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A B S T R A C T   

The dynamic surface properties of solutions of pulmonary surfactant (PS) were investigated at various temper-
atures and in a broad range of surface tensions. The efficient dynamic surface elasticity was determined for the 
first time in case when the characteristic adsorption time is comparable with the period of surface area oscil-
lations. The mechanical relaxation in the PS adsorption layer is accelerated strongly not only in the course of 
compression, but also in the course of expansion due to the formation of a sublayer. The harmonic oscillations of 
the surface area induce stationary oscillations of the surface tension if the characteristic adsorption time does not 
exceed the oscillation period and the sublayer formation is sufficiently fast. The information on the dynamic 
properties of the PS adsorption layer allows estimation of the PS efficiency in medical applications.   

1. Introduction 

Pulmonary surfactant (PS) is a complex mixture of lipids and pro-
teins. The PS solution covers the inner surface of lungs and provides 
functionality of the respiratory system [1]. The lack of PS leads to the 
neonatal respiratory distress syndrome of premature infants [2–6]. The 

PS extracted from animal lungs has been applied for medical treatment 
of these patients since the end of the twentieth century [7,8]. The main 
component of PS is 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC), which can form a dense monolayer at the air/water surface 
[3,3,4,5,6,9]. The compression of this monolayer leads to extremely low 
surface tensions, which are presumably the main factor preventing the 
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alveoli from collapse under exhalation. It was also shown that surface 
active proteins (SP-B and SP-C) and unsaturated lipids, in particular 
palmitoyl-oleoyl-phosphatidylglycerol, promote PS transfer from the 
subsurface to the surface layer in the course of the expansion step, 
thereby providing the low surface tension and energy required for 
breathing [10–15]. These findings have stimulated recently studies of 
mixtures of synthetic lipids and some protein analogs of SP-B and SP-C 
as alternatives of PS from natural sources [10,11,16–18]. Note that 
the application of simple analogs of natural PS to treat adult patients 
with acute respiratory distress syndrome (ARDS) can be inefficient in 
some cases [4,19,20]. At the same time, the use of natural PS in com-
bination with surgical treatment of ARDS can decrease mortality for of 
patients with coronaviruses [21]. 

The composition and properties of the surface layer of PS solutions 
were investigated by Brewster angle microscopy [22], atomic force 
microscopy [23], fluorescence microscopy [24], small angle x-ray 
scattering [15], infrared reflection-absorption spectroscopy [25]. Most 
of these studies were devoted to the investigation of equilibrium surface 
properties because measurements of the dynamic surface properties in 
the range of extremely low surface tensions are a difficult experimental 
task. Only the surface tension has been measured rather frequently in 
dynamic conditions. A few methods have been developed to measure the 
low dynamic surface tension in the course of periodic surface dilation, 
for example, the modified Langmuir trough [2], the captive bubble 
surfactometer [26] and the constrained sessile drop [27]. Note that the 
use of the minimum surface tension of the compressed state of a PS layer 
is not sufficient to characterize the layer. Besides, this value depends on 
the measurement procedure, in particular, the rate and degree of 
compression [28,29]. 

It is known that the surface tension oscillations in the course of pe-
riodic surface compressions and expansions can give additional infor-
mation on the dynamics of PS adsorption layers [30,31]. Notter et al. 
showed the importance of the hysteresis of compression and expansion 
isotherms for the air penetration in the maximal number of alveoli [30]. 
Sosnowski et al. indicated connections of the hysteresis with dynamic 
surface properties of PS solutions [32]. Bae et al. and Choi et al. have 
shown recently, that the dynamic surface properties сan be used to es-
timate the efficiency of synthetic PS [33,34]. Saad et al. proposed to 
characterize the response of a PS layer to periodic deformations by the 
dilational elasticity for compression and expansion steps, and by kinetic 
coefficients of relaxation [28,29]. Meantime this approach cannot be 
applied to the case of large deformations when the surface properties 
change significantly in the course of compression and expansion. 
Another approach has been proposed recently to estimate the dynamic 
surface elasticity in a broad range of the surface tension from a nonlinear 
response of the system to large harmonic deformations [35]. Recently 
the dynamic surface properties have been investigated for spread 
monolayers of DPPC and solutions of PS with slow adsorption [36]. 
These systems are considered as simple models of PS and their mixtures 
with nanoparticles of different chemical natures [37–40]. However in 
lungs the exchange between the adsorbed layer and bulk phase plays a 
significant role for maintaining of lung functionality. 

