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ARTICLE INFO ABSTRACT

Keywords: In order to prevent alveolar collapse, the surface tension at the air-liquid interface of alveoli has to be minimized
Pulmonary surfactant at the end of expiration. Pulmonary surfactant, a lipid-protein complex synthetized and secreted by type II
Polymers

pneumocytes, adsorbs into the alveolar surface to form highly surface-active interfacial films. Lack or inacti-
vation of surfactant is associated with severe respiratory pathologies, some of them treated by supplementation
with exogenous surfactant formulations. It has been demonstrated that surfactant is assembled by pneumocytes
in a highly packed dehydrated state that unravels once secreted to exhibit optimal interfacial capacities. Once
exposed to air and subjected to dynamic breathing, surfactant can be isolated from bronchoalveolar lavages
(BAL) in more unpacked and relatively hydrated stages. In this work we have used different biophysical tech-
niques, such as surface balances and fluorescence spectroscopy to show how BAL surfactant pre-exposed to
certain polymers such as hyaluronic acid (HA) transits to a more stably packed state with improved functional
capabilities that approach those of freshly secreted surfactant that had never been exposed to air, such as the
surfactant that can be purified from amniotic fluid. These results open new opportunities to develop more

Amniotic fluid surfactant

efficient therapeutical surfactant preparations to treat respiratory pathologies still unresolved.

1. Introduction

Pulmonary surfactant (PS) is synthetized by alveolar type II pneu-
mocytes where it is stored in the form of lamellar bodies (LBs) that are
specialized organelles in the form of tightly packed and dehydrated
concentric membranes which contain surfactant lipids and proteins
(Weaver et al., 2002). Once secreted, these complexes unravel to form
interfacial films at the respiratory surface with the ability to reduce the
surface tension to minimal values, especially at high compression stages,
such as those reached at the end of expiration (Cerrada et al., 2015; Hobi
et al., 2014; Ravasio et al., 2010).

As the lungs mature in the last weeks of the gestational development,
very preterm newborn babies with immature lungs and lack of PS may
develop the Neonatal Respiratory Distress Syndrome (NRDS) that
caused the death of thousands of infants every year due to lung imma-
turity (Whitsett et al., 1986). The development of surfactant replace-
ment therapies (SRTs) in which an exogenous surfactant is introduced
intratracheally to facilitate the opening of the PS-lacking lungs while it
stimulates the production of endogenous PS, turned the tables and the

mortality was drastically reduced (Echaide et al., 2017).

SRTs have been used for the treatment of respiratory pathologies
caused by the lack of an operative surfactant since more than forty years
ago (Adams et al., 1978; Enhorning and Robertson, 1972; Fujiwara
et al., 1980). However, these therapies still lack efficiency and optimi-
zation and result inefficient to treat some of the most important pa-
thologies associated with surfactant disorder. For example, in Acute
Respiratory Distress Syndrome (ARDS) as a consequence of lung injury
and inflammation, or in babies born at term but suffering of meconium
aspiration syndrome which ends in an strong inactivation of the
endogenous PS, SRTs have not been proven effective since the exoge-
nous surfactant introduced gets also inactivated (Baer et al., 2019;
Willson and Notter, 2011).

Available clinical surfactants are subjected to high production cost,
batch-to-batch variability and risk of pathogen transmission when ob-
tained from natural sources (Seurynck-Servoss et al., 2007) as well as
high susceptibility to inactivation, and therefore the production and
optimization of improved formulations has been largely pursued. Pos-
sibilities proposed to improve existing surfactants include
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supplementation with lipid components (Riidiger et al., 2005) or the
incorporation of certain additives. Different studies showed for instance
that the exposure to certain polymers can potentiate surfactant activity,
including the promotion of a higher resistance to inactivation
(Kobayashi et al., 1999; Lu et al., 2005a; William Taeusch et al., 1999;
Zuo et al., 2006). In this work we have decided to investigate the effect
of hyaluronic acid (HA) in PS structure and function to get further
insight into the possibility of using it as additive for improved SRTs. HA
is an ionic polymer naturally found in the lung, what confers it with the
ability to interact with surfactant complexes in pathological and
non-pathological contexts (Bjermer et al., 1989; Hallgren et al., 1989;
Turino and Cantor, 2003). It has been shown that exposure of PS to
relatively low concentrations of HA is enough to produce beneficial ef-
fects in terms of surface activity and resistance to inactivation (Braun
et al., 2007; Taeusch et al., 2008), and that this apparent activation is
associated with HA-promoted higher packing and dehydration states
(Lopez-Rodriguez et al., 2013).

