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Abstract

Perfluoroalkyl acids (PFA) are amphiphilic surfactants widely used in industry with several commercial 

applications. An important feature of these compounds is their non-biodegradability and the tendency 

to bio-accumulate in the environment, which made these compounds to be considered among the most 

persistent pollutants worldwide. Many articles evidence their toxic effect on humans and wildlife. For 

this reason, more and more efforts have been made to better understand the effect of these compounds 

on living organisms. The aim of the present study is to understand how electrostatic interactions and 

film compactness of biological membranes models modulate their interaction with PFA, more 

specifically with perfluorodecanoic acid (PFD). Langmuir isotherms and Brewster angle microscopy 

(BAM) are used to evaluate the effect of PFD on lipid membrane models (air/water monolayers and 

vesicles) analyzing the behavior of PFD:lipid mixtures. The lipids used in this study are 

distearoyl phosphatidic acid (DSPA), dilauroyl phosphatidic acid (DLPA) and distearoyl 

phosphatidylethanolamine (DSPE). PFD induces an increase in the mean molecular area per lipid in 

monolayers, mainly at lower surface pressures. BAM images demonstrate that PFD mixes with DLPA, 
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inducing a decrease in gray level, while it forms a non-miscible mixture with DSPA segregating PFD 

domains. Insertion studies of PFD within monolayers and dynamic light scattering experiments 

demonstrate that PFD can penetrate into monolayers and bilayers above 30 mNm-1, which is the lateral 

pressure value accepted for cellular bilayer. 

Keywords: 

Perfluorodecanoic acid

Brewster Angle Microscopy

Phospholipids

Exclusion pressure

Micelles 

1. Introduction

Perfluoroalkyl compunds (PFA) are surfactant molecules in which all the H atoms of the 

hydrocarbon tail are replaced by fluorine atoms1. These particular kinds of molecules are widely used 

in industrial and commercial applications. Some of the most frequent uses are: grease proof textiles 

with soil repellency and stain resistance, food contact paper, firefighting foams, lubricants, cosmetic 

and pharmaceutical products, as photographic emulsifier, aviation hydraulic fluid, and insecticide 

formulations, among others1-3. The strength of C-F bond in the structure of PFA confers to this family 

of surfactants high chemical stability. Considering the environmental impact of these molecules, their 

high stability is a disadvantage because makes these compounds almost non metabolic and non-

biodegradable and, as a consequence of their long half-life times, they prevail in the ambient2-3 and 

tend to bioaccumulate in human body4. Some evidence of the bioaccumulation and non-degradability 

is the presence of PFA in the environment5, in birds and marine mammals6, in lake sediments7, in 

water8-11, in human urine4 and blond12-13, among other samples14. In the last decade an important 
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number of publications have reported the study of the toxicity of these compounds on cells15-17, 

animals18-20 and humans21-24, and demonstrated that the presence of PFA can be related with several 

disorders as: low birth weight, hyperuricemia, chronic kidney disease, thyroid disease24 and 

immunotoxicity4. The degree of pollution caused by PFA and related compounds is so harmful that 

several countries regulate its production. 

The toxicity of PFA in the human systems involves different levels: neurotoxicity, liver toxicity and 

pulmonary toxicity2, but it is important to take into account that, due to its amphipathic character, the 

interaction with biological membrane cannot be avoid. Several publications characterized the behavior 

of PFA at the air/water interface25-26 and reported the effect of PFA on membrane models, monolayers27-

30 and bilayers31-32. Lehmler and Bummer demonstrated that perfluorinated acids partially mixed with 

DPPC monolayers while the mixture was immiscible in bilayers in gel phase33. Moreover, W. Xie et all 

found that perfluorooctanoic acid (PFO) partitions more efficiently at the fluid phase of a bilayer of 

dimiristoil phosphatidylcholine (DMPC) and demonstrated the formation of a mixed PFO:lipid micelles34. 

On the other hand M. Paige stated that the partial miscibility and immiscibility properties between 

perfluoroalkyl molecules and lipids can be used for modulating the topography of mixed film30. 

