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Perfluorohexane gas lowers the kinetic barrier that opposes 

the displacement of albumin by 

dipalmitoylphosphatidylcholine at an air/water interface 

submitted to sinusoidal oscillations at frequencies in the 

range of those encountered in respiration. 

A consequential roadblock in the treatment of the acute respiratory 

distress syndrome (ARDS) is that serum proteins (e.g. albumins, 

globulins and fibrinogen) rapidly colonize the alveolar surface and 

hinder the access of this surface to phospholipids.1-3 These proteins 

are involved through complex mechanisms in this high mortality 

condition, and their concentration in the alveolar fluids of ARDS 

patients correlates with the severity of the disease.3 Most important 

is the hindering of the access of dipalmitoylphosphatidylcholine 

(DPPC) by albumin to the air/water interface. DPPC is indeed the 

main component of the native lung surfactant (LS) and of the 

therapeutic substitutes of the LS. This results in inactivation of such 

LS substitutes.4, 5 The blockage of the access to the interface exerted 

by albumin originates from a kinetic barrier, since DPPC has a lower 

equilibrium surface tension than the protein in water.3 Strategies for 

facilitating the replacement of proteins by DPPC consist of lowering 

this kinetic barrier by increasing the concentration of the electrolytes 

(mono- or divalent ions that reduce the Debye length and screen the 

double-layer repulsion), or by promoting depletion interactions by 

hydrophilic polymers (such as poly(ethylene glycol) or hyaluronic 

acid).3, 4 

We have recently found that DPPC, which, according to all 

studies achieved in static conditions, does not adsorb significantly at 

an air/water interface when bovine serum albumin (BSA) is present,6 

and can, therefore, not exercise its interfacial tension lowering effect, 

does displace BSA from the interface and does lower the interfacial 

tension when the adsorbed film is submitted to prolonged sinusoidal 

oscillations.7 The frequency of the oscillations for which BSA 

displacement is maximal lies within the range of those of human 

respiration in normal conditions. The oscillations were shown to 

induce a dilute-to-condensed phase transition in both DPPC films8 

and DPPC/BSA mixed films.7 Under oscillations, total replacement 

of BSA by DPPC requires however ~11 h.7 Acceleration of the 

protein replacement process is highly desirable, especially for the 

design, evaluation and practicability of LS substitutes. More 

generally, such an acceleration would facilitate the investigation of 

dynamic and transport properties in systems for which reaching 

equilibrium is quasi-forbidden due to extremely slow adsorption 

kinetics in standard experimental conditions and practical time-

frames. 

Our strategy was to control the phospholipid’s self-assembly at 

the air/water interface using a fluorocarbon gas. We and others have 

indeed established that fluorocarbons and fluorocarbon emulsions 

can greatly facilitate DPPC re-spreading9-13 and prevent the 

deleterious effect of BSA penetration in DPPC monolayers.13 

Fluorocarbons have been widely investigated for biomedical 

applications, including as intravascular oxygen carriers14, and 

osmotic stabilizers for theranostic microbubbles15, 16 Fluorocarbons 

are generally considered as biologically inert, in contrast with 

fluorinated surfactants that have recently raised concerns.17 

Fluorinated chains are both extremely hydrophobic and have a 

pronounced lipophobic effect as well. To the best of our knowledge, 

fluorocarbons have never been used to manipulate the properties of 

phospholipid films, in particular biointerfaces, in which there is a 

delicate interplay between phospholipids and proteins. 

Here, we report on the kinetics of the competitive adsorption of 

DPPC and BSA at the interface between perfluorohexane (F-

hexane)-saturated air and Hepes buffer. We show that, when 

prolonged sinusoidal oscillations are applied, F-hexane drastically 

accelerates the replacement of BSA by DPPC. This replacement 

becomes complete and irreversible. 

The adsorption of DPPC and BSA has been studied in two 

distinct experimental configurations. In the first configuration, 

bubble profile analysis tensiometry was used at the interface of a 

millimetric bubble of F-hexane-saturated air submitted to sinusoidal 

oscillations at 37°C (Scheme 1a). The bubble was submitted to 

prolonged sinusoidal oscillations with a period T of 10 s (i.e. a 

frequency f of 0.1 Hz) and an amplitude ∆A of 15% of the bubble’s 

surface area. The second configuration consists of dynamic surface 

pressure measurements within a Langmuir trough under oscillating 

surface area. In the latter configuration, DPPC, BSA and DPPC/BSA 

mixtures were injected in the water subphase and sinusoidal 

oscillations (T 33 s, ∆A 15%) were applied to the adsorbed planar 
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film via two oscillating barriers. In addition, these measurements 

were combined with epifluorescence microscopy at the air/water 

interface using DPPC and BSA labelled with a fluorescent probe, 

Texas Red. In both configurations, DPPC was provided in the form 

of vesicles (with a controlled size of 60-80 nm) dispersed in the 

Hepes buffer (pH 7.4). 

