that is γ reduction to minimal values (1-3 mN/m) with low area reduction (12-14%) and without 

hysteresis. Moreover, what we have observed in vitro agrees well with the optimal outcome of 

premature infants suffering from NRDS and treated with AFS in the late 80’s [256, 263, 264]. 

Therefore, the use of AFS in clinical applications is a real and feasible possibility. 

 Outcome 

 The main purpose of this chapter was to look for a biological source that could allow us to 

obtain pristine LS complexes to conduct a detailed characterization of its composition, structure 

and functionality in comparison to a standard surfactant preparation purified from lavages of 

porcine lungs. Our data suggest that:  

- The isolation of LS from human amniotic fluid is a suitable process, non-invasive 

and allow obtention of a pristine freshly secreted and unused surfactant with high 

purification yields, to conduct a detail characterization of its structure-function 

relationships. 

- The lipid/protein complexes of AFS have better adsorption capabilities than a NS 

under conditions mimicking a physiological or pathological context. This optimal surface 

activity may be related to the fact that AFS still maintains the structural fingerprint of a 

pristine surfactant as it was assembled by pneumocytes.  
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 Introduction  

 The surface activity of LS depends on its structure, and particularly on the protein-lipid 

interactions of the hydrophobic surfactant proteins SP-B and SP-C with surfactant lipids. 

However, it is difficult to extrapolate some findings in vitro to the biological context because 

of the inherent structural complexity of LS. This may explain why certain lipid/protein 

interactions are not clearly discerned in natural surfactant complexes, even though, their 

biological impact is essential for LS synthesis, adsorption, surface activity under breathing 

dynamics and recycling. One might think that the dynamism and complexity of a natural 

material may be masking local but essential events [191].  

 Furthermore, being exposed to surface dynamics, these lipid/protein complexes isolated 

from animal lungs may stand for functional, but already used, materials lacking some structural 

determinants [42]. As a matter of fact, certain lipid/protein or protein/protein interactions are 

argued to occur in LBs or LBPs but loose after adsorption and surface dynamics [27, 54, 56]. 

This agrees with the different structure and surface activity of freshly secreted LS complexes 

and surfactant isolated from BAL [42, 43, 53, 55]. A pristine freshly secreted surfactant is 

assembled as tightly packed and dehydrated multi-bilayer assemblies [42, 43]. This dried state, 

attained during LS biogenesis because of massive lipid accumulation, may drive to the 

formation of non-lamellar phases and to optimal adsorption capabilities [42, 56]. In addition, 

these membranous assemblies are anisotropic and, thus, are constituted by well-aligned 

phospholipids [43]. This tight lipid packing may imply a higher thermal or mechanical stability 

and be at the root of its optimal surface-activity. 

 Objective 

 In chapter 2, our aim was to find a biological source that allow us to some amounts of 

pulmonary surfactant complexes as close as possible to the complexes as they are assembled in 

the LBs of pneumocytes and appear as freshly secreted at the alveolar spaces. In that chapter, 

we showed that the isolation of LS from human amniotic fluid allows obtaining significant 

amounts of LS complexes that seem to sustain the structural fingerprint of pristine unused 

surfactant. In this chapter, we have gone deeper to characterize in detail the structure of AFS in 

comparison with the well know structure of NS, using techniques that were barely available in 

the absence of large enough amounts of surfactant. The aim has been therefore to study in 

parallel human AFS and porcine NS with respect to hydration level, lipid packing, 

thermodynamic profile, lipid polymorphism and lipid phase distribution. 
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 Results 

  Hydration level 

 First, we compared the hydration pattern of AFS and NS membranes to so follow 

thermotropic phase transitions as monitoring the fluorescence of the probe Laurdan (Fig. 5.1). 

To do so, we labelled AFS and NS with 1% (molar) Laurdan and recorded fluorescence 

emission at different temperatures (Fig. 5.1a-b), as we did with NS subfractions (see Chapter 

1, Fig. 3.4). In this regard, NS complexes undergone an ordered-to-disordered thermotropic 

transition around physiological temperatures. In contrast, AFS exhibit a transition occurring at 

temperatures above 40ºC (Fig. 5.1c). Our results showed significant differences in Laurdan 

GPF when comparing AFS and NS at all temperatures tested (Fig. 5.1c). Specifically, GPF was 

always higher for Laurdan-labelled AFS, meaning a greater dehydration of the headgroup 

region of its membranes. 

Fig. 5.1: Fluorescence emission spectra of Laurdan labelling NS (a) and AFS (b) at 10, 15, 20, 25, 30, 35, 37, 40, 45, 50 and 55ºC. c) GPF 

of Laurdan as a function of temperature for NS (black, N=3) and AFS (blue, N=6). Statistics were conducted using t-Student method: * 

(P<0.05), ** (P<0.01) and *** (P<0.001). 

  Lipid packing 

 Then, we studied lipid order in AFS and NS by ESR (Fig. 5.2). To do so, we included 1% 

(molar) 5, 12 or 16-PCSL in samples of the two surfactant complexes, acquired ESR spectra at 

different temperatures and calculated the hyperfine splitting constant 2Amax (Fig. 5.2). Changes 

in 2Amax are associated to changes in acyl chain mobility, being lower 2Amax indicative of lower 

lipid order. On the one hand, we observed a transition for NS when using 5-PCSL but not with 

12 or 16-PCSL (Fig. 5.2 black dots). At deeper regions of the membranes, sensed by 12 and 
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16-PCSL, the spin label 

maintained a high mobility that 

was less sensitive to temperature 

than 5-PCSL at the surface 

position of the surfactant 

membranes. On the other hand, 

comparing NS and AFS, 2Amax 

was always significantly higher 

for AFS as sensed by any of the 

5, 12 or 16-PCSL probes and at 

all temperatures tested, 

indicating greater lipid order. 

Changes of 2Amax with 

temperature for AFS including 

16-PCSL presented a slighter 

decrease (Fig. 5.2 blue dots). 

Therefore, in AFS, we observed 

a change of acyl chain mobility 

as a function of temperature 

from a more ordered state than NS, affecting both superficial and deeper positions with respect 

to the membrane surface.  

  Thermodynamic profile 

 Next, we acquired DSC thermograms of suspensions of AFS and NS (Fig. 5.3). In contrast 

to NS, two thermodynamic events were observed in AFS samples (Table in Fig. 5.3): 1) a 

similar phase transition to that typically occurring in NS with the parameters in AFS being Tm 

33 ± 1.4ºC, ΔT1/2 8.8 ± 1.1ºC and enthalpy 1.4 ± 0.1 kcal/mol and 2) a conspicuous transition 

above physiological temperatures with a Tm of 58 ± 5ºC, ΔT1/2 of 10.6 ± 1.4ºC and enthalpy of 

19.1 ± 13.9 kcal/mol. As proposed for one of the subfractions obtained from NS (see Discussion 

in Chapter 1 and Fig. 3.6), this thermodynamic event could be associated to the presence of 

dehydrated DPPC clusters, because the Tm of freeze-dried phospholipids is significantly higher 

than that of hydrated liposomes [236].  

 

Fig. 5.2: Lipid order in AFS and NS. ESR spectra acquired at different temperatures 
(left), and 2Amax values calculated for NS (black, N=3) and AFS (blue, N=5) labelled 
with 1% (molar) of 5-PCSL (a), 12-PCSL (b) or 16-PCSL (c) as a function of 
temperature. Statistics were conducted using t-Student method: * (P<0.05), ** 
(P<0.01) and *** (P<0.001). 
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 Fig. 5.3: Top) DSC thermograms recorded for NS (black, N=3, only one is plotted) and AFS (N=5). Bottom) Thermodynamic parameters 

calculated using Origin 7 (OriginLab). 

 

   Lipid polymorphism 

 Furthermore, we performed experiments to study lipid polymorphism and the potential 

presence of different phases in the different surfactant materials. For instance, transitions from 

lamellar to hexagon HII phases appear typically at high temperatures [75] and HII phases have 

been reported to appear during interfacial adsorption of surfactant into the air-liquid interface 

[34, 56, 74-76]. To do so, we acquired 31P-NMR spectra for NS and AFS at 37 and 50ºC (Fig. 

5.4). These membranous complexes had a predominant lamellar component (chemical shift of 

-10 ppm). In the 31P-NMR spectra, a conspicuous non-lamellar contribution was also observed 

in AFS (chemical shift of 4 ppm) at 37ºC, which became more evident at 50ºC. For NS, a similar 

minor non-lamellar contribution was observed but whose intensity was not equivalent to that 

of AFS and did not increase at 50ºC.  
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Fig. 5.4: 31P-NMR spectra acquired for NS (black) and AFS (blue) at 37ºC (left) and 50ºC (blue). 

  Lipid phase distribution 

 To analyse the in-plane lateral structure of surfactant membranes in AFS and NS, we 

prepared GUVs to be analysed by fluorescence microscopy (Fig. 5.5). Surfactant complexes 

were labelled with BODIPY-PC (1% molar), which preferably distributes into disordered-like 

lipid phases, and DiIC18 (0.5% molar), staining ordered-like regions, with the GUVs prepared 

by the electro-formation protocol (see Materials & Methods and Fig. 2.5). The observation of 

the GUVs was carried out using a thermostatized plate in an epifluorescence microscopy (Fig. 

5.5). On the one hand, circular-shaped ordered-like domains could be distinguished in GUVs 

composed of AFS at temperatures below 37ºC. Above physiological temperatures, both 

fluorescence dyes were homogenously distributed. On the other hand, we did not observe phase 

coexistence in GUVs composed of NS at any temperature. 

Fig. 5.5: GUVs composed of AFS (top) or NS (bottom) and labelled with BODIPY-PC (green, disordered phase) and DiIC18 (red, ordered 

phase) at 25, 30, 37 and 45ºC.  

 Finally, we studied these membranous lipid/protein complexes by X-ray scattering (Fig. 

5.6 and Fig. 5.7). This technique allows conducting label-free experiments to study the structure 
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of membranous systems at the nanoscale [201]. SAXS spectra showed a main lamellar repeat 

distance for NS (green dash line in Fig. 5.6a). This Bragg peak shifted to higher q-values when 

increasing temperature. In this regard, q-values corresponded to lamellar repeat distances of 8.7 

and 8.3 nm at 15 and 30ºC, respectively. Above 30ºC, q-values for the maximum of the Bragg 

peak were comparable, indicating equivalent lamellar repeat distance. In addition, the lack of 

peak splitting pointed to absence of phase coexistence for NS. On the contrary, a broad Bragg 

peak was observed in AFS samples, which may indicate lipid phase coexistence (Fig. 5.6a). We 

propose that two different contributions may be included into this Bragg peak (yellow and blue 

dash lines in Fig. 5.6a right). One of them would be equivalent to that of NS, i.e. lamellar repeat 

distance 8.9 nm; whereas the other would have larger thickness: 10.5 nm at 15ºC and switching 

to 12.6 nm at 60ºC. Moreover, contrary to that of NS, this second contribution switched to lower 

q-values, meaning larger repeat distance, when increasing temperature. Therefore, the increase 

of temperature prompted a structural rearrangement to thicker lamellar repeat distances instead 

of fluidifying lipid bilayers. It is important to note that AFS samples were not as concentrated 

as NS resulting in Bragg peaks with less intensity. 

Fig. 5.6: a) SAXS spectra for NS (left) and AFS (right) acquired at the indicated different temperatures. b) Lamellar repeat distances d 

calculated from peaks observed in a. Three peaks are observed in NS and signaled with red, green and purple dash lines. Two peaks were 

identified in AFS spectra and signaled with orange and blue dash lines. Insets show the shift in q for the main Brag peak when increasing 

temperature. 
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 We also calculated area per lipid molecule (AL) from peaks in WAXS spectrograms (see 

Materials & Methods and Fig. 2.9c). Despite including gel-like and fluid-like contributions 

(Fig. 5.7a), it allowed us to compare average lipid packing (Fig. 5.7b). In this sense, AL was 

similar for NS and AFS at temperatures below 30ºC: around 43 Å2. However, phospholipids in 

AFS occupied less area, meaning greater lipid order, at physiological temperatures: 45.2 vs 50 

Å2 for AFS and NS respectively. These values were in the range of those reported for lipid 

models in the literature [203]. To go further, we carried out a data analysis to obtain gel-like 

and fluid-like contributions as reported in the literature [203]. We deconvoluted WAXS peaks 

in two gaussian curves, which corresponded to gel and fluid-like contributions (Fig. 5.7a). For 

NS, a gel-like peak was observed at temperatures below 37ºC, but not beyond (Fig. 5.7c). For 

AFS, WAXS spectra were more complex: both contributions were observed until 45ºC when 

there was a shift pointing to a main fluid phase (Fig. 5.7d). All in all, X-ray scattering 

experiments showed that AFS was constituted by membranes with greater lipid order. 

Fig. 5.7: WAXS spectra of NS and AFS samples. a) Data processing using a spectrum recorded for NS at 25ºC. Spectra were iterated (green 

line) and deconvoluted into two Gaussian curves to extract gel-like (black line) and fluid-like (red line) contributions. b) Area per lipid molecule 

(AL) calculated from the maximum q-value of WAXS peaks for NS and AFS at different temperatures. c-d) Iteration of WAXS spectra (left), 

gel-like (center) and fluid-like (right) contribution for NS (c) and AFS (d) at all temperatures tested. 