The main goal of this work is to estimate the dynamic surface elas-
ticity of PS layers and the rate of mechanical relaxation in these systems 
in a relatively broad range of temperatures and bulk concentrations in 
case when the characteristic adsorption time does not exceed the 
oscillation period. Special attention is paid to changes of the dynamic 
surface properties in the course of long oscillations of the surface area. 
This information is crucial for the estimation of PS efficiency, since 
numerous studies showed that the influence of transitional processes on 
surface tension oscillations can lead to the impairment of PS function-
ality [10,15,18,34,41–44]. 

2. Materials and methods 

Curosurf® suspension was obtained from CHIESI FARMACEUTICI 

(Italy) with the concentration of active components of 80 mg/mL, which 
corresponds to that in the alveoli. Triply distillated water was used to 
prepare solutions. The least two distillations were implemented in an 
apparatus made entirely of glass. NaCl (Merck) was preliminary heated 
at 750 ◦C to eliminate any organic impurities. NaH2PO4 and Na2HPO4 
(Sigma-Aldrich) were used as received. The Curosurf® suspension was 
dissolved in a phosphate buffer at pH 7 and contained NaCl to increase 
the ionic strength to 0.15 M. The Concertation of investigated PS solu-
tions changed from 0.04 to 1.25 mg/mL. Although these concentrations 
are lower than in lungs, they allow investigation of the influence of 
adsorption rate on the dynamic surface properties [45]. The tempera-
ture was controlled during all the measurements and changed from 25 to 
35 ◦C. The Langmuir trough was placed into a plexiglass box to increase 
the air humidity. 

The surface tension was measured by the Wilhelmy plate method. 
After the solution had been poured into the trough, the solution surface 
was cleaned by a moving barrier and an aspirator. After that the Wil-
helmy plate touched the almost pure surface and measurements of the 
dynamic surface tension started in one minute. 

The dynamic dilational surface elasticity was measured by the 
oscillating barrier method using an instrument from KSV NIMA, Finland. 
The Langmuir trough was equipped with leakage-proof barriers to 
exclude the undesirable leakage of the investigated substance under the 
barriers [46]. For this purpose, a flexible Teflon film was fixed along the 
trough perimeter, giving the possibility to reach extremely low surface 
tensions. The two barriers oscillated in counter phases at given ampli-
tudes. Although, the frequency of breathing is in the range from 0.5 to 
0.1 Hz, the frequency of surface area oscillations was changed from 
0.005 to 0.03 Hz due to the device limitations. Therefore, the compar-
ison of the obtained results with those for conditions in lung alveoli can 
be done only with caution. The harmonic oscillations of the surface area 
with amplitudes from 3.9 to 39% induced oscillations of the surface 
tension, which were measured by the Wilhelmy plate method. The plate 
from filter paper with a width of 1 cm was positioned parallel to the 
barriers in the middle of the through to minimize the influence of surface 
shear deformations [47–49]. Standard roughness for measurements of 
dynamic surface elasticity does not exceed 10 %. 