 

 

 

 

 

 

 

 

 

 

 
Scheme 1. Schematic representation of DPPC vesicles (red) and BSA 
molecules (blue) adsorbed from water a) at the surface of an oscillating F-

hexane-saturated air bubble in water and b) at the planar air/water interface of 

a Langmuir trough with barriers impressing sinusoidal oscillations (not on 
scale). 

The concentration of DPPC was 10-3 mol L-1 and that of BSA 

was 7.5 10-7 mol L-1. In the case of competitive adsorption, the 

DPPC/BSA ratio was 1 10-3:7.5 10-7 mol L-1 (unless otherwise 

mentioned). These concentrations correspond to the ~10:1 (w/w) 

DPPC/BSA weight ratio typically found in the native lung 

surfactant. 

A first important result is that F-hexane alone adsorbs rapidly at 

the air/water interface, as shown by an immediate reduction of the 

air/water interfacial tension by ~5 mN m-1 (from 71.7 to 67.6 mN m-

1; Fig. 1a, inset) for the bubble configuration. 

Let’s examine the behaviour of BSA when adsorbed alone at the 

interface submitted to oscillations, the air in the bubble being 

saturated, or not, with F-hexane (Fig. 1b1-2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Kinetics of adsorption (37°C) at the surface of an air bubble of a) F-
hexane, b) BSA (7.5 10-7 mol L-1) and c) DPPC (10-3 mol L-1, provided as a 

dispersion of vesicles). In b) and c) the components are adsorbed at the 

surface of a bubble of air alone (1) or of air saturated with F-hexane (2). All 
the bubbles were submitted to oscillations (T 10 s, ∆A 15%) throughout the 

experiments. All the curves correspond to mean values obtained by treating 

the data (i.e. the fluctuations in interfacial tension associated with the 
oscillations) through a low-pass digital filter. 

The BSA concentration investigated is well above the critical 

concentration for which BSA adsorption at the interface is no longer 

controlled by its diffusion through the solution, but is hindered by 

the interfacial energy barrier.18, 19 The rate of adsorption is 

determined by the ability of BSA molecules to rearrange in the 

interfacial film. Such rearrangements are accompanied by partial 

unfolding of the protein resulting in the formation of tails and loops, 

with the hydrophilic sequences stretched in water and the 

hydrophobic parts collapsed at the interface.19 We describe the 

adsorption kinetics by the characteristic time t1 for the transfer of 

BSA molecules from the buffer solution to the interface. This time 

was measured by fitting the experimental γ = f(time) curves using an 

exponential decay function (see ESI, Fig. S1). Each experiment was 

repeated at least three times. 

In the Hepes buffer (pH 7.4), the negatively charged BSA 

adsorbs weakly at the interface, leading to moderate lowering of the 

interfacial tension γ (to ~51 mN m-1). The characteristic time t1 was 

found to be ~0.4 h under oscillations. The presence of F-hexane 

increases slightly the adsorption kinetics of BSA (Fig. 1b2), which 

was characterized by a t1 of ~0.3 h. The equilibrium interfacial 

tension γeq decreases by ~5 mN m-1. 

When DPPC is adsorbed alone at the air/water interface, the 

adsorption dynamics are characterized by a dilute-to-condensed state 

phase transition (Fig. 1c1-2). Two characteristic times are required for 

the description of the kinetics: t1 for the adsorption of the DPPC 

molecules at the interface and t2 for the transfer of DPPC molecules 

from the dilute phase to the condensed phase. We determined t1 and 

t2 by fitting the experimental γ = f(time) curves using an exponential 

decay function (see ESI, Fig. S2). 

When F-hexane is present in the bubble’s gas phase, the t1 of 

DPPC adsorption strongly decreases from 0.27 h to 0.09 h. A likely 

reason for this is that F-hexane contributes to breaking the hydrogen 

bond network between water molecules at the air/water interface that 

opposes adsorption of molecules in solution. This effect impacts 

DPPC more strongly than BSA, for which only a modest effect of 

the fluorocarbon was detected. As a consequence of the increased 

recruitment of DPPC molecules at the interface, the dilute-to-

condensed transition intervenes faster (~0.7 h instead of ~1.1 h) and 

at a lower γ (~47.2 mN m-1 instead of ~51.6 mN m-1) (Fig. 1c1-2, 

arrows). On the other hand, where the second regime is concerned, t2 

is increased by a factor of ~3 when F-hexane is present. This means 

that F-hexane retards the ordering of the DPPC molecules at the 

interface by remaining in contact with the DPPC chains. However, 

γeq eventually reaches essentially the same value (~32.5 mN m-1), 

showing that the fluorocarbon is totally expelled from the interfacial 

film after 6-7 h. 