It was shown that PS isolated from animal bronchoalveolar lavages
(BAL) does not retain the highly packed structure of recently secreted
LBs (Cerrada et al., 2015), which is at least partly maintained by sur-
factant that has been secreted but still not exposed to air-liquid in-
terfaces, such as the surfactant that can be purified from amniotic fluid
(Castillo-Sanchez et al., 2022). In this work we wanted to study how the
exposure to HA of a native surfactant isolated from BAL of porcine lungs
affects its adsorption and spreading capabilities and compare these ef-
fects with the behavior of a human amniotic fluid surfactant that pre-
serves the structural determinants of a newly synthetized material with
optimal functional capabilities. The results obtained could pave the way
for the production of a new generation of clinical surfactants with higher
activity and enhanced potential to treat pathologies that challenge PS
function.

2. Materials and methods
2.1. Materials

Hyaluronic acid (HA) from Streptococcus zooepidermicus (H9390,
Sigma) was diluted in buffer Tris 5 mM, NaCl 150 mM, pH 7.4 and
preserved at —20 °C. When required, it was added at 0.25 % (w/v). The
concentration chosen for HA (w/v) was that found effective to promote
resistance of surfactant to inactivation in previous studies (Lu et al.,
2005a, 2005b; Lu and Taeusch, 2010). Stocks of the fluorescent probe
FM1-43 (Molecular Probes Inc., catalog number T3163) were prepared
in DMSO and stored in glass vials at —20 °C. Native surfactant (NS) was
isolated from bronchoalveolar lavages (BAL) obtained from porcine
lungs by a protocol optimized at our laboratory (Taeusch et al., 2005). In
brief, each pair of lungs was washed with 2 L of a buffer solution (Tris 5
mM, NaCl 150 mM, pH 7.4) by vigorously massaging them and the
resulting lavage was filtered. To obtain pulmonary surfactant from these
lavages, first, cells and debris were removed by centrifugation (5 min,
1000 g, 4 °C). Then, BAL were ultra-centrifuged in an angular rotor
(100,000 g, 4 °C, 1 hour) to pellet high-density surfactant complexes and
membranes. Afterwards, pellets were homogenized using a potter and
charged into a NaBr discontinuous density gradient containing the so-
lutions: NaBr 16 % (w/v) in NaCl 0.9 %; NaBr 13 % in NaCl 0.9 % and
NaCl 0.9 %. Tubes were ultra-centrifuged for 2 h in a swinging rotor at
120,000 g and 4 °C. Purified NS complexes were located between the
second and third gradient solutions. They were recovered, aliquoted,
frozen in liquid Ny and stored at —80 °C until employed. Amniotic fluid
surfactant (AFS) was obtained in a non-invasive way from programmed
C-sections at term in collaboration with the Obstetrics and Gynaecology
Service of Hospital 12 de Octubre (Madrid, Spain) upon informed con-
sent of the donor mothers. The collected amniotic fluid, whose total
volume varied upon samples, was carried to the laboratory and AFS was
isolated following the same protocol than for NS. Both NS and AFS
quantification was performed by phosphorus analysis (Rouser et al.,
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1966).
3. Methods
3.1. Sample preparation

NS and AFS samples were unfrozen and diluted to optimal concen-
tration in buffer. For HA addition, an aliquot of NS was put into contact
with 0.25 % HA (w/v) by vortex agitation during 1 min to facilitate HA
incorporation into NS membranes (NS + 0.25 % HA). For its elimination
(NS - 0.25 % HA), a 30 min centrifuge at 14,500 g and 4 °C was per-
formed. The supernatant containing buffer + HA was discarded and the
NS membranes that pelleted, resuspended in the same amount of buffer
solution that was removed. The buffer solution used in all experiments
was Tris 5 mM, NaCl 150 mM, pH 7.4.

3.2. Fluorescence spectroscopy

NS, with or without HA, and AFS were diluted to the desired final
phospholipid concentrations (in the range between 0 and 50 pg/ml) with
buffer. The fluorescent probe FM1-43 was then incorporated to the
samples at a concentration of 2.4 uM and the tubes were vortexed and
incubated at 37 °C for 30 min in dark conditions before the fluorescence
emission was measured. Fluorescence measurements were done in an
Aminco Bowman luminescence spectrometer thermostated at 37 °C.
Emission spectra were recorded using 4 nm excitation and 8 nm emis-
sion slitwidths and adjusting the same sensitivity for all measurements.
Phospholipid concentration was checked by phosphorus quantification
(Rouser et al., 1966) and the maximum fluorescence (Aex = 479 nm, Aem
= 600 nm) was plotted versus lipid concentration.