The analysis of a non-linear system response to large surface de-
formations and estimation of the efficient dynamic surface elasticity 
(εef), which characterizes the response, was described previously [35,36, 
46,50,51]. This quantity is determined by the following relation (cf. 
Fig. 1S of supporting information) 

εef =
(Δγ2 − Δγ1)

(ΔA2 − ΔA1)
/
(A0 ± ΔA1)

(1)  

where Δγ1 and Δγ2 are the surface tension amplitudes corresponding to 
the surface area amplitudes ΔA1 and ΔA2, A0 is the initial surface area, 
and the different signs before ΔA1 correspond to expansion and 
compression. If the difference between ΔA1 and ΔA2 approaches zero εef 
characterizes the elasticity of the adsorption layer at large compressions 
and expansions, which are determined by ΔA1 ≈ ΔA2, and thereby at 
two corresponding values of the surface tension γ ≈ γ0 ± Δγ1 ≈ γ0 ± Δγ2, 
where γ0 is the surface tension of the unperturbed state. This approach 
allows estimation of the surface elasticity in a broad range of surface 
tensions by changing the amplitudes of surface area oscillations. 

If ΔA2 = 0 and ΔA1 approaches zero, εef reduces to the dynamic 
surface elasticity for infinitesimal perturbations of equilibrium ε 

ε =
Δγ

ΔA/A0

(2)  

where ΔA is the surface area increment, A0 is the initial surface area, Δγ 
is the surface tension increment [52]. 

εef can be determined easily for arbitrary deformations even in the 
region of low surface tensions, while ε cannot be measured in this region 
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using standard procedures and is not a convenient characteristic of the 
adsorption layer in this case [36,50,51]. At high deformations, it is 
difficult to estimate the phase shift between the oscillations of surface 
tension and surface area, which is necessary for the determination of the 
real and imaginary parts of the dynamic surface elasticity. Therefore, 
only the modulus of εef is determined in this work. The most of mea-
surements of εef were repeated at least two times. 

The static surface elasticity can be estimated by differentiation of the 
quasi-equilibrium compression isotherms according to Eq. (2), when the 
deformation rate tends to zero and the system is at equilibrium at any 
steps of deformation. If the deformation rate increases, the modulus of 
the dynamic surface elasticity estimated from the quasi-equilibrium 
isotherms can deviate from the static elasticity modulus. In this case, 
the corresponding dynamic surface elasticity was denoted as Ev, where v 
is the rate of deformation. The compression/expansion isotherms were 
measured after equilibration of the adsorbed layer using a modified 
Langmuir trough at a constant rate of relative deformations (in the range 
from 5 to 200 %/min). εef and Ev coincided in error limits at the same 
surface tensions and the same rates of relative surface deformations 
[36]. 

The morphology of adsorption films was investigated by Brewster 
angle microscopy using BAM1 microscope (Nanofilm Technology, 

Germany). The ellipsometric angles were measured by the null ellips-
ometer Multiskop (Optrel, Germany) at the wavelength of 632.8 nm and 
at the incidence angle of 49◦. The changes of polarization of the laser 
beam at the reflection from the solution surface depend on the adsorbed 
amount and are characterized by two ellipsometric angles Ψ and Δ. 

3. Results and discussions 

3.1. Adsorption kinetics 

The results of this work relate to concentrations of the natural PS 
from 0.04 to 1.25 mg/mL and to temperatures of 25, 30 and 35 ◦C. It is 
accepted, that the PS adsorption consists of two steps – the diffusion of 
vesicles from the solution bulk to the subsurface and the transfer of lipid 
molecules from the vesicles to the surface layer [3–6,53–56]. The 
adsorption kinetics is usually investigated by measuring the dynamic 
surface tension. The increase of temperature leads to a significant ac-
celeration of the adsorption (Fig. 1 and 2S), which can be connected 
with the diffusion acceleration or a decrease of the adsorption barrier 
[53]. Schram et al. showed that the adsorption barrier in PS solutions 
has an entropic origin, because the transition of lipid molecules from 
vesicles to the air/water interface occurs through the aqueous phase, 
where hydrophobic acyl groups are surrounded by water molecules 
[53]. The hydrophobic interactions are reduced by the increase of 
temperature and the adsorption barrier decreases. Moreover, it was 
shown that SP–B and SPC– proteins decrease the adsorption barrier 
and accelerate the PS adsorption [3–6,54,54,55,56]. Loney et al. showed 
that the adsorption acceleration close to equilibrium occurs if the lipid 
adsorption is higher than a certain critical value (Fig. 2S) [55]. SP-B and 
SP-C proteins promote the formation of a highly curved structural in-
termediate between the vesicles and the interfacial layer, which accel-
erates the destruction of the film between a vesicle and the interface [14, 
20,55,57,58]. 