5. Chapter 3 

144 
 

 Discussion 

 The interaction of surfactant lipids and proteins has a structural and functional impact on 

the membranous complexes of LS. Several articles describe how SP-B and SP-C interact with 

lipid vesicles [11, 14, 17, 23-25, 29, 40, 101, 197, 198, 238, 246, 277]. In addition, the 

characterization of native complexes has been a topic of interest to understand this membranous 

system in the biological context [9, 42, 43, 53, 60, 191, 233]. However, the complexity of these 

materials, i.e. composition and structure, makes difficult to explain experimental data and their 

correlation with simplified model mixtures. Indeed, some data seem to be contradictory when 

comparing models and natural materials. As an illustration, SP-B and/or SP-C may change the 

Tm of membranes composed of DPPC or DPPG [25, 278] but any effect is not observed in a 

protein-depleted NS [191].  

 This inconsistency led some researchers to propose that LS complexes isolated from 

operational lungs may have undergone a compositional and structural rearrangement because 

of being exposed to breathing dynamics [42, 43], with respect to the organization of surfactant 

components as they are assembled, stored and secreted by LBs. Following this reasoning, 

certain structural properties and lipid/protein interactions may be minor or absent in surfactant 

complexes that have been already “spent”. This is especially relevant if these determinants are 

formed or established during LS synthesis and LB assembly [45]. That is the reason why the 

isolation and characterization of freshly secreted LBPs has been a major objective in the recent 

years [42, 43, 53-55, 57]. What is known is that these pristine surface-active complexes are 

constituted by highly dehydrated and ordered lipid bilayers. However, there is not much more 

information about the structural fingerprint of genuine LBPs. One reason is the lack of a source 

of pristine surfactant complexes. 

 One of the objectives of this thesis was to shed light on structure-function relationships in 

LS. To do so, we have proposed that human amniotic fluid may be a suitable source of pristine 

unused LS structures (Chapter 2). In the present chapter, we aimed to characterize the 

membrane structure of AFS in comparison to NS. Our results showed that AFS was actually 

constituted by highly dehydrated (Fig. 5.1) and tightly packed (Fig. 5.2) membranous 

assemblies. Indeed, the structural pattern of NS was significantly different: more hydrated 

membranes with greater acyl chain mobility. Furthermore, AL, calculated from WAXS spectra, 

showed greater lipid order in AFS complexes compared with NS (Fig. 5.7). Therefore, the 

structural pattern found in AFS agreed with those reported for intracellular LBs or LBPs [42, 

43] and expected for a pristine unused surfactant.  
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 Interestingly, this tight and dehydrated lipid packing dramatically changed their 

thermodynamic pattern (Fig. 5.3). AFS undergone a main phase transition at temperatures 

significantly higher than NS (58 ± 5 vs 29.6 ± 1.5ºC). This shift in Tm to higher temperatures 

has been reported for freeze-dried phospholipids [236]. Based on our data, we propose that AFS 

may include dehydrated DPPC clusters responsible for the thermodynamic transitions at higher 

temperatures. Indeed, this would agree with the crystalline lipid packing observed in WAXS 

for AFS, i.e. presence of a gel-like peak at physiological temperatures (Fig. 5.7d). These results 

may explain the tighter lipid packing of AFS and correlate with the spherocrystalline lipid 

structure of LBPs (see Introduction and Fig. 1.4) [43].  

 Apart from dehydration, high enough amounts of SP-B and SP-C prompt a change in the 

Tm of DPPC or DPPG liposomes [278]. In addition, both proteins are thought to maintain the 

tight lipid packing of membranes in LBPs until adsorption into the air-liquid interface [54]. 

Considering that, we propose that the way SP-B and SP-C interact with surfactant membranes 

might be different in NS and AFS. In this line, surfactant proteins may sustain the tight lipid 

packing in AFS and, in this manner, maintain surface dehydration and high Tm. Moreover, it 

has been reported that hydrophobic surfactant proteins promote non-lamellar phases such as 

inverted hexagonal (HII) or cubic phases [34, 74-76]. These phases are characterized by a tight, 

dehydrated, packing at the headgroup region, and a loose, highly disordered, packing at the acyl 

chains. The inhibition of surfactant activity by αSP-B or αSP-C (presented in Chapter 2, Fig. 

4.12) would be caused by blocking by the antibodies of the particular membrane organization 

induced by SP-B and SP-C. On the contrary, SP-B and SP-C may be playing different roles in 

a material already exposed to air spaces and surface dynamics: promoting lipid flow between 

the adsorbed monolayer and attached membrane reservoirs, facilitating spreading and exclusion 

during surface dynamics, so ensuring the mechanical stability of LS interfacial films.  

 As discussed in Chapter 2, LS adsorption, i.e. bilayer-to-monolayer transitions, is 

inextricably bound to the formation of non-lamellar lipid phases [56, 266, 273, 274]. Moreover, 

non-lamellar phases have been detected in LBs and LBPs [36, 42], which may somehow 

improve their adsorption capabilities. Our data showed that AFS contains significant non-

lamellar-like contributions, beyond a simple main lamellar phase, agreeing with the idea that 

AFS, and not so much NS, sustains the structural fingerprint of a pristine freshly assembled and 

secreted surfactant. In addition, this could explain why AFS had significantly better adsorption 

capabilities than NS (see Discussion in Chapter 2). 
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  As far as we know, our experiments are the first evidence of lipid phase coexistence 

intrinsically existing in a human LS (Fig. 5.5). This phenomenon has been proposed to be 

essential for the surface activity of LS: ordered-like domains would be DPPC-enriched 

nucleation points growing upon compression of the films at the interface to diminish γ, whereas 

disordered-like lipid phases would provide with dynamism and plasticity for efficient squeeze-

out and spreading [9]. Conversely, we barely observed ordered-like/disordered-like lipid phase 

coexistence in NS. These data did not correlate with those published by Bernardino de la Serna 

and collaborators [9]. However, these researchers demonstrated that cholesterol content 

governed lipid phase segregation in LS [9]. The fact that NS and AFS had different cholesterol 

levels (5 vs 10%, w) may explain why we did not observe phase coexistence in our porcine LS. 

Therefore, our data agreed with Bernardino’s argument and highlighted the importance of 

cholesterol modulating lipid phase coexistence.  

 Our SAXS experiments agreed with the model proposed above since we only observed one 

Bragg peak for NS, i.e. one lipid phase, whereas AFS contained at least two different lipid 

phases (Fig. 5.6). In this line, WAXS spectra suggested similar structural tendency (Fig. 5.7). 

In contrast, other X-ray studies showed phase coexistence also in NS [60], however under 

limited dehydration. In the same study, the protein-depleted lipid fraction of NS exhibited only 

one diffraction peak meaning that surfactant proteins are important elements prompting lipid 

phase segregation [60], what is in line with the work published by Schram and Hall [61].  

 Finally, concerning AFS, the structure corresponding to the Bragg peak at low-q and high 

temperatures remains to be explained. Structurally, this would mean that the unit cell size is 

larger: from 10.4 to 12.6 nm at 15 and 60ºC respectively. A possible explanation is a unit cell 

comprising two consecutive asymmetric bilayers, i.e. the so-called Lγ phase [68]. As a matter 

of fact, LS interfacial films may comprise this structure under certain circumstances such as 

low hydration, in agreement with the water content of AFS (Fig. 5.1), what may provide with 

a self-assembled ordered monolayer without refinement requirements during adsorption [68]. 
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 Outcome 

 In this chapter, we aimed to characterize the structure of AFS in order to check whether it 

sustains the structural fingerprint expected for a freshly secreted material sustaining the 

structure of a recently assembled and secreted surfactant before it reaches and reorganizes at 

the interface. Our data suggest that: 

1) The membranous complexes present in human amniotic fluid sustain the structural 

fingerprint of a pristine unused surfactant: dehydration, tight lipid packing, ordered-

like/disordered-like lipid phase coexistence and presence of conspicuous non-

lamellar lipid phases.  
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Characterization of interfacial LS films: the structural 

hallmark of a pristine unused pulmonary surfactant 
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 Introduction 

 The main role of LS is to diminish γ to minimal values (around 1 mN/m) with every 

exhalation of breath. To do so, unsaturated lipids are squeezed-out from the alveolar air-liquid 

interface but remain attached to the adsorbed film through SP-B and SP-C, resulting in a DPPC-

enriched monolayer exposed to air [1].  

  The journey to γ reduction: DPPC-enrichment and 3-D membranous reservoirs 

 To reach a minimal γ around 1 mN/m, the lateral structure of interfacial LS monolayers 

evolves from disordered-like lipid phases at equilibrium to a solid-like interfacial film at 

minimal surface area. To achieve that, it is believed that condensed domains start as nucleation 

points that grow upon compression. This occurs for model monolayers constituted by pure 

lipids such as DPPC, which forms Lc and Le lipid phases. Cholesterol-containing materials 

organize in a Lo and Ld coexistence, having a different interfacial performance. Specifically, 

these materials usually form a network-like mixture of lipid phases that evolves spontaneously 

over the monolayer in a spinodal decomposition [234]. Moreover, Lo domains can adopt 

spontaneous curvature at low γ favouring monolayer collapse [234, 235]. Therefore, 

composition (specifically cholesterol and DPPC content) and compression are driving factors 

modulating lipid phase segregation in interfacial monolayers [234] and eventually the squeeze-

out of unsaturated lipids during compression.  

 Regarding surfactant proteins, SP-B modifies condensed domain distribution maximizing 

Lc/Le interface (i.e. diminishing their size but increasing boundary perimeter), reduces 

nucleation and growth of condensed domains and remains attached to the interfacial film near 

collapse [62, 238-242]. In addition, SP-B stabilizes compression-induced 3-D membranous 

reservoirs, containing excluded lipids, what favours re-spreading on expansion [107, 238, 239, 

243-245]. Concerning specificity, SP-B colocalizes with anionic and unsaturated phospholipids 

in interfacial monolayers [10, 240, 279-281]. In addition, SP-B oligomers may define a 

cholesterol-binding site whose relevance at monolayer-bilayer contact sites is still to be 

determined [10].  

 Similarly, SP-C partitions into disordered-like lipid phases, decreases condensed domain 

size and prompts multilayer growth near collapse [240, 242, 245-250, 282]. Additionally, SP-

C increases film viscosity so that LS complexes do not flow to upper airways due to Marangoni 

effect [283]. Furthermore, SP-A expands interfacial LS films forming a condensed network 
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along with SP-B [237, 243, 284, 285]. In addition, SP-A increases the number of nanoscopic 

condensed domains [237] and facilitates 2D-to-3D conversion on compression [137].  

  The natural, the more complex: interfacial films of natural surfactants 

 Natural LS complexes give rise to interfacial films whose complexity is greater than those 

formed by model mixtures [63, 286]. The reason is not only lipid and protein composition, but 

also structure and the methodological approaches used to study interfacial films [55, 66]. For 

instance, compression Π-area isotherms acquired for a native LS lack of the DPPC-related Le-

Lc transition plateau at 5 mN/m, but they display a plateau at a Π around 45 mN/m attributed to 

the co-exclusion of unsaturated lipids and proteins [233, 286].  

 It is noteworthy that, for a natural LS, nucleation of condensed domains occurs at higher Π 

than required for pure DPPC and these condensed regions grow on compression until apparently 

disappearing at Π above 45 mN/m [286]. Moreover, condensed micro- and nanodomains can 

be observed in both natural and clinical surfactants [233, 237, 287, 288]. In the line of model 

mixtures, DPPC and cholesterol levels govern the lateral structure of interfacial films for a 

natural LS [233]. Indeed, as reported for SP-B [62], cholesterol increases 

nanodomain/microdomain ratio at a Π just below the exclusion plateau (40 mN/m) [233, 237]. 

According to that, a current trend of thought is that surfactant proteins and cholesterol modulate 

Lc/Le boundary length and, consequently, facilitate the squeeze-out of fluid lipids, i.e. 2D-to-

3D transitions, during compression [62, 233].  

  Furthermore, the topography of interfacial films formed by LBPs is much more elaborated 

than that of films formed by surfactant complexes isolated from lavages of animal lungs. LBPs 

form solid-like interfacial films with multilayer domains [55]. Consequently, these 3-D solid-

like interfacial films may provide with high mechanical stability from the mere adsorption, 

without refinement requirements. Therefore, the structure of actual interfacial LS film is not 

only governed by composition, but also by the structural pattern of surfactant complexes, and 

goes beyond the sample lateral organization. 

 Objective 

 In chapter 3, we aimed to study the membrane structure of AFS complexes in comparison 

to that of a natural surfactant isolated from porcine lungs. Our results showed that AFS may 

sustain the structural fingerprint of a freshly assembled and secreted surfactant. Therefore, we 

hypothesized that the structure of interfacial AFS films might differ from that of NS and 
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represents better the starting point in LS metabolism. That is the reason why, in chapter 4, we 

aimed to: 

1) Study the structure of interfacial films formed by AFS, comparing these films with 

those formed by NS onto the air-liquid interface.  

 

 Results 

 To study interfacial films of NS and AFS, we acquired compression Π-area isotherms, 

before and after surface cycling, using a Langmuir surface balance (Fig. 6.1 and 6.2). These 

interfacial films were also transferred during compression onto glass coverslips, for imaging 

them under an epifluorescence microscope (Fig. 6.3, 6.6 and 6.8). The dimensions, area and 

perimeter, of the main interfacial lipid structures were analysed using ImageJ (Fig. 6.4, 6.5 and 

6.7).  