3.3. Surfactant adsorption and accumulation test

The capability of different preparations to adsorb and accumulate at
air-liquid interfaces was assessed thanks to a modified surfactant
adsorption test (Autilio et al., 2017; Ravasio et al., 2008). In this pro-
tocol, each well of a multi-well plate is filled with 80 pl of Brilliant Black
(Sigma Aldrich, St. Louis, Missouri, USA), a quencher of fluorescence.
Samples are stained with the fluorescent dye BODIPY-PC (Molecular
Probes, Life Technologies, CA, USA, catalog number A10072) at 2 % mol
with respect to phospholipid as it was found to be an optimal concen-
tration for a proper sensitivity (Autilio et al., 2017). The staining was
performed by incubation during 1 hour in a Thermomixer (Eppendorf;
Hamburg, DE) at 37 °C and intermittent agitation (1400 rpm every 10
min). After that, the sample is diluted in working buffer and a total of 3
pg of lipid in 20 pl are injected in each well with an automatic pipette
with special care in depositing the material at the bottom of the well.
After injecting every sample, the plate is introduced in a FLUOstar OP-
TIMA Microplate Reader (BMG Labtech, Offenburg, Germany) ther-
mostatized at 37 °C and a measurement of the fluorescence intensity at
the interface as detected from above is performed every 2 min during 1
hour. As Brilliant Black has no surface activity, an increase in fluores-
cence should be observed if the material adsorbs into the interface and
BODIPY-PC molecules escape from the quencher at the bulk phase
(Ravasio et al., 2008). Experiments were performed by triplicate and
data are plotted as relative fluorescence units (RFU) versus time after
subtraction of the background contribution.

3.4. Adsorption surface balance

A Wilhelmy balance made of Teflon with an area of 3.14 cm? was
employed to study the interfacial adsorption of different preparations in
the presence or absence of HA. The trough was filled with 1.9 ml of
buffer solution. Then, 10 pg of the samples were injected onto the sub-
phase of the balance and the changes in surface pressure were monitored
against time thanks to the use of a Wilhelmy plate of 24 mm x 10 mm x
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0.5 mm made of grade 41 Ashless Filter Paper (Whatman, GE, Health-
care Life Sciences) previously attached to the pressure sensor. Experi-
ments were performed at 37 °C with a magnet moving to agitate the
subphase and facilitate the incorporation of material onto the interface
without diffusion limit.

3.5. Spreading surface balance

The spreading capabilities of the different materials with or without
previous exposure to HA were evaluated thanks to the use of a spreading
trough with a special design consisting of a donor trough connected by a
continuous zigzagging path to a receptor trough (mimicking the upper
and distal airways respectively) (Fig. 1). Both, donor and receptor
troughs are probed by a paper pressure sensor that detects changes in
surface pressure (Garcia-Mouton et al., 2023). The trough is filled with
54 ml of buffer and thermostated to 25 °C. Then, the material is injected
into the donor trough using a Hamilton microsyringe and the changes in
surface pressure in both, donor and receptor trough, are monitored
against time.

3.6. Compression-expansion isotherms

The behavior of PS films subjected to compression and expansion
was studied using a Langmuir-Blodgett trough of 213 cm? (Nima
Technology, Inc., Coventry, England) (Lopez-Rodriguez et al., 2016)
containing 400 mL of buffer solution and delimited by a mobile
continuous Teflon ribbon barrier, able to compress the films to maximal
pressures with no leakage. All the experiments were conducted at con-
stant temperature of 25 °C thanks to an external circulating water bath.
A Wilhelmy plate made of grade 41 Ashless Filter Paper (Whatman, GE,
Healthcare Life Sciences) was used as pressure sensor. Interfacial
monolayers were formed by spreading drops of the sample on the
interface using a Hamilton microsyringe until reaching 50 pg of lipid and
left to equilibrate for 10 min. After that, films were subsequently com-
pressed and expanded at a rate of 65 cm?/min while surface pressure
was recorded. This rate is still far from physiological but allows
observing rearrangements occurring at the interfacial level due to
compression-expansion dynamics.