3.2. Dynamic surface properties 

The whole PS concentration range under investigation can be 
divided into three zones according to the adsorption rate 

3.3. Low concentrations 

In the first concentration range (C < 0.6 mg/mL at 25 ◦C, C < 0.2 
mg/mL at 30 ◦C, C < 0.05 mg/mL at 35 ◦C) the surface tension reaches 
equilibrium values later than 600 s after surface formation (Fig. 2S). In 

Fig. 1. Kinetic dependencies of the surface tension of PS solutions with con-
centration 1.25 mg/mL at temperatures 25 (black squares), 30 (red circles) and 
35 ◦C (green triangles). 

Fig. 2. (A) Dependencies of the surface tension on relative deformation (Lissajous plots) measured at different amplitudes of the area oscillations, as indicated on the 
Figure, for PS solutions at a concentration of 0.04 mg/mL at 35◦. (B) Dependencies of εef on the surface tension for PS solutions in the region of low concentrations at 
temperatures 25 (black squares) and 35 ◦C (green triangles). 
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this case, the surface tension changes in the course of harmonic oscil-
lations of the surface area after equilibration resemble corresponding 
changes in the case of an insoluble monolayer, since the period of os-
cillations is much shorter than the equilibration time. The dynamic 
surface properties of PS solutions in this region at 25 ◦C have been 
discussed previously [36]. It was shown that the oscillations of the 
surface area with high amplitude led to significant changes of the surface 
tension as in the case of spread DPPC monolayers, and the matter ex-
change between the surface layer and the bulk phase only slightly 
decreased the maximum surface tension when the oscillation frequency 
decreased from 0.03 to 0.005 Hz. The main difference between PS 
adsorbed layers and spread DPPC monolayers at low surface tensions 
and at 25 ◦C consisted in lower εef and faster relaxation processes in the 
former case presumably due to the influence of proteins on the equili-
bration at the interface [36]. This behavior agrees with the concept of 
“squeeze-out” of PS components during surface compression [3,5,6,59]. 

The Lissajous plots at high temperatures proved to be similar to those 
at low temperatures (Fig. 2A and 3S). At the same time, the temperature 
increase leads to a decrease of εef in the range of higher surface tensions 
(Fig. 2B). At 25 ◦C the surface elasticity proves to be relatively high until 
the surface tension becomes lower than 2 mN/m, while at 35 ◦C εef 
decreases to zero at a surface tension of about 12 mN/m indicating a 
decrease of the main relaxation time at low surface tensions (< 10 mN/ 
m) in the latter case. The acceleration of the mechanical relaxation with 
a temperature increase reasonably agrees with the results on the influ-
ence of temperature on the dynamic surface properties of spread DPPC 
monolayers. It has been shown recently that the increase of temperature 
from 25 to 35 ◦C leads to a decrease of the main relaxation time in the 
region of low surface tensions presumably due to the disordering of the 
lipid monolayer structure [50]. It is possible to assume that the increase 
of temperature beyond the melting temperature for some lipids in case 
of PS layers also results in the disordering of the monolayer structure 
facilitating the PS transfer between the surface and subsurface layers at 
high compressions. 

3.4. Middle concentrations 

In the second concentration range (1.25 ≥ C > 0.6 mg/mL at 25 ◦C, 
1.25 > C > 0.2 mg/mL at 30 ◦C, 0.2 > C > 0.05 mg/mL at 35 ◦C) the 
surface tension reaches equilibrium values within 100–500 s after the 
surface formation. In this case, the shape of the Lissajous plots and the 
amplitude of the surface tension oscillations change with the surface age 
(Fig. 3). The surface tension at expansion does not exceed 35 mN/m at 
the beginning of oscillations. After that the maximum surface tension at 

expansion starts to increase and finally reaches a constant value. These 
stationary oscillations of the surface tension resemble the corresponding 
data in the first concentration region (Figs. 2 and 3A). 