The adsorption of BSA and DPPC as single components was 

also investigated at a planar air/water interface submitted to 

sinusoidal oscillations. For BSA, the adsorption profile was similar 

to that obtained in the bubble configuration (γeq = 54 mN m-1; see 

ESI, Fig. S3). For DPPC, a change in slope occurs at ~0.7 h and ~65 

mN m-1. This change may indicate a dilute-to-condensed transition, 

although less pronounced than for the bubble experimental 

configuration, and γ reaches its minimal value after ~1.5 h. These 

characteristics are in good agreement with those observed in the 

bubble configuration, but for the DPPC γeq value, which is somewhat 

higher (~45 mN m-1) than in the case of the bubble (~32.5 mN m-1). 

This discrepancy might be due to the difference in size of the 

interfaces in the two configurations. Altogether, these results 

demonstrate that the adsorption profiles of BSA and DPPC (as single 

components) are comparable at a bubble interface and at a planar 

interface. 

Let’s now examine the competitive adsorption of DPPC versus 

BSA in Hepes using the bubble configuration. The adsorption 

kinetics of the two components at the surface of the bubble shows 

two distinct regimes (Fig. 2). In the absence of F-hexane, the 

competitive adsorption profile of the DPPC/BSA mixture (Fig. 2a) is 

at first superimposed to that of BSA when adsorbed alone (Fig. 2c); 
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t1 = 0.4 h in both cases. After ~9.8 h (see arrow), a second regime 

sets in, which is characterized by a sharper decrease of γ, reflecting 

the progressive adsorption of DPPC at the interface. 

The dilute-to-condensed phase transition seen on the adsorption 

profile of DPPC when adsorbed alone (Fig. 1c1) is also observed for 

the mixed DPPC/BSA system at essentially the same γ value, that is, 

~48.8 mN m-1 (arrows). However, the presence of BSA strongly 

increases t2 (from 0.7 to 11.2 h; ESI, Fig. S4). After ~23 h, γ reaches 

its lowest value of ~32 mN m-1, similar to that measured for pure 

DPPC. The latter means that the BSA molecules have been displaced 

from the interface and replaced by DPPC molecules. This behaviour 

is highly reproducible, provided the DPPC vesicles have similar 

small size (here ~80 nm; ESI, Fig. S5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Competitive adsorption kinetics (37°C) of DPPC (1 10-3 mol L-1) 
and BSA (7.5 10-7 mol L-1) at the surface of a) a bubble of air; and b) a 

bubble of air saturated with F-hexane. All the bubbles were submitted to 

oscillations (T 10 s, ∆A 15%) throughout the experiments. In red, for 
reference, the adsorption profiles of BSA c) in the absence and d) in the 

presence of F-hexane. 

In the presence of F-hexane, the adsorption profile of the 

DPPC/BSA mixture is at first similar to that of BSA when adsorbed 

alone (t1 = 0.28 h in both cases). However, the dilute-to-condensed 

transition occurs remarkably faster (~2.5 h versus 9.8 h see arrows 

on Fig. 2) than in the absence of F-hexane and at a comparable 

γ  value (45.6 versus 47.8 mN m-1). Also significant is that the 

presence of F-hexane decreases t2 by nearby one order of magnitude, 

from 11.2 h to 1.6 h. This means that, contrarily to what was 

observed in the case of DPPC alone, the presence of F-hexane no 

longer hinders the organisation of the phospholipid in its condensed 

phase. The γeq eventually reaches a slightly higher value (~34 vs. 32 

mN m-1), meaning that some F-hexane molecules have remained 

trapped in the DPPC monolayer. 

The kinetic data are compared in Table 1, which displays the 

characteristic times t1 and t2 of the adsorption profiles. 

Table 1. Characteristic times t1 and t2 for the adsorption of DPPC, BSA, and 
DPPC/BSA combinations on the surface of bubbles filled with air or with F-

hexane-saturated air and submitted to oscillations (T 10 s, ∆A 15%). 