 Considering adsorption capabilities of AFS and NS (see Fig. 4.6 in Chapter 2), we first 

performed cyclic compression Π-area experiments to set a surfactant concentration that would 

allow us to evaluate the full range of Π (Fig. 6.1). To do so, we deposited 50 µg (phospholipid 

mass) of surfactant at three different concentrations of 25, 10 or 1 mg/ml and following this 

protocol: deposition of the proper amount of surfactant, stabilization for 10 minutes, acquisition 

of a compression Π-area isotherm at 25 cm2/min (1st isotherm), full area expansion and surface 

cycling (5 compression-expansion cycles at 65 cm2/min) (Fig. 6.1).  

 As expected considering the higher surface activity of AFS, the initial Π, 10 minutes after 

deposition, was higher for AFS at all concentrations used: 46 vs 9 mN/m at 25 mg/ml, 34 vs 12 

mN/m at 10 mg/ml and 14 vs 3.4 mN/m at 1 mg/ml (Fig. 6.1). Consequently, for surfactant 

suspensions at 10 or 25 mg/ml, AFS films reached Π above the exclusion plateau (45 mN/m) 

during the first compression whereas maximal Π for NS was below 48 mN/m for all 

phospholipid concentration tested. On the other hand, despite higher Π initial, AFS suspensions 

at 1 mg/ml allowed us to acquire compression Π-area isotherms from low Π to the exclusion 

plateau, thus, we set this phospholipid concentration for comparison between NS and AFS in 

the following experiments. Moreover, cycling compression Π-area isotherms were comparable 

for NS and AFS. Overall, note that, despite depositing the same amount of phospholipid (50 

µg, total mass), the lower the concentration, the lower the Π. Therefore, higher phospholipid 

concentration boosted film formation as discussed in Chapter 2. 
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Fig. 6.1: Cyclic Π-area isotherms for interfacial firms formed by NS (left) or AFS (middle). Surfactants were injected at three different 

concentrations: 25 (top), 10 (middle) and 1 mg/ml (bottom). Total phospholipid amount injected was 50 µg. Right) Initial and final Π for each 

compression Π-area isotherm and cycle. 

 

 Then, we performed experiments using surfactant complexes labelled with the fluorescent 

probe NBD-PC (1%, molar) (Fig. 6.2). Compression Π-area isotherms, obtained before and 

after surface cycling, were comparable to those obtained from non-stained AFS or NS, 

exhibiting higher Π for AFS than for NS. Furthermore, interfacial films were transferred onto 

glass coverslips following the COVASP method [210], while varying Π continuously, for 

imaging under an epifluorescence microscope (Fig. 6.3 and 6.6.). 
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Fig. 6.2: a) Compression Π-area isotherms of interfacial films formed by NS (solid lines) and AFS (dashed lines) labelled with the 

fluorescent probe NBD-PC (1%, molar) and acquired at 25 cm2/min before (black) and after (red) cycling. 50 µg (phospholipid mass) were 

injected at the surface of the through at 1 mg/ml. b) Cyclic Π-area isotherms for interfacial films of NS (solid lines) and AFS (dash lines) 

acquired upon compression-expansion at 65 cm2/min. Five cycles were performed: first cycle (black), second cycle (red), third cycle (green), 

fourth cycle (yellow) and fifth cycle (blue). 

 On the one hand, prior to surface cycling, interfacial NS films formed a disordered-like 

lipid phase at low Π since NBD-PC was homogenously distributed within the film (Fig. 6.3). 

Moreover, filamentous worm-like label-free regions were observed in NS films between 10 to 

21 mN/m (yellow arrows in Fig. 6.3). Specifically, we observed around 100 of these label-free 

regions per fluorescence image accounting for 2-3% of area and defining a perimeter within the 

disordered-like phase of 2000-3000 µm (Fig. 6.4). Moreover, above a Π of 35 mN/m, label-

enriched regions were observed (blue arrows in Fig. 6.3). Indeed, the number of these label-

enriched particles per frame increased dramatically just below the plateau, e.g. 360 particles 

accounting 7% of total area and 5000 µm of perimeter at 48 mN/m (Fig. 6.5). These label-

enriched regions may represent compression-driven 3-D lipid protrusions, containing 

unsaturated lipids, since they are formed during the isotherm plateau, which likely corresponds 

to the squeeze-out of lipids and proteins [108-110]. Furthermore, NBD-PC, which partitions 

into disordered-like lipid phases, was accumulated there, probably meaning a more disordered 

state of these protrusions than the enriched DPPC interfacial monolayers in an ordered-like lipid 

phase, which is likely excluding a fair amount of probe and becomes thus darker.  

 After 5 compression-expansion cycles, the interfacial NS films displayed a different 

structural pattern. Apart from worm-like label-free regions at low Π, we observed circular-

shaped condensed domains appearing at Π ranging 23 to 40 mN/m (black arrows in Fig. 6.3). 

Indeed, the number of condensed domains was higher than that for the filamentous label-free 

regions: 80-150 vs 100-300 (Fig. 6.4). This condensed lipid phase accounted for 2-3% of the 

interfacial area with a total perimeter between 2500-5000 µm (Fig. 6.4). Moreover, the 
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disordered-like phase was structured as a network-like (look at images at 26 and 36 mN/m), 

what could suggest ordered/disordered-like lipid phase coexistence. However, without being 

obvious, it cannot be excluded that the interfacial NS film was organized in lipid coexistence 

before surface cycling. Lastly, label-enriched regions were similarly observed on compression 

after surface cycling, even though, they appeared at higher Π than observed in films before 

being subjected to surface cycling: 43 vs 23 mN/m (Fig. 6.5). Despite their similar number, the 

area percentage occupied by these label-enriched regions and total perimeter were lower than 

observed in NS films before cycling: up to 3.6 vs 6.2% and 3400 vs 5000 µm respectively (Fig. 

6.5).  

Fig. 6.3: Epifluorescence images of interfacial films of NS before (left) and after (right) five compression-expansion cycles. Normalized 

fluorescence profiles correspond to the region stated with a red solid line. Label-free stringy regions, label-free condensed domains and label-

enriched exclusion points are signaled with yellow, black and blue arrows, respectively (in fluorescence images) and circles (in normalized 

fluorescence profiles). Scale bars – 25 µm. 
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Fig. 6.4: Quantitative analysis for label-free regions observed in interfacial films of 

NS (stated with yellow and black arrows in Fig. 6.3). Number, area percentage and total 

perimeter are shown as a function of Π before (black) or after (red) cycling. 

 

Fig. 6.5: Quantitative analysis for the fraction of area occupied by label-enriched regions observed in interfacial films of NS (stated 

with blue arrows in Fig. 6.3). Number, area percentage and total perimeter are shown as a function of Π before (black) or after (red) cycling.  

 On the other hand, AFS gave rise to much elaborated interfacial films just after adsorption 

(Fig. 6.6). Before and after surface cycling, we observed particularly complex and reticular 

interfacial films comprising probably two lipid phases (see images at 19 and 26 mN/m). 

Furthermore, we observed label-enriched regions not only just below the isotherm plateau, but 

also at low Π (between 15-30 mN/m) and prior to surface cycling but not after (Fig. 6.6). 

Specifically, we observed around 100 circular-shaped, small, label-enriched accumulations at 

Π in the range 15-35 mN/m (Fig. 6.7). Moreover, these label-enriched particles accounted for 

up to 0.5% (area percentage) and defining a total perimeter of 400 µm maximum (Fig. 6.7).  

 Furthermore, as for NS films, there was a dramatic increase of label-enriched regions at Π 

corresponding to the compression Π-area plateau, i.e. from 40 mN/m, before and after surface 

cycling (reaching a maximum of 500 particles) (Fig. 6.7). Conversely, their dimensions were 

similar before and after cycling accounting for up to 2.5% of surface area and 3000 µm of total 

perimeter. Compared to NS films, the exclusion regions in AFS were more numerous (up to 

500 vs 400), smaller, circular-shaped and occupying less surface area (up to 2.5 vs 6%). 

Furthermore, in contrast to NS, we did not observe circular-shaped condensed domains in 

interfacial AFS films after surface cycling.  
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Fig. 6.6: Fluorescence images from interfacial films of AFS before (left) and after (right) five compression-expansion cycles. Normalized 

fluorescence profiles correspond to the region defined by a red solid line. Label-enriched regions are signaled with blue arrows (fluorescence 

images) and circles (normalized fluorescence profiles) respectively. Scale bars – 25 µm. 

Fig 6.7: Quantitative analysis for label-enriched particles observed in interfacial films of AFS (stated with blue arrows in Fig. 6.6). 

Number, area percentage and total perimeter are shown as a function of Π before (black) or after (red) cycling.  

 To further understand the differences observed between NS and AFS, we conducted 

experiments including NBD-PC and DiIC18 probes that partitions into fluid disordered and 
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ordered-like lipid phases, respectively. From these experiments, our results suggested that the 

squeeze-out mechanism was remarkably different in NS and AFS (Fig. 6.8). On the one hand, 

for NS, the fluorescence signal of DiIC18 came from the whole surface area except for regions 

where NBD-PC was accumulated. These results suggested that, at around 45 mN/m, 

unsaturated lipids were excluded (NBD-PC fluorescence) whereas the surface area was 

structured as a relatively homogeneous ordered-like lipid phase (DiIC18 signal). On the other 

hand, for AFS, both fluorescent dyes were partitioned into specific regions: a NBD-PC-enriched 

core surrounded by a DiIC18-labelled area. These results suggest that the squeeze-out pattern 

of fluid lipids was more elaborated for AFS, with disordered-like regions enclosed by ordered-

like lipid phases and a label-free area covering the rest of the interfacial film. This means that 

films of NS maintain, at high compression, a fluid character differentiating a base of fluid 

ordered phase and points where probe-rich disordered phase could be prepared to initiate 2D-

to-3D transitions upon further compression. In contrast, AFS films seem to reach more 

condensed solid-like states, excluding all the probes, and presumably producing the highest Π, 

i.e. the lowest γ. 

Fig. 6.8: a) Fluorescence images for interfacial films of NS and AFS labelled with NBD-PC (left, green fluorescence) and DiIC18 (middle 

panel, red fluorescence). b) Zoom of regions stated in fluorescence images of NS (left) and AFS (right) films. Normalized fluorescence profiles 

correspond to the region stated with a black solid line. Scale bars – 25 µm. 



6. Chapter 4 

160 
 

 Despite being an easy and useful methodology, it is important to note that the imaging of 

interfacial LS films under epifluorescence microscopy is not free from experimental drawbacks. 

First, the transference of the film onto a solid support may cause artifacts. Second, our 

observations are based on the preferable partition of fluorescent dyes what does not mean that 

the interfacial films comprise only two different types of lipid regions. In this line, the 

fluorescent dye may partition equally in two different lipid phases. Besides low resolution, this 

methodological approach does not provide with robust data, especially regarding interfacial 

film structure of natural LS complexes.  

 Therefore, we performed SAXS and NR experiments to go further into deeper details on 

the structure and rheology of interfacial LS films. On the one hand, SAXS is a label-free 

technique that allows conducting quantitative characterization of particulate systems in terms 

of average structure (see Materials & Methods). Being and scattering methodology, SAXS is 

typically used to evaluate lipid or lipid/protein systems in bulk (see Chapter 3, Fig. 5.6 and 5.7). 

Furthermore, it is possible to perform SAXS experiments in multi-bilayer films using a milli-

fluidic device developed by Andersson and collaborators (Fig. 6.9a) [117]. On the other hand, 

NR allows conducting structural characterization of interfacial LS films in situ (see Materials 

& Methods, Fig. 2.14). By this methodology, not only can lipid compressibility or lipid/protein 

interactions be studied, but also 3-D lipid/protein structures, at the interface.  

 By using the milli-fluidic device, multi-bilayer LS-based films can be studied by 

fluorescence microscopy, SAXS, Raman spectroscopy or light microscopy (Fig. 6.9). The basis 

of film formation is the flow of lipid vesicles through a borosilicate capillary from a sample 

holder to a humidity-controlled air-liquid interface (Fig. 6.9a). In such a manner, fusion of lipid 

vesicles give rise to a multi-bilayer film which can be monitored by polarized light microscopy 

(Fig. 6.9b and c). In our experiments, we prepared 100 µm-thick multi-bilayer films of NS or 

AFS and acquired SAXS and WAXS spectra along the film (each 3 µm) (Fig. 6.9b-c). For most 

of the film, lamellar repeat distance (d), which is calculated from Bragg peaks in SAXS spectra, 

were similar for NS and AFS (Fig. 6.9d). Due to the water gradient imposed throughout the 

film, from a high relative humidity at the interface to 100% hydration in bulk, there is a swelling 

of lamellae what can be observed according to the increase of d from bilayers placed close to 

the interface to those located close to the bulk subphase.  