At the same time, the changes of the surface tension amplitude with 
the surface age depend on the amplitude of surface area oscillations 
(Fig. 4S). The surface tension amplitude does not change if the surface 
area amplitude is less than a certain critical value, approximately 8% at 
35 ◦C. This means that the changes of the surface layer structure in the 
course of compression and expansion are reversible in this case. If the 
amplitudes of the surface area oscillations are higher, the surface tension 
amplitude starts to change with time. Probably, when the surface ten-
sion is lower than a certain critical value, the collapse of the adsorption 
layer leads to the irreversible displacement of some molecules from the 
interface. The irreversible collapse of the PS adsorption layer has been 
observed earlier and led to a partial loss of the functional properties of 
lipids [10,36,50,60]. Moreover, the surface tension starts to increase in 
the course of expansion long after, if the surface area oscillations are 
switched on in two hours after the surface tension takes an equilibrium 
value (Fig. 4S). To explain this behavior, one has to take into account the 
formation of a sublayer accumulating lipid molecules [3–6]. This pro-
cess presumably occurs much slower than the establishment of equi-
librium surface tension, and the sublayer can compensate the loss of 
lipid during 600 s of surface area oscillations only in approximately two 

Fig. 3. Dependencies of the surface tension of PS solutions on the relative deformation after 60 (black asterisks), 180 (red squares), 400 (green circles) and 800 s 
(blue asterisks) (A) and surface age (B) at a concentration of 0.2 mg/mL at 35◦. 

Fig. 4. Kinetic dependencies of the ellipsometric angle Δ for PS solutions at a 
concentration of 0.2 mg/mL and at a temperature of 35 ◦C. 
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hours. The results of ellipsometry and BAM (Figs. 4 and 5) agree with 
this assumption. One can observe strong chaotic fluctuations of the 
ellipsometric angle indicating the inhomogeneity of the adsorption layer 
in one hour after the surface tension coincides in error limits with the 
equilibrium value. BAM images also demonstrate the layer heteroge-
neity approximately after the same time. 

3.5. High concentrations 

In the third concentration range (C ≥ 1.25 mg/mL at 30 ◦C, C ≥ 0.6 
mg/mL at 35 ◦C) the surface tension reaches equilibrium values close to 

25 mN/m in approximately 100 s after the layer formation. In this case, 
the transitional processes are shorter than the oscillation period and one 
can observe only stationary surface tension oscillations (Fig. 5S). The 
analysis of surface tension oscillations at different amplitudes shows that 
the surface elasticity abruptly decreases when the surface tension is 
lower than approximately 15 mN/m and higher than 32 mN/m (Fig. 6). 
This indicates fast relaxation processes not only at compression, but also 
at expansion (Figs. 2B and 4 B). 

εef and Eν at different frequencies and rates of relative deformations 
were measured to estimate the main relaxation time at 35 ◦C. In the 
range of surface tensions from 25 to 18 mN/m εef is relatively high 

Fig. 5. BAM images for surface layers of PS solutions at a concentration of 0.2 mg/mL and at a temperature of 35 ◦C.  

Fig. 6. (A) Dependencies of the surface tension of PS solutions on the relative deformation (Lissajous plots) at different amplitudes of the surface area oscillations at a 
concentration of 1.25 mg/mL and at 35◦. (B) Dependencies of εef at a frequency of 0.03 Hz on surface tension for PS solutions in the range of high concentrations at 25 
(black squares) and 35 ◦C (green triangles). 