t (h) DPPC BSA DPPC/BSA DPPC/ 

F-hexane 

BSA/ 

F-hexane 

DPPC/BSA/

F-hexane 

t1 

t2 

0.27 

0.66 

0.39 

- 

0.90 

11.2 

0.09 

1.37 

0.28 

- 

0.28 

1.57 

The competitive adsorption of DPPC and BSA at the planar 

air/water interface has also been monitored by fluorescence 

microscopy. In these experiments, BSA and DPPC were injected 

into the Langmuir trough sequentially. First, a mixture of BSA and 2 

mol% BSA-Texas Red was injected in the Hepes subphase, followed 

by DPPC 1.5 h later. Figure 3 shows the variation of γ as a function 

of time in the presence and absence, of F-hexane. When the 

fluorocarbon gas is present, γ is seen to decrease immediately after 

the injection of DPPC and reaches a plateau value of ~45 mN m-1 

after ~4 h.  By contrast, when the fluorocarbon is absent, γ remains 

more or less constant for ~2 h, before slowly decreasing and finally 

plateauing at ~45 mN m-1 after 7 h. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Sequential adsorption kinetics (37°C) of DPPC (3 10-3 mol L-1) and 

BSA (7.5 10-7 mol L-1) at a planar air/Hepes buffer interface in the presence 

of F-hexane (a) or in its absence (b). F-hexane was allowed to adsorb at the 
interface 0.5 h before the injection of BSA (t = 0 h). DPPC is injected 90 min 

later. 

Fluorescence microscopy was used to visualize the appearance 

of the condensed phase of DPPC. This was done by monitoring the 

competitive adsorption of DPPC and BSA supplemented by 2 mol% 

of BSA-Texas Red. In the presence of F-hexane, dark structures 

appear after ~2.3 h (i.e. 0.8 h after DPPC injection) (Fig. 4a1). These 

darker structures were identified as domains of condensed phase of 

DPPC, as they are not seen when BSA alone is adsorbed at the 

interface (see ESI, Fig. S6). These condensed phase domains are 

seen to grow in number and size over time forming large plates (Fig. 

4a2) that progressively nearly cover the whole water surface (Fig. 

4a3). On the other hand, in the absence of F-hexane, the micrographs 

remain uniformly bright (similar to those obtained when BSA is 

adsorbed alone) for a longer time (Fig. 4b1). It is only after ~3.8 h 

(2.2 h after DPPC injection) that the dark structures begin to appear 

(Fig. 4b2), slowly grow in size and number to form plates after ~8 h 

only (Fig. 4b3). 

 

 

 

 

 

 

 

 

 

 

Figure 4. Fluorescence micrographs of the sequential adsorption of BSA and 

DPPC (injected 1.5 h after BSA) at the air/buffer interface (a) in the presence 
and (b) absence of F-hexane. Adsorption in the presence of F-hexane after 

2.3 h (a1), 3.3 h (a2), and 7.5 h, and in absence of the fluorocarbon gas after 

3.2 h (b1), 3.8 h (b2) and 8.2 h (b3). The concentrations were: DPPC (3 10-3 
mol L-1; BSA: 7.5 10-7 mol L-1. 
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We picture the sequential adsorption of the competing 

compounds as shown in Scheme 2. The fluorocarbon adsorbs first, 

and very rapidly, at the interface (Scheme 2a). Once there, it 

interacts with the BSA molecules that are reaching the interface (2b). 

The fluorocarbon is likely hosted in the hydrophobic cavities of BSA 

located in its sub-domains IIA and IIIA (2c), and promotes the 

unfolding of the protein at the interface, with its hydrophilic 

sequences stretched in water and its hydrophobic sequences bundled 

at the surface. This appears to be reasonable since it has been shown 

that fluorinated anesthetics and perfluoroalkylated amphiphiles have 

indeed been shown to bind with BSA in solution.20, 21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 2: a) F-hexane (green) quickly adsorbs at the interface, b) BSA 

(blue) adsorbs from the solution. c) F-hexane induces the unfolding of BSA 

and d) facilitates recruitment of DPPC (magenta) at the interface where it 
forms a dilute phase e). f) The DPPC dilute-to-condensed phase transition 

occurs; the unfolded BSA molecules are displaced from the interface after the 

transition. 

The unfolded conformation of BSA and the presence of free F-

hexane, which breaks the interfacial structure of water, result in an 

acceleration of the adsorption of DPPC at the interface (2d). DPPC 

first forms a dilute phase (2e). When the density of the latter 

becomes large enough to induce the dilute-to-condensed transition, 

the remaining BSA molecules are ejected (2f). The fact that the 

protein is unfolded, rather than in a globular conformation, facilitates 

its ejection toward the aqueous phase. 

In summary, we show that a fluorocarbon gas acts as an efficient 

promoter of protein displacement at the air/water interface of a 

bubble submitted to sinusoidal oscillations. This is expected to 

provide an efficient tool for the design and evaluation of lung 

surfactant substitutes. More generally, this novel property of the 

biologically inert fluorocarbons can be added to the toolbox of 

biomolecular sciences, particularly in the investigation of dynamic 

and transport properties in systems for which reaching equilibrium is 

too slow in standard experimental conditions.14, 22 
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