 Comparing AFS and NS films, SAXS spectra acquired at the interface revealed significant 

structural differences (Fig. 6.9b-c). On the one hand, our results showed that the interface of 

AFS films contained two lipid phases, as seen by the presence of two Bragg peaks with lamellar 
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repeat distances (d) of 5.9 and 5.4 nm, which may correspond to Lo and Ld lipid phases, 

respectively (Fig. 6.9b). Therefore, our data certainly confirmed the presence of lipid phase 

coexistence for interfacial AFS films at the air-liquid interface. In addition, we observed a small 

peak at low q (0.68 nm-1) indicating the potential presence of a Lγ-like phase since d was the 

double (9.3 nm) than for a single bilayer. Moreover, WAXS spectra indicated crystalline lipid 

packing (gel-like peak around 15 nm-1). On the other hand, SAXS spectra of NS films at the 

interface contained just one Bragg peak (no lipid phase coexistence), which corresponded to a 

d of 5.4 nm, but no low-q peak (Fig. 6.9c). Moving to WAXS, we did not observe a peak around 

15 nm-1, thus, NS films at the interface lacked crystalline lipid packing. 

Fig. 6.9: SAXS in interfacial LS films. a) Scheme of the milli-fluidic setup. The device consists of a borosilicate capillary that is connected 

on one end to an Eppendorf tube containing a LS aqueous suspension and the other end to an air flux of controlled relative humidity. Lipid 

vesicles flow towards the end of the capillary where a multi-bilayer film builds up due to vesicle fusion. The film can be monitored using 

crossed polarizers (adapted from [117]). Top-left in b-c) Cross polarized images for AFS (b) and NS films (c). Scale bar – 100 µm. Top-right 

in b-c) SAXS maps over AFS (b) and NS (c) films. X-axis shows distance in capillary where 0 is set at the interface. Y-axis indicates q-value, 

whose intensity is displayed with a colour scale (right). Bottom in b-c) SAXS and WAXS spectra at the interface. d) d as a function of distance 

in the film for AFS (black) and NS (blue). 

  



6. Chapter 4 

162 
 

 Furthermore, we conducted specular NR experiments for interfacial films formed by NS, 

AFS or by a lipid mixture containing hydrogenated or deuterated DPPC/POPC/POPG (50:25:15 

w:w:w) model mixtures with or without physiological amounts of SP-B or SP-C (1%, w). The 

basis of a specular NR experiment is the reflection of a neutron beam, in this case incident into 

an air-liquid interface, towards a detector being the incident and reflected angles the same. 

Therefore, the higher the SLD, which is a measure of the scattering power of a material, of the 

interfacial structure and/or the aqueous subphase, the greater the neutron reflectivity. In this 

regard, the scattering length of hydrogenated phospholipids comes from polar headgroups, 

whereas the contribution of acyl chains is higher for deuterated phospholipids. Moreover, buffer 

solutions in D2O has maximal neutron scattering length, whereas a buffer solution in ACMW 

has a SLD of cero, i.e. neutron reflectivity comes only from the interfacial monolayer. 

Following this reasoning, an example using hydrogenated or deuterated lipid monolayers in 

D2O or ACMW subphase is shown in Fig. 6.10: i) neutron reflectivity comes from the buffer in 

experiments using hydrogenated lipids in D2O (black dashed box in Fig. 6.10), ii) neutron 

reflectivity comes from polar headgroups in experiments using hydrogenated lipids in ACMW 

(red dashed box in Fig. 6.10), iii) neutron reflectivity comes from both acyl chains and the 

buffer in experiments using deuterated lipids in D2O (green dashed box in Fig. 6.10) and iv) 

neutron reflectivity comes only from acyl chains in experiments using deuterated lipids in 

ACMW (yellow dashed box in Fig. 6.10). 

Fig. 6.10: Model of a specular NR experiment. Left) Hydrogenated or deuterated phospholipids forming an oriented monolayer on the air-

liquid interface and being the aqueous subphase a buffer solution in D2O or ACMW. Right) SLD profile along the z axis (orthogonal to the 

interface). Dash boxes in left indicates the main contribution of SLD in right (as stated by colour coding). 

 On this basis, in the present Thesis, NR spectrograms were acquired for interfacial films 

composed of deuterated or hydrogenated phospholipids in the presence or absence of surfactant 

proteins or native LS complexes compressed to either 10 or 35 mN/m before and after 5 
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compression-expansion cycles. Then, neutron reflectivity profiles were adjusted to layer-based 

models using the program Aurore v.4 to obtain structural parameters. In a typical analysis, 

number of layers, molecular volume and neutron scattering length of each layer are defined. 

Neutron reflectivity profiles were adjusted to 2- or 3-layers models being the 1st layer 

phospholipid acyl chains and the 2nd layer polar headgroups. Regarding surfactant proteins, SP-

B or SP-C were included in these layers and/or in a third layer. Molecular volume and neutron 

SLD of the lipids used in this Thesis have been previously reported in the literature (Table 6.1) 

[289, 290]. Neutron scattering length is calculated from molecular volume and neutron SLD as 

given by the following formula: 

𝑏  𝑉 𝑛𝑆𝐿𝐷 

 Where b is neutron scattering length, V is molecular volume and nSLD is neutron scattering 

length density. Moreover, the neutron scattering length of a molecule can be calculated from 

the sum of the number of each element multiplied by its scattering length: 

𝑏  𝑛  𝑏  

  For adjustment to layers models, scattering length and molecular volume of polar 

headgroups and acyl chains were distinguished as shown in Table 6.1. 

Table 6.1: Volume (V), neutron Scattering Length Density (nSLD) and scattering length (b) for polar headgroups (head) and acyl chains (tail) 

of hydrogenated or deuterated versions of DPPC, POPC and POPG (taken from [289, 290]). 

 

 

 

 

 For surfactant proteins, SLD and molecular volume were calculated from their amino acid 

sequence using the Biomolecular Scattering Length Density Calculator 

(http://psldc.isis.rl.ac.uk/Psldc/) from ISIS Neutron and Muon Source (Oxfordshire, United 

Kingdom), allowing the default value of 90% labile hydrogen exchange, for experiments 

performed in ACMW or D2O using the (Table 6.2). 
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Table 6.2: Scattering length (b), neutron Scattering Length Density (nSLD) and volume (V) of SP-B and SP-C in D2O or ACMW.  

 

 

 

  

 In our experiments, we used a simplified lipid mixture to mimick lung surfactant 

phospholipid composition, DPPC/POPC/POPG (50:25:15 w:w:w), with or without 1% (weight 

percentage) of SP-B and SP-C. Therefore, for data analysis, scattering length and molecular 

volume of the mixture were calculated from the sum of the molar fraction of each component 

multiplied by its volume or scattering length (data shown in Table 6.1 and 6.2), for experiments 

conducted in a buffer solution in D2O or ACMW (Table 6.3), and distinguishing two layers: 1) 

phospholipid acyl chains with or without protein and 2) polar headgroups with or without 

protein. 

Table 6.3: Scattering length (b) and volume (V) of layers including acyl chains or polar headgroups and for experiments in D2O or 

ACMW. These values were calculated for hydrogenated (h) or deuterated (d) DPPC/POPC/POPG (50:25:15 w:w:w), with or without SP-B or 

SP-C, according to the molar fraction of each constituent. 

 It is important to note that the scattering length of deuterated lipids is higher than for 

hydrogenated lipids. Indeed, this increase comes from the region corresponding to the acyl 

chains (1st layer, tails) since lipids are deuterated in their hydrocarbon chains. Moreover, despite 

the high scattering length of SP-B and SP-C (Table 6.2), protein amounts as low as 1% only 

slightly increase the scattering length of the lipid mixture, either including the protein 

contribution in the 1st layer (tails) or in the 2nd layer (heads).  

 Once neutron reflectivity was acquired, data were fitted altogether to a layer’s model using 

the program Aurore v4. For deuterated or hydrogenated versions of the DPPC/POPC/POPG 

(50:25:15, w:w:w) mixture, neutron reflectivity profiles (Fig. 6.11a) were adjusted to a 2-layers 

model being the 1st the corresponding to the layer of phospholipid acyl chains and the 2nd that 

of the polar headgroups (Fig. 6.11b). Our results showed that the thickness of acyl chains was 
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higher (11.79 vs 8.52 Å), and the hydration fraction of polar headgroups was lower (0.336 vs 

0.549), when increasing Π from 10 to 35 mN/m (Fig. 6.11b). This structural data agreed with 

the fact that phospholipids acquired a greater ordered dehydrated state upon compression. 

Fig. 6.11: a) Neutron reflectivity and neutron SLD profiles acquired from interfacial monolayers composed of hydrogenated or 

deuterated DPPC/POPC/POPG (50:25:15 w:w:w) mixtures. Reflectivity was acquired for interfacial monolayers at 10 and 35 mN/m using 

a buffer solution containing Tris 5 mM, NaCl 150 mM and pH 7 in two isotopic contrasts: D2O and ACMW. Colour coding is the same for 

reflectivity profiles and neutron SLD profiles. b) Structural parameters obtained for the fitting using Aurore v4. Reflectivity profiles were fitted 

to a two-layers model: 1st) acyl chains (green) and 2nd) polar headgroups (red). Roughness was constrained to 4 Å. Water fraction (fw) in the 1st 

layer was constrained to 0. Thickness for the 2nd layer was constrained to 8.5 Å. User-defined values for scattering length and molecular volume 

of each layer are shown in Table 6.3.  

  The reflectivity profiles of the lipid mixture including physiological amounts of SP-B are 

shown in Fig. 6.12. There were no apparent differences in comparison to the pure lipid model, 

which agrees with the fact that the scattering length of the sample is similar with or without 

surfactant proteins (Table 6.3), because of the low amount of SP-B, which was not deuterated. 

This was a limitation in our experiment since the contribution of SP-B was masked by the lipid 

monolayer using either deuterated or hydrogenated lipids and in D2O or ACMW. Nevertheless, 

reflectivity profiles were adjusted to different models to see the effect of physiological amounts 

of SP-B in the structure of the lipid monolayer (Fig. 6.12b-c).  

 First, reflectivity profiles were adjusted to a 2-layers model including SP-B in both the 1st 

and the 2nd layer, which corresponded to phospholipid acyl chains and polar headgroups 

respectively (Fig. 6.12b). Data analysis showed that SP-B dramatically reduced the hydration 

fraction of polar headgroups: from 0.549 to 0 at 10 mN/m and from 0.336 to 0.313 or 0.085 at 
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35 mN/m before and after cycling respectively. Indeed, the thickness of the 1st layer (acyl 

chains) was lower at 10 mN/m in the presence of SP-B, from 8.52 to 6.58 Å at 10 mN/m. On 

the other hand, the reflectivity profiles were alternatively adjusted to a 3-layers model in which 

the 1st layer corresponded to acyl chains, the 2nd layer included polar headgroups and SP-B and 

the 3rd layer counted just SP-B (Fig. 6.12c). After performing several iterations, data analyses 

showed a similar trend for the 1st and 2nd layers, i.e. the effect of SP-B in the lipid monolayer, 

in comparison to the 2-layers model, though results for the 3rd layer were controversial. For 

some iterations, the 3rd layer had a thickness of 0 Å, suggesting that the protein was fully 

incorporated into the lipid monolayer, as shown for experiments at 10 mN/m. For other 

experiments, iterations showed a 3rd layer with a thickness above 400 Å.  

Fig. 6.12: a) Neutron reflectivity profiles acquired for interfacial monolayers composed of hydrogenated or deuterated 

DPPC/POPC/POPG (50:25:15 w:w:w) mixtures containing 1% (w) of SP-B. Reflectivity was acquired for interfacial monolayers at 10 

and 35 mN/m (before and after 5 compression-expansion cycles) using a buffer solution containing Tris 5 mM, NaCl 150 mM and pH 7 in two 

isotopic contrasts: D2O and ACMW. b-c) Structural parameters obtained for the fitting using Aurore v4. Data were fitted to two (b) or three-

layers models (c). b) For the two-layers model: 1st layer corresponds to acyl chains + SP-B, and the 2nd layer includes polar headgroups + SP-

B. For the three-layers model: 1st layer includes acyl chains, 2nd layer includes polar headgroups + SP-B and 3rd layer includes SP-B. Roughness 

was constrained to 4 Å. Water fraction (fw) in the 1st and 3rd layers was constrained to 0 and 0.99 respectively. Thickness for the 2nd layer was 

constrained to 8.5 Å. User-defined values for scattering length and molecular volume of each layer are shown in Table 6.2 and 6.3.  
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 Considering that the 3rd layer included only the contribution of SP-B, a thickness of more 

than 40 nm seemed to be an artifact from the application of the model, since oligomers of SP-

B are reported to form discs projected around 4 nm over a lipid layer [17]. Other possibility is 

that SP-B would be prompting lipid protruding from the monolayer towards the aqueous 

subphase on compression (see Fig. 1.2). To test it, we performed iterations including the lipid 

contribution along with SP-B in the third layer, though data analyses were uncertain and 

inconsistent (not shown). Therefore, despite that our data suggested that SP-B had a structural 

impact on the interface, further experiments are needed to not only clarify its effect in the 

structure of the interfacial film, but also to determine protein organization along the z-axis of 

the air-liquid interface. As mentioned before, deuterated versions of SP-B or higher protein 

amounts will be needed to distinguish the contribution of SP-B and lipids. It is important to 

note that our iterations are adjusted to simplified and static models. However, the localization 

of a protein, and protein/lipid interactions, may well change during compression and after 

surface cycling. It means that several models may be possible and interconnected and should 

be considered. 