3.7. Captive bubble surfactometry

In this device, an air bubble whose surface defines an air-liquid
interface is created inside an assay chamber thermostated at 37 °C
containing a degassed buffered solution with 10 % sucrose (w/v) to
increase density. A small amount of sample (150 nL at 20 mg/ml) is then
injected with a microcapillar below the bubble surface and its initial
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Fig. 1. Schematic representation of the spreading trough. The donor and re-
ceptor compartments are interconnected by a zigzagging path and the changes
in surface pressure in the receptor trough upon injection of the material in the
donor compartment are monitored against time.
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adsorption onto the interface is monitored for 5 min following the
changes in shape of the bubble recorded by a digital videocamera. Then,
the chamber is sealed and the bubble is subjected to a quick expansion (
25 % of its volume). Post-expansion adsorption is again monitored for 5
min. Finally, compression-expansion cycles are carried out. First, 4
quasistatic cycles where the bubble is reduced or enlarged at a slow
speed and then dynamic cycles are performed at 20 cycles/min
mimicking physiological breathing conditions. Finally, a stability test
was performed by mechanically perturbing the bubble with a pendulum
hammer and measuring the variations in its shape and size upon the
different perturbations applied (Schiirch et al., 2010).

Surface tension, volume and area are calculated by measuring the
height and the diameter of the bubble thanks to a specific software
(Schoel et al., 1994). Initial adsorption and post-expansion adsorption
graphs are represented as surface tension vs. time after averaging data
from three independent replicas. In the case of cycling experiments,
graphs show surface tension vs. area and graphs correspond to repre-
sentative experiments from three replicas. In dynamic cycling, only the
1st, 10th and 20th cycles are represented in the figures for clarity
(Hidalgo et al., 2017).

3.8. Differential scanning calorimetry

Experiments were performed in a microcalorimeter (MicroCal VP-
DSC, Amherst, MA, USA) with buffer in the reference cell and PS at 1
mg/ml with or without HA in the sample cell. Several scans were per-
formed by sample starting from a temperature of 15 °C and reaching a
final temperature of 70 °C, with a scan rate of 30 °C/hour, and pre- and
post-scan thermostatizing time during 5 min. A representative scan was
plotted for each sample using Origin 7 (Origin Labs, Northampton, MA,
USA).

4. Results
4.1. Fluorescence spectroscopy

The reorganization of surfactant membranes caused by the exposure
to HA was investigated thanks to the use of the fluorescent probe
FM1-43. This probe is water-soluble but increases fluorescence emission
several folds once it binds to lipid bilayers, being its fluorescence
quenched by water molecules when it is free in the solvent (Henkel et al.,
1996). However, due to its high polarity it is unable to translocate and
bind to inner membranes, so it only labels the external leaflet of mem-
branes in vesicles. In this way, an increase in fluorescence can be asso-
ciated to an increase in the membrane surface accessible to the dye, thus,
increased permeability. Fig. 2 shows the fluorescence emission of
FM1-43 as a function of the phospholipid concentration for NS mem-
branes not exposed to HA, in the presence of HA (+ 0.25 % HA), after
exposure and removal of HA (- 0.25 % HA) and for AFS membranes.

NS membranes that have not been exposed to HA promote maximal
fluorescence of FM1-43 indicating exposure of a larger outer surface
available for binding to the probe. The presence of HA reduces signifi-
cantly the phospholipid-dependent increase in fluorescence, indicating
that the polymer has induced reorganization of the membranes, likely
including vesicle aggregation, which reduces the proportion of the
surface that is accessible to the probe. Interestingly, the removal of HA
from the pre-exposed samples does not revert the polymer effect, sug-
gesting that polymer-promoted reorganizations are permanent. This
permanent effect of HA on NS membranes makes them to approach the
accessibility to FM1-43 exhibited by AFS complexes, a material that was
found to have maximal packing and dehydration (Castillo-Sdnchez et al.,
2022).

4.2. Interfacial adsorption

The adsorption capabilities of NS membranes into air-liquid
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Fig. 2. Fluorescence emission of FM1-43 upon binding to different amounts of
NS £ 0.25 % HA or AFS membranes.

interfaces were evaluated in the presence or absence of HA thanks to the
use of two different techniques that measure the adsorption to the
interface of the material previously deposited into the subphase. The
Surfactant Adsorption and Accumulation Test (SAAT) measures the in-
crease in fluorescence associated with the arrival of fluorescently-
labeled material to the interface as it escapes from a quenching agent
diluted in the bulk liquid phase. In the Wilhelmy trough, adsorption into
the interface is monitored by the concomitant increase in surface pres-
sure (reduction in surface tension). The results of these adsorption ex-
periments are summarized in Fig. 3.