Fig. 7. (A) Compression isotherms of PS adsorption layers at the bulk concentration of 0.6 mg/mL and at the rate of relative deformation of 200 %/min and at 25 
(black squares), 30 (red circles) and 35 ◦C (green triangles), respectively. (B) Dependencies of Eν on the rate of relative deformation for the same system at a surface 
tension of 12 mN/m and at 25 (black squares) and 35 ◦C (green triangles). 
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(Fig. 4B) and does not depend on the oscillation frequency, indicating 
that the main relaxation is much longer than the oscillation period. At 
lower surface tensions εef abruptly decreases and the surface tension at 
compression increases from 15 to 18 mN/m with a frequency decrease 
from 0.03 to 0.005 Hz (Fig. 6S). It means that in the range of surface 
tensions between approximately 20 and 10 mN/m the main relaxation 
time in the course of compression becomes comparable with the oscil-
lation period and, consequently, decreases from several hundreds to 
several tens of seconds. At the same time, the surface tension decreases 
down to 9 mN/m at the highest rate of relative deformation in the course 
of compression (Fig. 7) indicating a decrease of the relaxation time from 
a few dozens of seconds to a few seconds with a decrease of the surface 
tension below 10 mN/m. 

Measurements of the compression isotherms at different tempera-
tures show, that the increase of temperature from 25 to 35 ◦C leads to 
lower surface tensions at the same compression rate (Fig. 5A and 7S). At 
surface tensions close to 12 mN/m and at 35 ◦C Eν deviates from zero at 
deformation rates almost one order of magnitude higher than at 25 ◦C 
(Fig. 5B). It means that the temperature increase leads to the accelera-
tion of relaxation and the main relaxation time at compression is close to 
several tens of seconds at the surface tension around 10 mN/m and 
temperature of 25 ◦C. These results agree with the data for lower con-
centrations in Ref. [35] where it was shown that main relaxation time at 
the low temperature was several tens of seconds at surface tensions 
below 10 mN/m. These results agree with the data of the captive bubble 
surfactometer and the constrained sessile drop where the surface tension 
oscillations were measured at frequencies around 0.1 Hz [10,11,28,29, 
61]. 

The comparison of the results for adsorbed layers of PS and spread 
DPPC monolayers in the range of low surface tensions at 35 ◦C indicates 
that other components in the mixture of natural PS, in particular pro-
teins, accelerate the mechanical relaxation [36,50]. The increase of the 
PS concentration in the bulk leads to a shift of the surface elasticity at 
compression to slightly higher surface tensions (Fig. 2B and 6 B). 
Probably, this slight increase of the critical surface tension value is 
connected with an increase of the protein surface concentration, facili-
tating a transition from a monolayer to a multilayer. 

The increase of bulk concentration leads to a significant acceleration 
of the relaxation process at expansion in case of periodic deformations. 
In the range of high concentrations at 35 ◦C the surface tension during 
late phase of surface expansion is almost the same at different fre-
quencies (Fig. 6S). Moreover, the surface tension does not increase 

higher than approximately 33 mN/m even at the highest rate of 
expansion (Fig. 8). It means that the characteristic time of the matter 
exchange between surface layer and sublayer is few seconds or even less. 
Note that the relaxation in the course of expansion starts only after the 
surface tension increases up to 30− 33 mN/m. To estimate the impact of 
adsorption on this process the surface tension oscillations were 
measured when the PS solution was replaced by the pure buffer solution 
after formation of the equilibrium adsorption layer (Fig. 8S). The os-
cillations during the first 300 s proved to be similar to the corresponding 
surface tension changes before the replacement, due to the preservation 
of the sublayer for some time after the subphase exchange. Thus, the 
adsorption does not influence the relaxation process in the course of 
expansion. At the same time, the adsorption from the bulk phase has to 
be sufficiently fast to compensate the decrease of surface concentration 
due to the irreversible collapse and provide stationary oscillations of the 
surface tension. 