 Furthermore, NR experiments from interfacial films composed of DPPC/POPC/POPG 

with physiological amounts of SP-C were conducted (Fig. 6.13). Reflectivity profiles were 

comparable to those acquired in the absence of surfactant proteins (Fig. 6.13a). On the same 

basis that found in experiments using lipid monolayers along with SP-B, reflectivity profiles 

were adjusted to a 2-or 3-layers model including SP-C in every layer (Fig. 6.13b-c). Structural 

parameters for both models were identical and comparable to data obtained for lipid models in 

the absence of proteins. On the one hand, the thickness of the 1st layer increased from 8.98 Å at 

10 mN/m to 12.85 at 35 mN/m, meaning a greater ordered state on compression but no effects 

of SP-C in the acyl chain organization. On the other hand, the hydration fraction calculated for 

polar headgroups decreased from 0.497 at 10 mN/m to 0.366 at 35 mN/m. These iterations 

suggested that physiological content of SP-C did not have a detectable effect on the structure 

of lipid monolayers as studied by NR reflectometry and with the methodology employed in this 

Thesis. However, these data do not mean that SP-C does not interact with lipid monolayers, but 

these events are not distinguished from the signal of the lipid monolayer. As for SP-B, further 

experiments are needed to increase the contrast between protein and lipid signals, i.e. increasing 

protein concentration or using deuterated versions of surfactant proteins. 
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Fig. 6.13: a) Neutron reflectivity profiles acquired for interfacial monolayers composed of hydrogenated or deuterated 

DPPC/POPC/POPG (50:25:15 w:w:w) mixtures containing 1% (w) of SP-C. Reflectivity was acquired for interfacial monolayers at 10 

and 35 mN/m (before and after 5 compression-expansion cycles) using a buffer solution containing Tris 5 mM, NaCl 150 mM and pH 7 in two 

isotopic contrasts: D2O and ACMW. b-c) Structural parameters obtained for the fitting using Aurore v4. Data were fitted to two (b) or three-

layers (c) models. b) For the two-layers model, 1st layer includes SP-C along with acyl chains and the 2nd layer corresponds to polar headgroups 

plus SP-C. c) For the three-layers model: 1st layer includes acyl chains + SP-C, 2nd layer includes polar headgroups + SP-C and 3rd layer includes 

SP-C. Roughness was constrained to 4 Å. Water fraction (fw) in the 1st and 3rd layers was constrained to 0 and 0.99 respectively. Thickness for 

the 2nd layer was constrained to 8.5 Å. User-defined values for scattering length and molecular volume of each layer are shown in Table 6.2 

and 6.3.  

  

 Finally, we performed NR experiments on the interfacial films formed by NS. Neutron 

reflectivity acquired in ACMW at 10 mN/m or 35 mN/m, before or after surface cycling, 

overlapped with that from the model lipid mixture (Fig. 6.14). These results suggested that the 

structure of NS films at the interface do not differ significantly to a pure lipid film. 

Unfortunately, due to the pandemic, the beamtime for NR experiments in interfacial films 

formed by AFS was delayed. 
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Fig. 6.14: Neutron reflectivity profiles acquired for interfacial films formed by NS in comparison to those of the protein-free lipid 

mixture in ACMW at 10 mN/m (left) and 35 mN/m before (middle) or after 5 compression-expansion cycles at 65 cm2/min (right). 

 Interestingly, looking to the 2-D NR maps, we observed a small-angle-neutron-scattering 

signal corresponding to a lipid reservoir and an off-specular contribution from the lipid mixture 

along with 1% (w) of SP-B, but not from NS or the lipid mixture (Fig. 6.15), suggesting the 

formation of 3-D structures. For the lipid mixture, there was a small signal at similar neutron 

wavelength and incident angle than observed in films including SP-B, but its intensity was 

much lower. However, we could not determine quantitative information from these signals 

since NR provide reliable information just in specular conditions.  

Fig. 6.15: 2-D NR maps for interfacial films of DPPC/POPC/POPG (50:25:15 w:w:w) without (a) or with 1% (w) of SP-B (b) and NS 

(c). Colour scale indicates Qz intensity and is shown as a function of neutron wavelength (y-axis) and incident angle (x-axis). Specular reflection 

is indicated with a red arrow. A small angle neutron scattering signal corresponding to membrane reservoirs is stated with a black arrow. An 

off-specular signal corresponding to 3-D lipid/protein structures associated to the interfacial monolayer is signalled with a white arrow. 
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 Discussion 

 To fulfil its biological task, the structural hallmark of LS films is its dynamism to form 

solid-like monolayers at the very end of exhalation. In this process, two events are critical: 1) 

enrichment of the interfacial monolayer in DPPC to reach γmin (around 1 mN/m), and 2) 

exclusion of unsaturated lipids from the interface [32]. Furthermore, some lipid/protein 

complexes are eventually squeezed-out from the alveolar interface and recycled by type II 

pneumocytes and alveolar macrophages [37]. Concurrently, newly synthesized surfactant 

complexes are secreted and incorporated into the surface film to ensure surfactant availability 

in the alveolar spaces [37].  

 Two theories are nowadays under discussion to explain how the interfacial monolayer 

enriches in DPPC. On the one hand, the squeeze-out theory argues that lipids are all 

cooperatively transferred into the alveolar interface and afterwards, unsaturated lipids are 

squeezed-out during compression. In this context, unsaturated and anionic phospholipids, along 

with surfactant proteins, facilitates DPPC adsorption by reducing lipid packing and the 

electrostatic barrier for bilayer-monolayer juxtaposition [271, 272, 279]. After adsorption, 

DPPC-enriched condensed domains grow on compression and unsaturated lipids, along with 

surfactant proteins, are progressively squeezed-out from the interface. Thereafter, the interfacial 

monolayer behaves similarly to a pure DPPC film. On the other hand, there is other trend of 

thought proposing that DPPC is selectively transferred into the alveolar air-liquid interface. To 

explain that, the Lγ phase, which is formed under certain circumstances such as low hydration 

and protein concentration, may provide with a DPPC-enriched leaflet without a need of 

compositional refinement from the first breath [68]. 

 Despite seeming contradictory, several experimental evidences support each of these 

models depending on the materials and the methodology used. In this line, Ravasio and 

collaborators showed that film formation and interfacial topography are remarkably different 

for a LS isolated from lavages of porcine lungs or LBPs secreted by pneumocyte primary 

cultures [55]. Surfactant complexes isolated from operational lungs form interfacial films 

characterized by ordered/disordered lipid phase coexistence under near-physiological 

conditions. Conversely, and in addition to lipid phase segregation, they observed that LBPs 

built complex 3-D films with a rich topography. Furthermore, these 3-D regions lead to a 

frozen-like solid state of the interface without any area compression. This frozen-like state 

attained during LBP adsorption may support the theory of a selective DPPC adsorption 

promoted by the pristine state of LBPs complexes, whose structural fingerprint is preserved as 
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they were assembled at expense of ATP hydrolysis by the ABCA3 pump of the LBs. In contrast, 

surfactant complexes isolated from animal lungs comprise a mixture of membrane structures, 

probably formed or reorganized during breathing dynamics (see Chapter 1), to thus form 

interfacial films that require a mechanic compositional refinement to enrich the interface of 

DPPC. Therefore, to unravel the biological mechanism of LS adsorption and film formation, 

the study of pristine surfactant complexes like those isolated from amniotic fluid could 

represent better the proper starting point in LS metabolism. Following this reasoning, Ravasio 

and collaborators attributed the different interfacial rheology of LBPs films to their structural 

fingerprint: dehydrated, tightly packed and anisotropic multilamellar assemblies [42, 43].  

 This link between structure-function relationships in an unused surfactant and LS 

metabolism was the subject of study in this Thesis. In Chapter 1, our results showed that 

surfactant isolated from porcine lungs (NS) was constituted by a mixture of lipid assemblies, 

but it lacked the actual pristine surfactant complexes freshly secreted by pneumocytes. In 

Chapters 2 and 3, we proposed that the collection of human amniotic fluid allows isolating a 

surfactant preparation sustaining the structural and functional fingerprint of pristine unused 

surfactant complexes. In Chapter 4, we have studied the structure of interfacial LS films to 

understand how membrane structure in bulk govern film formation and the structure of films 

made by NS or AFS complexes. 

 Our results showed that interfacial NS films were refined during surface cycling in a 

process equivalent to what we have called the squeeze-out (Fig. 6.3, 6.4 and 6.5). After 

adsorption, NS films were structured as a predominant disordered-like lipid phase at low Π. As 

we did not observe condensed domains or lipid phase segregation, the whole set of lipids and 

proteins may be mixed forming a homogeneous lipid phase. It is not until surface area was 

compressed to 45 mN/m that the disordered-like lipid phase (blue arrows in Fig. 6.3) was 

restrained to specific regions. These label-enriched regions may represent local exclusion 

points, which are formed while the monolayer enriches of DPPC and the film evolves to an 

ordered-like phase. However, after surface cycling, the structure of NS films significantly 

changed since circular-shaped condensed domains, excluding the NBD-PC dye, were observed 

(black arrows in Fig. 6.3). Therefore, our results showed that NS films may undergo a 

compositional refinement, i.e. to get higher DPPC proportion and reduced unsaturated 

phospholipid content, during surface cycling leading to the formation of condensed lipid 

domains. In this line, after surface cycling, exclusion points occupied less area percentage, 

meaning less need of squeeze-out because of previous refinement (Fig. 6.5). 
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 Conversely, interfacial AFS films were intrinsically different (Fig. 6.6). First, we observed 

that the deposition of equivalent surfactant mass resulted in higher Π values for AFS than for 

NS (Fig. 6.1 and 6.2). Considering equivalent phospholipid composition for AFS and NS (see 

Table 4.2 in Chapter 2), a possible reason might be that the adsorption of AFS leads already to 

higher interfacial DPPC content due to selective adsorption. Moreover, despite limited 

resolution in our experiments, we observed that the surface area was already covered by a 

network of two lipid phases before and after cycling. This interfacial structure was similar to 

that reported by molecular dynamic simulations of Lo/Ld lipid phase coexistence [234, 235] and 

for DPPC/Cholesterol monolayers [65]. Indeed, this agrees with the fact that cholesterol 

accounted for 5 and 10% (w) of NS and AFS mass, respectively. Therefore, our fluorescence 

experiments suggest that AFS films could be structured as a Lo/Ld lipid phase coexistence after 

adsorption in contrast to NS, which just comprised a dominant disordered-like phase.  

 Lipid phase coexistence at the interface was later studied using a milli-fluidic device that 

allows conducting SAXS experiments in multi-bilayer LS films (Fig. 6.9). Apart from being a 

label-free technique, another advantage of our SAXS experiments is that they were carried out 

at 37ºC, and thus, provide a reliable picture at physiological conditions. Our data demonstrated 

that, at the interface, AFS films comprise two lipid phases in contrast to NS (Fig. 6.9b-c). 

Indeed, these results correlated with the SAXS spectra in bulk (Chapter 3, Fig. 5.6).  

 It is noteworthy that we detected a WAXS peak at 15 nm-1 in AFS films, but not in NS, at 

the interface, meaning a crystalline lipid packing, which also correlated with our WAXS spectra 

in bulk (Chapter 3, Fig. 5.7). The presence of crystalline lipid packing at the interface implies 

a functional impact regarding γ reduction that additionally explains why AFS reached higher 

Π, at comparable phospholipid concentration, than NS (Fig. 6.1 and Chapter 2 Fig. 4.6). 

Therefore, film formation from AFS leads to crystalline-like packing and the establishment of 

solid-like films. These results constitute a new evidence supporting that AFS sustains the 

structural fingerprint of pristine surfactant complexes [55] and also point out the importance of 

membrane structure in bulk predetermining film formation and interfacial structure. 

 In addition, the low-q peak observed in SAXS spectra acquired at the interface for AFS 

films may indicate the formation of a Lγ-like phase. In this line, at high enough temperature, 

SAXS spectra of AFS in bulk contained a similar contribution (Chapter 3, Fig 5.6). In this 

regard, both, film formation and temperature, cause structural remodelling of surfactant 

complexes, involving unpacking and fluidification, respectively. Considering SAXS data in 

bulk and at the interface, it is tempting to speculate that, once the tightly packed complexes of 
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AFS are disassembled, they sustain a structural pattern allowing to guarantee mechanical 

stability just after adsorption. In this context, dehydration and surfactant proteins are key 

players for the formation of the Lγ-like phase [68, 117], leading us again to the different 

structure/function relationships in NS and in the pristine surfactant complexes obtained as 

unused from amniotic fluid (see Discussion in Chapters 2 and 3) [42, 43, 54, 55]. 

 Furthermore, in our fluorescence experiments we observed circular-shaped label-enriched 

regions at low Π for AFS films before surface cycling (Fig. 6.6). These regions may mark the 

position of upcoming LBPs that remain under the interfacial monolayer until lipid-free regions 

are created on expansion, allowing adsorption of new material. This explanation is based on the 

adsorption mechanism for LBPs proposed by Haller and collaborators: a self-regulated process 

modulated by surface forces so that, once the film is formed, upcoming LBPs cannot unfold 

and remain somehow connected underneath the interfacial film [45].  

 It is also noteworthy the 2D-to-3D conversion mechanism for NS and AFS films occurring 

at Π values above 45 mN/m (Fig. 6.8). On the one hand, NS films formed heterogenous, large 

and elongated exclusion points immersed in an ordered-like phase. On the other hand, AFS 

films were characterized by a homogeneous distribution of ordered-like regions, immersed in a 

solid-like phase, and enclosing disordered-like exclusion points. Our results are in line with 

those published by Zhang and collaborators regarding the collapse mechanism of films formed 

by clinical surfactant preparations [233]. These researchers observed that cholesterol-free 

surfactant films collapsed with a folding mechanism whereas cholesterol-containing surfactant 

films collapsed forming uniformly nucleated multilayer protrusions covering the whole film 

[233]. Moreover, Lo domains display spontaneous curvature and facilitates monolayer collapse 

[235]; thus, these regions observed in AFS films may maximize the squeeze-out of fluid lipids. 