In the SAAT experiments (Fig. 3, left) AFS shows the maximum
initial rate of accumulation of material at the interface, which slowly
decays with time to equilibrium values that are also reached by NS at
longer times. After 50 min, the interface gets fully covered of material in
all cases and no increase of fluorescence is detected anymore. The
presence of HA seems to impair the arrival and accumulation of NS to
the interface, possibly as a consequence of the changes in viscosity and
concomitant limits to diffusion imposed by the polymer, which does not
allow the large surfactant complexes to fully escape from the quenching
environment of the bulk. Interestingly, the removal of HA permits again
NS to reach the interface, even at faster initial rates that those initially
shown by NS that had never been exposed to the polymer. The direct
measurement of changes in surface tension and surface pressure as a
consequence of adsorption reflects similar effects of HA as seen in the
Wilhelmy trough (Fig. 3, right). Again, AFS showed also in these
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experiments the maximal capabilities to adsorb into the interface and
increase surface pressure (see Table 1). NS adsorbs at much slower rate,
reaching only 2.2 + 0.7 mN/m in the first 2 min of experiment, which is
significantly accelerated by the exposure to HA (4.1 £+ 1.6 mN/m), and
especially enhanced after its elimination (10.5 + 3.3 mN/m) to
approach, at least in the first minutes, the adsorption rates reached by
AFS. This HA-promoted enhanced NS adsorption is partly maintained
after HA withdrawal.

4.3. Interfacial spreading

The capability of the different surfactant samples to spread once
adsorbed to the interface was assessed thanks to a newly designed
trough with a zigzagging path that connects donor and recipient com-
partments through a continuous interface (Fig. 1). The design somehow
mimics how surfactant secreted at the alveolar spaces can travel to long
distances and coat the whole respiratory surface upon adsorption into
the interface and spreading associated to it. In the case of clinical sur-
factants used for SRT, interfacial spreading is important for the surfac-
tant delivered endotracheally at the upper airways to distribute along
the whole respiratory surface and reach the distal airways at the deep
lung. This assay to test interfacial spreading capabilities has been used to
probe the efficiency of surfactant to promote the delivery of inhaled
drugs using the air-liquid interface as a pathway (Garcia-Mouton et al.,
2023; Hidalgo et al., 2021).

The time (s) of stabilization of surface pressure in the receptor
compartment was calculated as the first time point at which surface
pressure at the receptor compartment differs in less than 1 mN/m from
the value of surface pressure in the donor compartment, and the surface
pressure of stabilization (mN/m) was taken as the first time point in
which surface pressure between donor and receptor compartments
varies in less than 0.3 mN/m. Obtained from the analysis of data in
Fig. 4.

As it can be seen in Fig. 4, the amount of NS deposited at the donor
trough adsorbs rapidly at the interface to pressures close to 10 mN/m
that then decays as the surface pressure starts to increase at the recipient
compartment. This is indicative of spreading along the interfacial
pathway until surface pressure in the two compartments fully

Table 1
Surface pressure (in mN/m) upon adsorption (t = 2 min) and at the end of the
experiment (t = 16 min) derived from all samples tested in the Wilhelmy trough.

t =2 min t =16 min
NS 2.2 +0.7 95+ 1.2
NS + HA 41+1.6 12.5 + 3.7
NS - HA 10.5 + 3.3 15.4 + 0.6
AFS 140 £ 1.8 20.7 £ 0.7
— 20
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Fig. 3. Interfacial adsorption of NS in the absence or presence of HA and of AFS in the surfactant adsorption test (left) or in the Wilhelmy trough (right). The
adsorption kinetics are monitored against time and plotted as relative fluorescence units in the case of SAAT or surface pressure in the case of the Wilhelmy trough
experiments, being in both cases an increase in fluorescence or surface pressure an indicator of a higher amount of material arriving at the interface.
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Fig. 4. Comparison of the interfacial spreading capabilities of NS, in the absence or presence of HA, and of AFS.

equilibrates. The lag time between the increase in pressure in donor and
recipient compartments reflects the efficiency and rate of spreading
through the connecting pathway. The sample of NS exposed to HA ad-
sorbs to higher pressure as it is deposited in the donor compartment (9.7
+ 0.5 mN/m), and produces an earlier increase of pressure at the
recipient compartment, with a shorter lag time than it produced in the
absence of HA (138 s). That means that the reorganization induced by
HA in NS complexes yields a more efficient material not only in terms of
adsorption as we had seen above, but also in terms of interfacial
spreading. Remarkably, this activation induced by HA is retained upon
removal of the polymer, as the stabilization surface pressure maintains
between samples of NS + HA and NS — HA (see Table 2). The HA-
promoted enhancement of interfacial spreading goes in the direction
of the activity of AFS, although AFS still exhibited the most efficient
spreading activity, producing an immediate increase in surface pressure
to values above 30 mN/m in the donor and recipient compartments with
a minimal lag period (Table 2).