Investigations of the surface properties of PS solutions at different 
temperatures and concentrations give us a possibility to estimate the 
characteristics of the relaxation processes in the adsorption layer. The 
displacement of the surfactant into the sublayer in the course of 
compression is accelerated with the increase of temperature. At tem-
perature of 35 ◦C the main characteristic time of the mechanical relax-
ation decreases from several hundreds to several tens of seconds with a 
decrease of surface tension from 20 to 10 mN/m and from several tens to 
few seconds at the further surface tension decrease to 1 mN/m. In spite 
of this relaxation process, the compression of the surface layer higher 
than 10 % leads to a loss of the functionality for some molecules in the 
adsorbed layer. The recovery of the surface layer composition proceeds 
in the course of expansion at the expense of the sublayer, when the 
surface tension increases up to around 33 mN/m. The characteristic time 
for the matter transfer from the sublayer to the interface is a few seconds 
or even less. This fast process helps to preserve low surface tension in the 
course of expansion. However, the low surface tension can be main-
tained only if the sublayer concentration is high enough. Therefore, 
stationary oscillations of the surface tension occur, when the charac-
teristic adsorption time is comparable with the period of surface area 
oscillation and the sublayer formation is sufficiently fast. 

4. Conclusion 

The efficient dynamic surface elasticity of PS solutions was deter-
mined for the first time at low surface tensions (< 20 mN/m), at different 
temperatures and concentrations up to 1.25 mg/mL, when the charac-
teristic adsorption time is comparable with the period of surface area 
oscillations. The determination of the surface elasticity at different fre-
quencies and rates of deformation gives a possibility to estimate the 
characteristic time of mechanical relaxation in PS adsorption layers. At 
35 ◦C the characteristic time is a few seconds, when the surface tension is 
lower than 10 mN/m at compression and higher than 33 mN/m at 
expansion. At relative deformations higher than 10 % the amplitude of 
surface tension oscillations changes in the course of a transitional pro-
cess, presumably, due to the collapse of the adsorption layer, when the 
adsorption rate is much slower than the deformation rate. The harmonic 
oscillations of the surface area induce stationary oscillations of the 
surface tension when the PS concentration is higher than 1 mg/mL at 35 
◦C and the characteristic adsorption time does not exceed the oscillation 
period. 
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[20] C. Autilio, J. Pérez-gil, Understanding the principle biophysics concepts of 
pulmonary surfactant in health and disease, Arch. Dis. Child. Fetal Neonatal Ed. 
0 (2018) F1–F9, https://doi.org/10.1136/archdischild-2018-315413. 

[21] O.A. Rosenberg, Pulmonary surfactant preparations and surfactant therapy for 
ARDS in surgical intensive care (a literature review), Creat. Surg. Oncol. 9 (2019) 
50–65, https://doi.org/10.24060/2076-3093-2019-9-1-50-65. 

[22] J. Saccani, S. Castano, F. Beaurain, M. Laguerre, B. Desbat, Stabilization of 
phospholipid multilayers at the air - water interface by compression beyond the 
collapse: a BAM, PM-IRRAS, and molecular dynamics study, Langmuir 20 (2004) 
9190–9197, https://doi.org/10.1021/la0489920. 

[23] Y.Y. Zuo, E. Keating, L. Zhao, S.M. Tadayyon, R.A.W. Veldhuizen, N.O. Petersen, 
Atomic force microscopy studies of functional and dysfunctional pulmonary 
surfactant films. I. Micro- and nanostructures of functional pulmonary surfactant 
films and the effect of SP-A, Biophys. J. 94 (2008) 3549–3564, https://doi.org/ 
10.1529/biophysj.107.122648. 

[24] A. Kumar, J.A. Zasadzinski, Interfacial curvature effects on the monolayer 
morphology and dynamics of a clinical lung surfactant, PNAS (2017) E134–E143, 
https://doi.org/10.1073/pnas.1715830115. 

[25] R. Mendelsohn, G. Mao, C.R. Flach, Infrared reflection-absorption spectroscopy: 
principles and applications to lipid-protein interaction in langmuir films, Biochim. 
Biophys. Acta Biomembr. 1798 (2010) 788–800, https://doi.org/10.1016/j. 
bbamem.2009.11.024. 