Therefore, our results showed the initial steps of film refinement and suggested that the 

mechanism of DPPC-enrichment and squeeze-out are facilitated, and much more elaborated, in 

the films formed by AFS after adsorption and upon compression.  
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 Outcome  

 In chapters 2 and 3, our results showed that AFS sustains the structural fingerprint of a 

pristine unused surfactant. Considering the results obtained from the study of film formation 

and structure by AFS and NS samples, our results showed that: 

1) Film formation from AFS leads to an interfacial topography involving crystalline 

lipid packing and ordered-like/disordered-like lipid phase coexistence, where a 

nanoscopic phase coexistence could facilitate the squeeze-out of unsaturated lipids 

and DPPC-enrichment at the air-liquid interface.  

2) Film formation by NS leads to a disordered-like lipid phase lacking crystalline lipid 

packing and a compression-dependent phase coexistence. This interfacial rheology 

struggle to enrich the interface of DPPC. 

3) The structural differences observed for interfacial films made of NS and AFS are 

closely related to their structural fingerprint in bulk, which along with the data 

presented in this Thesis, suggests a relationship between the mechanism of film 

formation, structure-function relationships and LS metabolism. 
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7. Chapter 5 

 

Mechanical stability of LS-based lipid bilayers 
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 Introduction 

  Interaction of SP-B and SP-C with lipid bilayers 

 Hydrophobic surfactant proteins SP-B and SP-C play key roles in LS to form highly 

dynamic and mechanically stable interfacial films under the demanding conditions of breathing. 

On the one hand, SP-B increases lipid order, promotes phase separation and highly curved 

lipid/protein structures [291-296]. Moreover, it induces fusion, permeabilization and lysis of 

vesicles, which are activities associated to lipid flow between the interfacial films and 

membrane reservoirs (see Fig. 1.2). Indeed, SP-B may aid to form mechanically-stable stacks 

of bilayers [277]. To do so, SP-B/SP-B interactions seem to prompt membrane aggregation and 

eventually formation of multi-bilayer films [12, 17]. On the other hand, the tilted 

transmembrane α-helix of SP-C seems to promote fragmentation of membranes [24]. In vitro 

activities reported for SP-C include membrane destabilization, leakage and transformation of 

large membranes into small nanometric (~25-30 nm) vesicles. It has also been reported that SP-

C promotes generation of interdigitated lipid phases (see Fig. 1.3), which has been connected 

with intermediates at the transition between bilayers and monolayers  [25, 26, 297].  

 Moreover, both SP-B and SP-C reduce the enthalpy associated to LβLα transitions for 

DPPC or DPPG while increasing Tm from 41ºC to 43ºC for DPPC and to 58ºC for DPPG at 

high enough concentrations [278]. Furthermore, both proteins permeabilize lipid vesicles via 

pore formation (SP-B) [10, 12] or through membrane destabilization (SP-C) [13, 14, 275]. 

Interestingly, SP-B/SP-C interactions may modulate the oligomerization state of SP-B and 

regulate their specific activities along LS metabolism [27]. In addition, both proteins induce the 

formation of non-lamellar phases, which are essential lipid structures for the adsorption of LS 

[34, 74-76, 273, 274].  

 Objective 

 In this Thesis, we propose that the structure of surfactant complexes significantly differ 

between a surfactant organized into LBs and a surfactant already unpacked and used at the 

alveolar interface. In this line, our hypothesis is that their mechanical stability would be 

different, which may be related with different organizations of proteins SP-B and SP-C and 

lipids sustaining highly immobilized phospholipids as LBPs. That is the reason why, as a 

preliminary work, we aimed to study the role of surfactant lipids and proteins SP-B or SP-C 

modulating the mechanical stability of surfactant membranes using AFM-based force 

spectroscopy. 
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 Results 

 As far as we know, we are pioneering in the use of force spectroscopy to evaluate the 

nanomechanical properties of LS-based lipid or lipid/protein bilayers. At first instance, we 

conducted experiments on SLBs composed of different lipid or lipid/protein mixtures. In such 

a manner, we aimed to study the role of different lipids and proteins to determine sensitivity of 

LS to mechanical stress. The basis of the experiment, as it is explained in Materials & Methods 

and Fig. 2.10, is performing force-extension curves in SLBs and afterwards, determining the 

force needed for the AFM cantilever to break through a SLB of a given composition. To begin, 

we conducted force-distance experiments in SLBs composed of a ternary mixture mimicking 

LS phospholipid composition (DPPC/POPC/POPG 50:25:15 w:w:w) and of membranes 

composed of the phospholipid fraction of NS (Fig. 7.1). In these experiments, the distribution 

of the breakthrough force required to break the different membranes were adjusted to gaussian 

curves (data analysis is presented in Table 7.1).  

Fig. 7.1: Force spectroscopy experiments conducted for SLBs composed of POPC (a), DPPC (b), DPPC/POPC/POPG (50/25/15 w:w:w) 

(c) and the phospholipid fraction of NS (d). Left) AFM images acquired using the PeakForce Tapping Mode. Center) Height profile of 

regions stated with a white line in AFM images. Right) Breakthrough force distributions. 
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 The force needed to indent a DPPC bilayer (16.7 ± 0.1 nN) was higher than that required 

to break SLBs composed of POPC (5.4 ± 0.1 nN). This agrees with their molecular structure, 

i.e. double bonds reduce hydrophobic interactions between acyl chains, and was comparable to 

those reported in the literature [114]. Conversely, breakthrough forces obtained for SLBs 

composed of DPPC/POPC/POPG and the whole phospholipid fraction of NS were 10.1 ± 0.1 

and 9.8 ± 0.01 nN respectively. On the one hand, these results showed that the ternary lipid 

mixture was a good model of the phospholipid LS fraction in terms of mechanical properties. 

On the other hand, the distribution of the forces required to break membranes composed of the 

phospholipid fraction of NS were in between to that required to ident DPPC bilayers and that 

breaking bilayers of POPC. 

Then, we studied the effect of cholesterol (Fig. 7.2) since it has been reported that it modifies 

the mechanical properties of SLBs in lipid models [114]. It is important to remember that AFS 

and NS only differ in cholesterol content: around 10 and 5% (w), respectively. Therefore, the 

higher cholesterol proportion in AFS may in principle provide greater mechanical stability.  

Fig. 7.2: Force spectroscopy experiments conducted for SLBs composed of DPPC/POPC/POPG (50/25/15 w:w:w) (a), 

DPPC/POPC/POPG (50/25/15 w:w:w) + 4% (w) of cholesterol (b) and DPPC/POPC/POPG (50/25/15 w:w:w) + 9% (w) of cholesterol 

(c). Left) AFM images acquired using the PeakForce Tapping Mode. Center) Height profile of regions stated with a white line in AFM images. 

Right) Breakthrough force distributions. 
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 To check it, we conducted force-distance experiments in SLBs composed of the ternary 

phospholipid mixture at equivalent cholesterol amounts than that of AFS and NS (Fig. 7.2). Our 

data showed that cholesterol in fact shifted distributions to higher breakthrough forces. 

Moreover, the force distribution obtained for SLBs with the highest cholesterol content tested 

adjusted better to two gaussian curves: one centered at the force required to break the ternary 

mixture, with a breakthrough force of 11.1 ± 0.3 nN; the second, comparable to the force 

required to break DPPC membranes, with a breakthrough force of 17 ± 3.3 nN (Table 7.1). 

 Lastly, we evaluated the effect of SP-B and SP-C to modulate the mechanical properties of 

SLBs composed of DPPC/POPC/POPG (Fig. 7.3). On the one hand, incorporation of SP-B did 

not change force distribution (i.e. breakthrough force of 10.6 ± 0.1 nN) but caused lipid phase 

segregation (Fig. 7.3b). Despite selecting both regions in our force-distance experiments, we 

did not observe two populations with different mechanical properties. However, we did see an 

increase of FWHM (full width at half maximum of the distribution): 3.9 vs 1.9 nN with and 

without SP-B respectively (Table 7.1). Therefore, the fact that we did not see two populations 

indicate that their mechanical properties are comparable.  

Fig. 7.3: Force spectroscopy experiments conducted for SLBs composed of a reconstituted OE of NS (a), DPPC/POPC/POPG (50/25/15 

w:w:w) + 10% (w) of SP-B (b) and DPPC/POPC/POPG (50/25/15 w:w:w) + 10% (w) of SP-C (c). Left) AFM images acquired using the 

PeakForce Tapping Mode. Center) Height profile of regions stated with a white line in AFM images. Right) Breakthrough force distributions. 
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 On the other hand, SP-C caused a shift of the force distribution to lower values: 6.5 ± 0.1 

nN (Fig. 7.3c). It is important to note that these experiments were conducted using 

supraphysiological concentrations of SP-B or SP-C (10%, w). Therefore, their physiological 

impact cannot be directly extrapolated to native LS, beyond local effects. However, the force 

distribution obtained for membranes reconstituted from the material of an OE of NS (containing 

all the lipids plus the proteins SP-C and SP-C) was comparable to that of SP-C-containing SLBs 

(Fig. 7.3a and c). Thus, the physiological contents of surfactant proteins may still modulate the 

mechanical properties of LS membranes. 

 

Table 7.1: Data analysis for force spectroscopy experiments. Force distributions were fitted to one gaussian curve, except for 

DPPC/POPC/POPG + 9% (w) of cholesterol that was adjusted to two gaussian curves. Breakthrough force average, FWHM and R2 are shown. 
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 Discussion  

 The organization of lipids and proteins at the different time and length scales governs the 

structure of LS complexes and, as a consequence, its surface activity and the capabilities to 

stabilize respiratory mechanics. In this Thesis, we went beyond model systems and proposed 

that the lipid packing varied from LS synthesis and assembly to recycling. Furthermore, 

molecular organization may be dramatically altered as a consequence of different pathological 

factors that impair LS function, which can also contribute to a progression towards worse 

scenario. In this line, we propose that alterations in composition and structure may have an 

impact on the mechanical stability of LS membranes and films, a key parameter on surfactant 

action. This may be especially relevant for interfacial films lining the alveolar interface since 

they are continuously subjected to surface dynamics.  

 However, there is not much information regarding the mechanical properties of LS, likely, 

because of methodological limitations. In this context, the recent development of AFM-based 

force spectroscopy has allowed studying mechanical properties of biological materials at the 

nanoscale, including proteins, membranes and whole cells [39, 115, 205, 207]. Regarding lipid 

systems, force spectroscopy experiments have shown that the mechanical properties of lipid 

bilayers and multilayers depends on chemical composition (i.e. polar headgroups, acyl chain 

length, double bounds and position), temperature and ionic strength [114, 115, 298].   

 This technique seemed to be useful for the study of the mechanical stability of LS 

membranes. As first instance, we studied the contribution of surfactant phospholipids (Fig. 7.1), 

cholesterol (Fig. 7.2) and proteins SP-B or SP-C (Fig. 7.3) determining sensitivity to 

mechanical stress with AFM cantilevers. Our results show that changes in composition, 

especially in cholesterol and protein content, may change the mechanical properties of LS 

membranes, softening (SP-C) or tightening (cholesterol) lipid bilayers.  

 On the one hand, our results show that the increase in cholesterol content, to amounts 

equivalents to those found in AFS, not only induces lipid phase segregation, but also the 

formation of a phase with higher mechanical stability, equivalent to DPPC-enriched 

membranes. These results agreed with our GUVs and X-ray scattering experiments, i.e. the 

existence of ordered/disordered phase coexistence, in the presence of cholesterol. Furthermore, 

we previously proposed that AFS complexes could contain highly dehydrated DPPC clusters, 

which could correlate with these experiments (see Discussion in Chapter 3). In the same line, 

these results agreed with the idea that some NS subfractions could be formed through 
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cholesterol exclusion from freshly secreted surfactant complexes (see Discussion in Chapter 1). 

On the other hand, considering that SP-C is a transmembrane protein, we propose that the 

hydrophobic α-helix of SP-C may destabilize and soften these lipid bilayers, what agrees with 

other effects of the inclusion of SP-C in membranes, such as prompting membrane curvature 

and cholesterol mobilization [24, 25]. 

 Outcome and future perspectives 

 Using this methodology, the study of the mechanical stability of other LS preparations, 

such as clinical surfactants, is appealing. Moreover, we performed our experiments using SLBs, 

but it is possible to analyse multi-bilayer stacks [115]. Indeed, the study of LS-based multilayers 

may provide with novel information regarding the role of membranous reservoirs to guarantee 

the stability of interfacial surfactant films. As far as we know, this is the first detailed 

quantitative characterization of the mechanical properties of LS-based SLBs using force 

spectroscopy. Our results suggested that: 

1) Cholesterol increases the resistance of lipid bilayers to mechanical stress and 

promotes segregation of lipid phases with different mechanical properties.  