4.4. Compression-expansion isotherms

Cyclic compression-expansion isotherms of the interfacial films
formed by the different samples in a surface balance were obtained in
order to study the effect induced by HA on the capability of surfactant
complexes to form operative films able to reach and sustain low surface
tensions (high surface pressures). 50 pug of material were spread at the

Table 2
Parameters defining the spreading of surfactant materials in the absence or
presence of HA.

t(s) Surface pressure (mN/m)
NS 152 6.2+ 1.6
NS + HA 138 9.7 £ 0.5
NS - HA 106 9.8 £ 0.5
AFS 98 31.1 £2.2

interface as it was seen to be enough to reach surface pressures above the
typical 2D-to-3D transition plateau exhibited by surfactant at around 45
mN/m (Castillo-Sanchez et al., 2025). As it can be observed in Fig. 5, the
compression isotherm of NS that had not been exposed to polymers
shows a conspicuous plateau at 45 mN/m that informs about the reor-
ganization of the material at the interface. In that way the air-exposed
monolayer results depurated of the less surface-active species,
becoming competent to produce the highest surface pressures. Subse-
quent cycles reach a bit lower surface pressures (see inset in Fig. 5, top
left), meaning that some material has been lost towards the subphase.
The exposure of NS to HA produced a reduction in the exclusion plateau
occurring at 45 mN/m of around a 20 % of its total length in comparison
with NS and also an overlap in subsequent cycles (see inset in Fig. 5,
bottom left). That means that the films formed by the material reor-
ganized as promoted by HA require less reorganization at the plateau to
become capable of sustaining the highest pressures. Also, that upon
compression-expansion cycling, less material is lost to the bulk between
subsequent cycles. Thus, the polymer seems to reduce the hysteresis of
the cycles but only when it is in contact with NS, because after its
removal, NS seems to revert to the previous behavior. In contrast, the
cyclic isotherms produced by AFS films turned out to be less hysteretic,
indicating a more limited reorganization of the complexes at the inter-
face and less material lost between cycles, finding also a much more
discrete plateau. This behavior is associated with a better performing
surfactant.

4.5. Captive bubble surfactometry

Initial (IA) and post-expansion (PEA) adsorption of NS in the absence
or presence of HA showed the immediate reduction of the surface ten-
sion to the equilibrium surface tension values (Fig. 6). Exposure to HA
reduced the minimal surface tension reached after 5 min of adsorption
from 25-27 mN/m to around 23 mN/m, both upon initial adsorption to
a clean bubble and upon expansion of the bubble. Interestingly, the
ability to reach lower surface tension was maintained upon removal of
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the polymer from the NS samples.

Quasistatic cycles show how NS films reduce the surface tension to
very low values since the first cycle. This first cycle exhibits some hys-
teresis, likely associated with a reorganization of the material at the
interface, which is maintained in subsequent cycles, where compression
is directly converted into very low tension with almost no hysteresis. In
the presence of HA, NS films are also competent to produce very low
surface pressures, although the area reduction required is higher
resulting in a larger hysteresis of the first cycle. This means that prob-
ably part of the compression work is applied to squeeze the polymer
away from the film and/or reorganize in a different manner the structure
of the surface-associated structures as they were modified by HA expo-
sure. However, and somehow surprisingly, once the polymer was
removed from NS samples, the corresponding films showed even more
marked hysteresis when compressed to the slow rates of the quasi-static
regime. Nevertheless, when the samples were subjected to dynamic
cycles, at compression rates comparable to those supposedly occurring
during breathing, all showed optimal behavior defined as reaching less
than 3 mN/m of minimal surface tension with less than 20 % area
reduction.