[26] S. Schurch, H. Bachofen, J. Goerke, F. Possmayer, A captive bubble method 
reproduces the in situ behavior of lung surfactant monolayers, J. Appl. Physiol. 67 
(1989) 2389–2396, https://doi.org/10.1152/jappl.1989.67.6.2389. 

[27] L.M.Y. Yu, J.J. Lu, Y.W. Chan, A. Ng, L. Zhang, M. Hoorfar, Z. Policova, 
K. Grundke, A.W. Neumann, Constrained sessile drop as a new configuration to 
measure low surface tension in lung surfactant systems, J. Appl. Physiol. 97 (2004) 
704–715, https://doi.org/10.1152/japplphysiol.00089.2003. 

[28] S.M.I. Saad, A.W. Neumann, E.J. Acosta, A dynamic compression – relaxation 
model for lung surfactants, Colloids Surf. A: Physicochem. Eng. Asp. 354 (2010) 
34–44, https://doi.org/10.1016/j.colsurfa.2009.07.046. 

[29] S.M.I. Saad, Z. Policova, E.J. Acosta, A.W. Neumann, Effect of surfactant 
concentration, compression ratio and compression rate on the surface activity and 
dynamic properties of a lung surfactant, BBA - Biomembranes 1818 (2012) 
103–116, https://doi.org/10.1016/j.bbamem.2011.10.004. 

[30] R.H. Notter, R. Taubold, R.D. Mavis, Hysteresis in saturated phospholipid films and 
its potential relevance for lung surfactant function in vivo, Exp. Lung Res. 127 
(1982) 109–127, https://doi.org/10.3109/01902148209063286. 

[31] R. Banerjee, J. Belare, Scoring of surface parameters of physiological relevance to 
surfactant therapy in respiratory distress syndrome, J. Appl. Physiol. 90 (2001) 
1447–1454, https://doi.org/10.1152/jappl.2001.90.4.1447. 

[32] D. Kondej, T.R. Sosnowski, Interfacial rheology for the assessment of potential 
health effects of inhaled carbon nanomaterials at variable breathing conditions, 
Sci. Rep. 10 (2020) 1–10, https://doi.org/10.1038/s41598-020-70909-y. 

[33] C. Bae, S. Chung, Y. Choi, Development of a synthetic surfactant using a surfactant 
protein-C peptide analog: in vitro studies of surface physical properties, Yonsei 
Med. J. 57 (2016) 203–208, https://doi.org/10.3349/ymj.2016.57.1.203. 

[34] Y. Choi, S. Chung, C. Bae, A combination of short and simple surfactant protein B 
and C analogues as a new synthetic surfactant : in vitro and animal experiments, 
Yonsei Med. J. 58 (2017) 823–828, https://doi.org/10.3349/ymj.2017.58.4.823. 

[35] A.G. Bykov, G. Loglio, F. Ravera, L. Liggieri, R. Miller, B.A. Noskov, Dilational 
surface elasticity of spread monolayers of pulmonary lipids in a broad range of 
surface pressure, Colloids Surf. A: Physicochem. Eng. Asp. 541 (2018) 137–144, 
https://doi.org/10.1016/j.colsurfa.2018.01.031. 

[36] A.G. Bykov, G. Loglio, R. Miller, O.Y. Milyaeva, A.V. Michailov, B.A. Noskov, 
Dynamic properties and relaxation processes in surface layer of pulmonary 
surfactant solutions, Colloids Surf. A: Physicochem. Eng. Asp. 573 (2019) 14–21, 
https://doi.org/10.1016/j.colsurfa.2019.04.032. 

[37] E. Guzmán, E. Santini, Lung surfactant-particles at fluid interfaces for toxicity 
assessments, Curr. Opin. Colloid Interface Sci. 39 (2019) 24–39, https://doi.org/ 
10.1016/j.cocis.2019.01.003. 

[38] T.R. Sosnowski, Particles on the lung surface - physicochemical and hydrodynamic 
effects, Curr. Opin. Colloid Interface Sci. 36 (2018) 1–9, https://doi.org/10.1016/j. 
cocis.2017.12.003. 
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