2) Surfactant proteins, and especially SP-C, may modulate the mechanical properties of 

surfactant bilayers. 
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  The discovery of LS: a milestone in perinatal medicine 

 In 1959, the work of Avery and collaborators showed that the reason why premature 

newborns suffered from the hyaline membrane disease, with a mortality rate of near 40%, was 

the lack of a surface-active agent [4]. This was the onset of a career to develop a clinical 

preparation to face one of the main causes of perinatal death in the twentieth century: NRDS 

[4]. For this purpose, the development of in vitro and in vivo models to test lipid-based 

surfactant preparations was essential at that time. Therefore, the work of specialists, from both 

the academy and industry, set an example of how the multidisciplinary work helps to find a 

solution to a biomedical issue.  

 In this context, Bengt Robertson, physician, and Tore Curstedt, clinical chemist, decided 

to isolate surfactant lipids from lungs of slaughtered pigs [4]. Their methodology basically 

consisted of an organic extraction of minced porcine lungs followed by a size-exclusion 

chromatography. Afterwards, they dried the lipid extract and suspended it in saline solution. 

This material represents the roots of the currently available clinical LS preparations. Still in 

development, this surfactant suspension was given to a preterm girl suffering from NRDS with 

successful outcomes. After that, randomized clinical trials showed the beneficial effect of this 

surface-active agent [299], which was named Curosurf. Since then, SRT have changed the 

outcome of NRDS and saved lives of countless premature newborns. 

 Furthermore, the surfactant extract prepared by Curstedt and Robertson was not the only 

candidate to face NRDS in the 80’s. Other researchers isolated surfactant complexes from 

bovine lungs, which is the basis of Survanta (other clinical LS preparation) [2]. At the same 

time, LS was isolated from human amniotic fluid and tested in randomized clinical trials to face 

NRDS with promising outcomes [256, 264]. The work of Hallman and co-workers showed that 

preterm infants treated with AFS experienced an immediate improvement [256, 264]. However, 

AFS was not considered a good candidate for SRT due to the risk of infection by human 

immunodeficiency virus or possible long-term immunological responses [265]. 

 In a recent review, Curstedt pointed out that the success of a clinical surfactant preparation 

intended for therapeutical application depends on 1) the material, 2) the interest of 

neonatologists, 3) research meeting for planning clinical trials and discussing results and 4) 

pharmaceutical support [4]. At that time, neonatologists from all Europe, such as Halliday or 

Speer, collaborated with Curstedt and Robertson to perform clinical trials using Curosurf to 

face NRDS. It is remarkable to note that they initially employed 1000 kg of porcine lungs every 
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month for this purpose [4]. Notwithstanding positive outcomes, Swedish pharmaceutical 

companies considered too expensive the production of Curosurf. Then, they started a 

collaboration with Paolo Chiesi from Chiesi Farmaceutici SpA, which has been the leading 

producer and supplier of Curosurf in Europe so far. Furthermore, still today, clinical LS 

preparations are prepared from lavage or minced animal lungs. Much later, in the last decade, 

much effort has been put for the development of synthetic preparations such as CHF5633, 

which contains DPPC and POPG (1:1 w:w) and SP-B and SP-C synthetic peptide analogues 

[2]. Its effectiveness is under investigation, though it seems to have comparable efficacy and 

safety as Curosurf [300]. 

  Could AFS be used in clinical applications? 

 The first relevant contribution of this Thesis is the isolation of a human surfactant from the 

amniotic fluid donated by full-term healthy pregnant women using an easy, non-invasive and 

high-yield methodology. Nowadays, the detection of the potential presence of human 

immunodeficiency virus is no longer a drawback due to diagnostic procedures. Therefore, the 

human origin of AFS represents an advantage as a candidate to treat clinical conditions carrying 

reduced lung compliance. Moreover, it is important to note that its efficacy has been already 

tested [256, 264], what guarantees the feasibility of its use in biomedical applications. Looking 

to Hallman’s work, the collection of human amniotic fluid from 5 programmed caesareans 

would be enough to treat a preterm neonate. Moreover, human amniotic fluid is an important 

biological fluid during the gestational development but, it does not have a biological role after 

delivery, and it is not used for diagnostic procedures nowadays. Therefore, the collection of 

human amniotic fluid during programmed caesareans is a cost-free easy methodology for 

Obstetrics Departments.  

 Furthermore, the use of AFS would meet the principle of the 3Rs in animal and clinical 

research: replacement, reduction and refinement. Conversely, the necessary infrastructure to 

prepare animal-based LS preparations has a high cost and so do clinical drugs. Altogether, we 

propose that the use of AFS may encompass easiness, feasibility, efficacy, cost efficiency and 

animal-free commitment. Still, it is important to keep in mind these 4 factors mentioned by 

Curstedt about the success of a new surfactant preparation. Therefore, notwithstanding the value 

of this work, the use of AFS in clinical applications requires initially medical interest and 

funding, and subsequent clinical trials to compare its therapeutic performance with currently 

available preparations, also to assess cost-benefit considerations. 
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  What the current situation is and prospects in surfactant research 

 It is important to note that, despite reducing mortality rates for preterm babies, surfactant 

administration is an invasive methodology implying intubation and so a potential risk to induce 

secondary airways damage. That is the reason why it is recommendable the administration of 

antenatal steroids to stimulate foetal lung maturation in the face of NRDS. Moreover, the use 

of nasal continuous positive airway pressure (CPAP) before surfactant administration is 

advisable to avoid intubation. Considering these, the development of non-invasive 

administration tools, such as nebulizers, and new ventilator strategies are matter of research 

nowadays [112, 127]. Even so, neonates with NRDS should be given surfactant as early as 

possible, and even two or three doses if the clinical condition aggravates or remains. On the 

other hand, and in spite of its success reducing neonatal mortality, SRT has failed to improve 

clinical conditions carrying surfactant inhibition such as ARDS or MAS. The molecular 

mechanism underlaying surfactant inhibition in acute and chronic lung disease is a matter of 

intense research nowadays and implies to shed light on the molecular biology of LS. 

Pathological conditions including severe inflammation and lung injury (now also including the 

worst scenarios in patients of COVID-19) lack today of an efficient therapy. A LS with maximal 

efficacy in promoting stabilization and protection of the respiratory epithelium, such as AFS, 

could provide a promising therapeutic option that should be explored. However, the amount of 

surfactant required to treat an adult injured lung is much larger than that required for neonates. 

 It is not clear how structure-function relationships vary along LS metabolism in the 

biological context, i.e. synthesis, surface activity and recycling. What it is clear is that the 

structure and function of LS complexes evolve and get dissipated during surface dynamics. 

Therefore, much of surfactant research, which has been conducted using materials isolated from 

operational animal lungs or reconstituted from synthetic lipid/protein mixtures, may represent 

only a part of the big picture in LS landscape. In this line, cell cultures have opened a new 

horizon in the understanding of, not only acute or chronic lung diseases, but also the structural 

determinants of LS. In this regard, the take home message is that LS complexes undergo an 

irreversible structural rearrangement upon exposure to air spaces and surface dynamics. This 

was the background and the main motivation of the present Thesis: the structural and functional 

characterization of pristine unused surfactant complexes in comparison to a surfactant purified 

from BAL.  
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  Structure matters: beyond lipid/protein mixtures 

 To do so, the first objective was the isolation of a surfactant preparation with similar 

properties to freshly secreted LBs. Our initial hypothesis was that a porcine LS could be 

constituted by several membranous entities from which we could isolate a subfraction enriched 

in LBPs (Chapter 1). However, if present, we could not identify the structural fingerprint of a 

genuine freshly secreted unused LS. Therefore, we shifted our approach to the collection of 

freshly secreted LBPs from type-II pneumocytes (Chapter 2). Nevertheless, cell culture work 

was an extremely low-yield methodology what made infeasible its use for the purpose of this 

Thesis. Going back to the drawing board, we realised that we were pursuing the isolation of a 

LS material sustaining the structural determinants of pristine unused surfactant complexes, i.e. 

not being subjected yet to breathing dynamics. Following this reasoning, we studied the 

presence of LS in human amniotic fluid diffused from the lungs of the foetus at term, when they 

are already prepared to establish air respiration but before lungs establish the operational air-

liquid interface. 

 Despite being proposed as a treatment for preterm neonates in the 80’s, this material could 

not be studied at that time using the currently available biophysical techniques. Thus, the main 

contribution of this Thesis is the structural and functional characterization of LS complexes 

present in human amniotic fluid in comparison to already used surfactant isolated from 

operational porcine lungs (Chapter 2, 3 and 4). Our hypothesis was that we were studying two 

different stages in LS metabolism: pristine freshly secreted and unused surfactant complexes 

(AFS) and complexes transformed as a consequence of air-breathing dynamics (NS). Our 

results showed that AFS sustains the structural fingerprint of pristine surfactant complexes: 

tight lipid packing, dehydration, presence of non-lamellar phases, lipid phase coexistence, 

optimal adsorption capabilities and solid-like interfacial films on adsorption. Therefore, we 

propose that there is a connection between the structure-function relationships of these materials 

and how the structural determinants vary from the synthesis of LS to recycling.  

 To sum up, the most important message of this Thesis is that structure matters. We argue 

that the intrinsic structure of LS complexes must be taken into consideration to understand the 

molecular mechanisms of surfactant function from its mere biogenesis and to develop new 

therapeutic materials. This structural factor might be at the root of the ineffectiveness of the 

current clinical LS preparations available under the demanding conditions imposed by severe 

ARDS, MAS or COVID-19.  
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 Prospects 

 The use and study of AFS is appealing beyond clinical applications. The research presented 

in this Thesis offers a new range of experimental possibilities to study AFS in comparison to 

other widely employed preparations. Indeed, this surface-active agent is responsible for lung 

compliance after birth. Therefore, the study of its structure-function relationships and native 

lipid/protein interactions will provide with a reliable picture of LS system in humans from the 

very beginning of air-supported life. Moreover, we have employed a plethora of novel and 

relevant technologies to study surfactant complexes such as force spectroscopy, SAXS in milli-

devices or neutron reflectometry. Despite being preliminary, these results show that there is 

much to be understood regarding the inherent properties of LS. All in all, there are many 

questions to be addressed in the next years, which seem to open a new paradigm in the structure-

function relationships of LS. 
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 The aim of this Thesis was to describe the structural determinants of a pristine unused 

pulmonary surfactant. To do so, our first objective was to isolate surfactant complexes with 

structural and functional similarities to freshly secreted LS complexes. Considering that AFS 

sustained the structural fingerprint of a pristine unused surfactant, we conducted a 

compositional, structural and functional characterization of LS complexes present in human 

amniotic fluid in comparison to materials isolated from BAL of porcine lungs. Our conclusions 

were:  

1) LS complexes isolated from BAL of porcine lungs comprise several 

membranous assemblies that may be associated to different stages during LS synthesis, 

assembly, secretion, interfacial activity and recycling. 

 

2) NS subfractions have similar surface activity than whole pulmonary surfactant 

from BAL. The differences in structure and composition observed between fractions 

likely result of the exposure to alveolar spaces and breathing dynamics. 

 
3) The hallmark of tightly packed freshly secreted LBs (i.e. LBPs, secreted but not 

adsorbed) could not be identified within the most dense and active fractions of the 

surfactant material harvested from BAL. 

 
4) The isolation of LS from human amniotic fluid is a suitable process, non-

invasive and allows obtaining high purification yields of a pristine unused surfactant, to 

conduct a detailed characterization of its structure-function relationships. 

 
5) The lipid/protein complexes of AFS have significantly better interfacial 

adsorption capabilities than NS under conditions mimicking a physiological or 

pathological context. This optimal surface activity may be related to the fact that AFS 

sustains the structural fingerprint of a pristine unused, freshly secreted surfactant: 

dehydration, tight lipid packing, ordered/disordered lipid phase coexistence and presence 

of non-lamellar lipid phases.  

 
6) Adsorption of AFS to form interfacial films leads to a topography involving 

crystalline lipid packing and segregation of ordered/disordered lipid phases, where a 

nanoscopic phase coexistence could simultaneously sustain the squeeze-out of 

unsaturated lipids and the enrichment of DPPC at the interface.  
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7) Interfacial film formation by NS leads to a disordered-like lipid phase lacking 

crystalline lipid packing and a compression-dependent phase coexistence. This interfacial 

rheology struggle to enrich the interface of DPPC. 

 
8) The structural differences observed when comparing interfacial films made of 

NS and AFS are closely related to their intrinsic structure in bulk, which along with the 

data presented in this Thesis, suggests a relationship between the mechanism of film 

formation, structure-function relationships and LS metabolism. 

 
9) The mechanical stability of LS-based SLBs is governed by lipid and protein 

composition. On the one hand, cholesterol increases the resistance of lipid bilayers to 

mechanical stress and promotes segregation of lipid phases with different mechanical 

properties. On the other hand, surfactant proteins, and especially SP-C, may modulate the 

mechanical properties of surfactant bilayers. 
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Participation in research projects 

- 2012-2015: Project title: “Lung Surfactant Biotechnology: Integration of Membrane 

Biophysics and Molecular Biology to generate novel Nanostructured Biomaterials for 

Therapeutic Applications”. Principal investigator: Prof. Jesús Pérez-Gil (UCM). Funding: 

Spanish Ministry of Economy. 

- 2015-2016: Project title: “In vitro characterization of a clinical surfactant, vehiculation and 

resistance to inactivation properties”. Principal investigator: Jesús Pérez-Gil. Funding: Chiesi 

Farmaceutici S.p.A, Parma, Italy. 