Fig. 7 presents the data of the stability tests carried out with bubbles
compressed to minimal surface tension during dynamic cycles and then
subjected to consecutive discharges of a pendulum hammer that pro-
duces shocking mechanical perturbations. NS forms stable surface films
that can maintain, upon compression, very low surface tensions, main-
tained below 5 mN/m even after a few shocking hits. Exposure to 0.25 %
(w/v) of HA seems to slightly affect the stability of the NS films, but it is
enhanced upon removal of the polymer.

4.6. Thermotropic transitions

Differential Scanning Calorimetry (DSC) was used to analyze the
thermotropic transitions between lipid phases in NS membranes before,
during and after exposure to HA. These transitions and their parameters
are very sensitive to the organization of surfactant membranes, which
should offer clues of the nature of transformations induced by the

polymer into surfactant complexes. The DSC thermograms obtained are
compared in Fig. 8 and the parameters calculated from the main
ordered-to-disordered transition are summarized in Table 3.

NS membranes have a well characterized thermotropic behavior,
with a broad and asymmetric ordered-to-disordered transition that ends
very close to physiological temperature. HA turned out to have a sig-
nificant effect on NS thermotropic behavior. First, HA increases the
enthalpy of the transition in a significant manner once it is interacting
with NS, from around 3 to above 4 Kcal/mol, with a slight shift of the Ty,
to higher temperature, from 30 to 31 °C. This means that exposure to HA
likely produces an increase in packing of the membranes, that stabilizes
the ordered phase. Upon removal of the polymer, the enthalpy returns to
the original NS values but the Ty, keeps being significantly higher than
that of NS that had not been exposed to HA. That means that some of the
structural transformations induced by the exposure to polymers are
irreversible, but not others.

5. Discussion

Since the 80's, the possibility to supplement native surfactants with
additives to enhance its activity, as different phospholipids or even
surfactant proteins, was taken into consideration (Chung et al., 1989;
Morley et al., 1980) setting the basis of a line of research that is still open
nowadays. The use of polymers as additives was introduced in the late
90's (Kobayashi et al., 1999; William Taeusch et al., 1999). Since then,
extensive research has focused in describing their mechanism of action
and their optimal doses. As HA had been shown to revert the inhibition
caused by serum or meconium on PS performance in an irreversible way
with only pre-incubation (Lopez-Rodriguez et al., 2013), we found it
interesting to directly compare the effect of HA both, upon direct contact
and after exposure, on our NS preparation obtained from animal BAL
and to compare its behavior with that of a human surfactant with
enhanced capabilities.

Although different polymers have been studied as possible additives
to PS membranes, in this study HA was chosen because it is a polymer
naturally present in the context of the lung, secreted by alveolar
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Table 3
Parameters obtained in the DSC experiments. Results are expressed as mean and
SD for n = 10. ** refers to p < 0.001 and * to p < 0005 by the t-student test.

AH (kcal/mol) T (°C) ATy2 (°C)
NS 3.3+0.3 30.1 £0.3 9.6 +£ 0.5
+ 0.25 % HA 4.1 + 0.2%* 31.0 £+ 0.4** 10.2 £ 0.2*
-0.25 % HA 3.2+0.2 31.3 £ 0.3** 9.9+0.3
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epithelial cells (Sahu et al., 1980) being relevant to sustain the structure
of alveolar spaces. HA is not surface active, what allows discerning the
surface-active effects induced in surfactant complexes. Furthermore,
anionic polymers such as HA have shown better capabilities at
enhancing PS adsorption and reversing inhibition in lower concentra-
tions than PEG (Braun et al., 2007; Taeusch et al., 2008), which has been
interpreted as a function of its longer persistence length
(Lopez-Rodriguez et al., 2013).

As largely discussed in the literature, polymers can induce PS
membranes to rearrange, causing their dehydration and creating an
osmotic pressure gradient between the media and the water inside PS
membranes (Braun et al., 2007). In the case of HA, it forms networks in
aqueous solutions by interactions with itself (Lu et al., 2009; Scott et al.,
1991), producing the membrane aggregation and reorganization effects
such as those seen in Fig. 2 that led to better adsorption and spreading
capabilities (Figs. 3, 4 and 5) of the complexes to which the polymer had
been exposed. Apart from the dehydrating effects caused by
polymer-induced osmotic stress, surfactant reorganization has been also
associated with entropic effects caused by depletion forces by polymer
concentrations above their entanglement threshold (Lopez-Rodriguez
et al., 2012; Stenger and Zasadzinski, 2007; Yadav et al., 2024). This
means that the polymer, above a certain concentration, could attract
hydration molecules thus disrupting the osmotic balance in the system,
favoring in this way lipid adsorption, as lipid molecules would then feel
more attracted to the interface. Entropic-driven and osmotic-driven
structural changes would end in reorganization of membrane com-
plexes and membrane phases that are not reverted once the polymers are
removed.