- 2015-2018: Project title: “Exploring the biotechnology framework of lung surfactant 

shuttle, guardian of organism/environment interface”. Principal investigator: Prof. Jesús Pérez-

Gil (UCM). Funding: Spanish Ministry of Economy. 

- 2019-2022: Project title: “Pulmonary surface biotechnology. Looking through the 

membranous complexes located in the respiratory surface to develop novel therapeutic 

approaches”. Principal investigator: Prof. Jesús Pérez-Gil (UCM). Funding: Spanish Ministry 

of Science, University and Innovation. 

- 2020-present: Project title: “Social awareness is the vaccine”. Principal investigator: José 

Carlos Castillo-Sánchez, Esperanza Rivera-de-Torre, Sara García-Linares and Alberto José 

Ferrari-Puerta. Funding: Complutense University of Madrid and Social Enterprising program 

UCM-Banco Santander via “Funding plan for enterprising initiatives to face the coronavirus-

associated health crisis”.  

- 2020-present: Project title: “Lung surfactant, diagnosis and therapy for Covid-19”. 

Principal investigator: Jesús Pérez-Gil. Funding: Complutense University of Madrid and Social 

Enterprising program UCM-Banco Santander via “Compluemprende program for 

#VencealVirus accompaniment”.  
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 Participation in congresses and courses with scientific relevance 

- 5th International Iberian Biophysics Congress. 15-17th June 2016. Porto, Portugal. Poster: 

“Pulmonary surfactant: a heterogeneous mixture of membranes with different structural and 

functional features”. Castillo-Sánchez JC, Cerrada A, Conde M, Cruz A and Pérez-Gil J.  

- EBSA Course on Biophysics: Membrane and protein-lipid interactions. 11-16th September 

2016. La Grande Motte, Montpellier, France. Oral presentation: “Amniotic fluid pulmonary 

surfactant: a new insight of lipo-protein interactions and biophysical properties in the lung 

surfactant system”. Castillo-Sánchez JC, Batllori E, Cruz A and Pérez-Gil J. 

- 61st Annual Meeting, Biophysical Society. 11-15th February 2017. New Orleans, EEUU. 

Poster: “Functional and structural characterization of pulmonary surfactant fractions obtained 

from bronchoalveolar lavages”. Castillo-Sánchez JC, Cerrada A, Conde M, Pérez-Gil J and 

Cruz A. 

- 16th Biophysics Congress organized by the Spanish Biophysical Society. 6-8th June 2017. 

Sevilla, Spain. Poster: “Understanding the molecular structure and biophysical properties of the 

pulmonary surfactant system: from the pneumocyte to the air-liquid interface”. Castillo-

Sánchez JC, Batllori E, Cruz A and Pérez-Gil J. 

- Biophysics for Biotechnology and Biomedicine (BIOPHYS-Hub). 16th November 2017. 

Madrid, Spain. Oral presentation: “Biophysical characterization of thermotropic phase 

transitions in pulmonary surfactant complexes of different origin”. Castillo-Sánchez JC. 

- CNIC PhDay 2017 State of the Art. 24th November 2017. Madrid, Spain. Poster: “Looking 

through the molecular structure and biophysical properties of the lung surfactant system: from 

the pneumocyte to the air-liquid interface”. Castillo-Sánchez JC, Batllori E, Cruz A and Pérez-

Gil J. 

- 1st PhDay Complutense. 14th December 2017. Madrid, Spain. Oral Presentation: “Looking 

through the eyes of lung surfactant system to understand how breathing takes places in alveolar 

spaces” Castillo-Sánchez JC. Poster: “Breathing in progress: lung surfactant is composed by 

several membrane structures formed along respiratory physiology”. Castillo-Sánchez JC, 

Cerrada A, Conde M, Cruz A and Pérez-Gil J. 

- 62nd Biophysical Society Annual Meeting. 17-21st February 2018. San Francisco, EEUU. 

Poster: “Looking for ground-breaking structural and functional features in the lung surfactant 
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system using a surface-active agent purified from human amniotic fluid”. Castillo-Sánchez JC, 

Roldan N, García-Álvarez B, Batllori-Badia E, Galindo A, Cruz A and Pérez-Gil J. 

- 6th International Iberian Biophysics Congress and X Iberoamerican Congress of 

Biophysics. 20-22nd June 2018. Castellon, Spain. Poster: “Comparing the structure and surface 

activity of pulmonary surfactant samples purified from bronchoalveolar lavages of porcine lung 

and human amniotic fluid”. Castillo-Sánchez JC, Batllori-Badia E, Galindo A, Pérez-Gil J and 

Cruz A. 

- 14th Greta Pifat Mrzljak International School of Biophysics. 23/08/18-01/09/18. Split, 

Croatia. Poster and Oral presentation: “Looking for the roots of lung surfactant system: the 

tighter its package is, the better functionality it has”. Castillo-Sánchez JC, Batllori-Badia E, 

Galindo A, Pérez-Gil J and Cruz A. 

- Joint 12th EBSA 10th ICBP-IUPAP Biophysics Congress. 20-24th July 2019. Madrid, Spain. 

Oral and Poster presentation: “Adsorption kinetics of pulmonary surfactant complexes purified 

from bronchoalveolar lavages of porcine lungs and human amniotic fluid”. Castillo-Sánchez 

JC, Batllori-Badia E, Galindo A, Pérez-Gil J and Cruz A. 

- ProLiN2019 Protein Lipid Nanostructures from domains to devices. 25-27th July 2019. 

Bilbao, Spain. Poster presentation: “Molecular determinants of lung surfactant function from 

the study of surfactant purified from human amniotic fluid”. Castillo-Sánchez JC, Eicher B, 

Batllori-Badia E, Galindo A, Pabst G, Cruz A and Pérez-Gil J. 

- 64th Annual Meeting of the Biophysical Society. 15-19th February 2020. San Diego, 

California, EEUU. Poster Presentation: “Beyond the monolayer: pulmonary surfactant films 

analysed by a Fluid-Interfaces-Grazing-Angles-neutron-ReflectOmeter (FIGARO)”. Castillo-

Sánchez JC, Collada A, Cruz A, Maestro A and Pérez-Gil J. Poster Presentation: “Structure of 

lung surfactant from different sources: a Small-Angle-X-ray Scattering (SAXS) study”. 

Castillo-Sánchez JC, Andersson JM, Eicher B, Batllori-Badia E, Galindo A, Pabst G, Cruz A, 

Roger K and Pérez-Gil J. 

- Online Hackaton: #Beat the Virus. Answers for Covid-19. Leader of project: “Social 

awareness is the vaccine”. April-May 2020. Science, University and Innovation Department, 

Government of Madrid. Spain. 

- International week on Surfactant Research. 30/11/20-04/12/20. Attendance to online event. 
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 Publications 

- “Human amniotic membrane as newly identified source of amniotic fluid pulmonary 

surfactant”. Angela Lemke, José Carlos Castillo-Sánchez, Florian Prodinger, Asia Ceranic, 

Simone Hennerbichler-Lugscheider, Jesús Pérez-Gil, Heinz Redl & Susanne Wolbank. 

Scientific Reports 7. Article Number: 6406 (2017). Doi: 10.1038/s41598-017-06402-w. ISSN 

2045-2322.  

- “Pulmonary surfactant protein SP-C-induced fragmentation of membranes: an emerging 

role in lung defence and homeostasis”. Alejandro Barriga, Michelle Morán-Lalangui, José 

Carlos Castillo-Sánchez, Ismael Mingarro, Jesús Pérez-Gil and Begoña García-Álvarez. 

Submitted (2020). 

- “Structural hallmarks of lung surfactant: lipid-protein interactions, membrane structures 

and future challenges”. José Carlos Castillo-Sánchez, Antonio Cruz and Jesús Pérez-Gil. 

Archives of Biochemistry and Biophysics. Submitted (2020). 
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 Research seminars 

- “Amniotic Fluid Pulmonary Surfactant and how to understand the enigma of the alveolar 

hyaline membrane”. 3rd May 2017. Neonatology Service, Hospital Universitario 12 de Octubre, 

Madrid, Spain. 

- “Structure, lipid-protein interactions and functional properties of pristine pulmonary 

surfactant complexes purified from human amniotic fluid”. 4th October 2017. Biophysics 

Division of the Institute of Molecular Biosciences, University of Graz, Austria. 

- “Amniotic Fluid Pulmonary Surfactant: new clinical insights proposed by analysing its 

biophysical properties”. 7th November 2017. Obstetrics and Gynaecology Service, Hospital 

Universitario 12 de Octubre, Madrid, Spain. 
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 Teaching  

- 2017-2018: Laboratory practices: 3rd course in Bachelor’s Degree on Chemistry (subject: 

Biochemistry, hours: 21) and 1st course in Bachelor’s Degree on Biology (subject: 

Biochemistry, hours: 30). Biochemistry and Molecular Biology Department. Complutense 

University. Madrid. Spain. 

- 2018-2019: Laboratory practices: 1st course in Bachelor’s Degree on Biology (subject: 

Biochemistry, hours: 36) and 2nd course in Bachelor’s Degree on Biology (subject: Genomic 

and Genetic Engineering, hours: 24). Biochemistry and Molecular Biology Department. 

Complutense University. Madrid. Spain. 

- 2018-2019: One-hour research seminars titled: “Structure-function relationships in the lung 

surfactant system” and “Application of biophysical techniques to the study of function, 

structure and dynamics of lipid membranes and lipid-protein systems”. Subject: “Structure of 

Biological Membranes” 2nd course in Bachelor’s Degree on Biochemistry. Complutense 

University. Madrid. Spain. 

- 2018-2019: Co-supervisor of the Bachelor’s Degree Thesis of Ainhoa Collada Marugán 

titled: “Evaluation of domestic-used aerosol effect in the structure and function of lung 

surfactant”. Bachelor’s Degree on Biochemistry. Biochemistry and Molecular Biology 

Department. Complutense University. Madrid. Spain. 

- 2019-2020: Laboratory practices: 4th course in Bachelor’s Degree on Biology (subject: 

Enzymatic biotechnology, hours: 60). Biochemistry and Molecular Biology Department. 

Complutense University. Madrid. Spain. 

- 2019-2020: One-hour research seminar titled: “Experimental methods to study lipid/protein 

systems”. Subject: “Structure of Biological Membranes” 2nd course in Bachelor’s Degree on 

Biochemistry. Complutense University. Madrid. Spain.  

- 2019-2020: One-hour research seminar titled: “Breaking barriers to study a lipid/protein 

system that ensures operational breathing”. Subject: “Biomembranes” Master’s Degree on 

Biomedical Physics. Complutense University. Madrid. Spain.  

- Introduction to university teaching for PhD students and Post-doctoral researchers. 30 

hours of academic online course (training). 02/03/20-05/04/20. Summer Courses of the 

University of the Basque Country. Spain. 
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- 2019-2020: Co-supervisor of the Master’s Degree Thesis of Ainhoa Collada Marugán 

titled: “Characterization of the three-dimensional structure of lipid complexes associated to 

pulmonary surfactant interfacial films”. Master’s Degree on Biochemistry, Molecular Biology 

and Biomedicine. Biochemistry and Molecular Biology Department. Complutense University. 

Madrid. Spain. 

 - 2020-2021: Laboratory practices: 4th course in Bachelor’s Degree on Biology (subject: 

Enzymatic biotechnology, hours: 9). Biochemistry and Molecular Biology Department. 

Complutense University. Madrid. Spain. 
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 Grants and awards received 

- 2014: Undergraduate Collaboration fellowship from the Spanish Ministry of Education. 

- 2016: Spanish Biophysical Society Travel Grant to attend the “5th International Iberian 

Biophysics Congress” in Porto, Portugal. 

- 2017: PhD fellowship from the Spanish Ministry of Education: FPU program. 

- 2018: International Travel Award to attend the “62nd Biophysical Society Annual Meeting” 

in San Francisco, EEU.  

- 2018: Spanish Biophysical Society Travel Grant to attend to the “6th International Iberian 

Biophysics Congress and X Iberoamerican Congress of Biophysics” in Castellon, Spain. 

- 2018: COST action BM1403 Travel Grant to attend to the “14th Greta Pifat Mrzljak 

International School of Biophysics”, Split, Croatia. 

- 2018: EMBO Short-Term fellowship to support a research stay in the laboratory of Prof. 

Sergi Garcia-Manyes, King’s College London, United Kingdom. 
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 Other positions with scientific relevance 

- 10th March 2017: Member of the Organizing Committee of “Biophyzza Party”, outreach 

event from the Biophysics Week. Faculty of Biology, Madrid, Spain. 

- 14th December 2017: Member of the Organizing Committee of “1st PhD Complutense”. 

Faculty of Biology, Madrid, Spain. 

- 2016-20: PhD student’s representative in the Committee of the Molecular Biology and 

Biochemistry Department. Faculty of Biology, Complutense University, Madrid. 

- 20th-24th July 2019: Volunteer during the onsite of the “Joint 12th EBSA-10th ICBP-IUPAP 

Biophysics Congress”. Madrid, Spain. 

- 13-14th December 2019: Member of the Organizing Committee of “Biochemistry and 

cuisine”, outreach event included in the “XIX Science Week”. Faculty of Biology, Complutense 

University, Madrid, Spain. 

- 28th December 2020: Member of the Organizing Committee of the “1st Multidisciplinary 

Conference - Social awareness is the vaccine”. Social and academic initiative funded by 
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