A good surfactant needs to have optimal interfacial adsorption and
spreading capabilities to withstand the demanding conditions of
breathing. HA had already been demonstrated to enhance PS adsorption;
however here we have demonstrated that this adsorption enhancement
still remains after polymer withdrawal (Figs. 3 and 4), especially in the
case of the surfactant adsorption test (Fig. 3, left) where the presence of
HA seemed to act as a barrier to the adsorption of the sample, probably
due to the relatively high viscosity of the sample. Although not specif-
ically studied here, viscosity of surfactant preparations in the presence
of HA should be taken into account as it could affect SRT administration
(Lu et al., 2009). However, if a pre-incubation step is enough to get an
improved surfactant, even if some polymer molecules could persist
associated to the sample, the ultimate removal of the polymer could
avoid the problems associated to a intrinsic high viscosity of
polymer-containing preparations. The enhanced capabilities of NS after
polymer removal seen in this work have to be compared with the po-
tential effect of polymers on other surfactant formulations, such as those
reconstituted by synthetic lipids and synthetic or recombinant proteins
or peptides, with the highest potential to constitute the basis for the new
generation of clinical surfactants.

Many of the transformations and enhancements promoted by HA
into NS approach its functional behavior to that of AFS complexes, the
surfactant reported to exhibit best performance and thought to corre-
spond to material that has been secreted by alveolar cells but has not
been yet used at respiratory air-liquid interfaces. As a matter of fact, the
performance of AFS seems to be far better than the one of NS even in the
presence of HA. AFS membranes outdid NS with or without HA in terms
of adsorption (Fig. 3, Table 1), indicating that the possible aggregates
formed by the exposure of NS to the polymer do still not fully mimic the
ones in AFS membranes, and spreading (Fig. 4, Table 2), where not only
the highest surface pressures at which the different systems equilibrated
upon spreading of equivalent amounts of material, but also the velocity
at which this equilibration occurred was faster for AFS (Table 2). Further
to this, surfactant re-spreading experiments (Fig. 5) also highlighted the
enhanced capabilities of AFS to rapidly adsorb and desorb from the
interface without great efforts and how the presence of the polymer
helped to achieve a similar behavior in NS membranes to that of AFS
ones. AFS once again showed the more efficient compression-driven
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structural rearrangements with the exclusion plateau virtually dis-
appearing, what could be related to the higher packing state of this
material. AFS complexes have never been exposed to the air-liquid
interface, so their organization would still preserve that of a newly
synthetized material in the form of highly packed and dehydrated
membranes with optimal adsorption capabilities (Castillo-Sanchez et al.,
2022; Cerrada et al., 2015). Exposure of NS to HA could recapitulate part
but not all of the highly packed assemblies present in freshly secreted
surfactant, and this could explain why the behavior promoted by HA in
NS membranes is in some way an intermediate between that of NS and
AFS. Still, the transformations introduced seem to enhance some
important properties, as the stability of interfacial films subjected to
breathing-like compression-expansion dynamics such as those mimicked
by the CBS (Figs. 6 and 7).

AFS can be considered a super-active material that could in principle
have all the advantages for its use as a human surfactant for SRT, and
some trials were in this sense developed to treat babies with NRDS
(Schneider et al., 1982). However, AFS is obtained in little amounts and
presents high variability between batches. These problems as well as the
potential risk of transmission of pathogens makes difficult to consider
AFS as an appropriate material for SRT. The production of enhanced
clinical surfactants with much more controlled composition but opti-
mized in terms of structure and biophysical properties by including in
their production the appropriate (transient) exposure to polymers opens
new possibilities that should be further explored in order to produce a
next generation of enhanced clinical surfactant preparations.

All in all, our study suggests that pre-incubation with HA would be a
good alternative for SRT development while the limitations of the use of
a human surfactant for SRTs are overcome.

6. Conclusion

In this work the effect of the ionic polymer HA on the performance
and behavior of NS complexes was analyzed when being in contact or
after pre-exposure and removal of the polymer from PS membranes. The
results obtained confirm that this polymer enhances PS adsorption and
spreading capabilities even after its elimination, approaching the
behavior of AFS, whose performance was still superior in all cases. These
results could be useful in order to develop new improved therapeutic
surfactant formulations.
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