Due to the high amphipathic character and toxicity of PFA, there is an increasing interest for 

characterizing the interactions between them and the cell. The aim of the present paper is the study of 

the effect of perfluorodecanoic acid (PFD) on cellular membrane models. Our objective is to evaluate 

how the electrical charge at the interface and the compactness of the phospholipid monolayer modulate 

the interaction of PFD with membranes models. For this purpose, the behavior of mixed monolayers of 

PFD with DSPA, DLPA and DSPE was evaluated throught Langmuir compression isotherms and 

Brewster angle microscopy. Also, we present the study related to the ability of PFD to penetrate a pre-

formed monolayer and determine several parameters that allow understanding the factors modulating 

the PFD:Lipid interaction. By last, we show the results of experiments analyzing the effect of PFD on 

DSPA and DLPA vesicles followed by nephelometry and dynamic light scattering.  
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2. Materials and Methods 

2.1. Materials

Phospholipids 1,2-distearoyl-sn-glycerol-3-phosphate (DSPA), 1,2-distearoyl-sn-glycerol-3-

phosphoethanolamine (DSPE), and 1,2-dilauroyl-sn-glycerol-3-phosphate (DLPA) were purchased 

from Avanti Polar Lipids (Alabaster, Al). Perfluorodecanoic acid (PFD) was purchased from Sigma-

Aldrich (purity of 98%). The chemical structures of PFD and the lipids are shown in Figure 1.

LiCl (subphase electrolyte) was purchased from Merck (Germany). Chloroform and Methanol 

were acquired from Sintorgan (Argentine) and Dorwil S.A (Argentine), respectively. All the reactants 

used were of the highest commercial purity available. The aqueous solutions were prepared with ultra-

pure deionized water (with resistivity of 18 M , obtained from a Milli-Q Gradient System, Millipore, 

Bedford, MA).

The lipid solutions were prepared in chloroform:methanol 2:1 v/v at a concentration value equal 

to 1.0 mM. PFD concentration was: 6.0 mM in methanol for compression isotherms experiments, 50.0 

mM in ultra-pure water for Gibbs adsorption isotherms and 16 μM in ultra-pure water for DLS and 

nephelometry experiments (PFD cmc: 2.2 mM35). The aqueous solution of LiCl, employed as subphase, 

was 10.0 mM. 

2.2. Methods

2.2.1 Monolayers at the air/water interface
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Compression isotherms were performed with a KSV Langmuir balance (Mini-trough II, Helsinki - 

Finland), using the Wilhelmy method with a platinum plate. The Lipids:PFD monolayers were formed 

by spreading each mixture at the surface of a 10.0 mM LiCl subphase, using a Hamilton micro syringe. 

After spreading, the solvent was allowed to evaporate by 10 min, and then the film was compressed 

with two barriers at a compression speed of 10 mm.min-1 while the automatic measurement of the lateral 

surface pressure () was carried out. The Teflon trough has an effective film area of 364 mm x 75 mm. 

Before spreading the Lipids:PFD mixtures, the subphase surface was cleaned by sweeping it with the 

barriers and then removing any surface contaminant by suction from the interface. This procedure was 

checked by recording an isotherm in the absence of the lipids and verifying a surface pressure value 

lower than 0.20 mN.m-1. 

The molar ratios Lipid (DSPA or DLPA or DSPE):PFD used were 100:0 (pure Lipid), 80:20, 60:40, 

20:80 and 0:100 (pure PFD). The Lipid:PFD mixtures used for Langmuir compression isotherm and 

Brewster angle microscopy (BAM) experiments were prepared just before spreading.

From the compression isotherms, the surface compression modulus Cs-1 (mN.m-1) was 

calculated as: 

𝐶𝑠 ―1 =  ― 𝐴(∂𝜋
∂𝐴)

𝑇

                                                                                                              

where  is the surface pressure in mN.m-1 and A is the area per molecule. The uncertainty of surface 

compression modulus was  10mN.m-1.

During compression, mixed monolayers were observed using Brewster Angle Microscopy (BAM) 

with an EP3 Imaging Ellipsometer (Accurion) equipped with a 20X objective (Nikon, NA 0.35). Previous 

to the injection the equipment was calibrated with the clean interface in order to determine the relation 

between the average gray-level of the images and the reflected light intensity (RP). The gray level (GL) 
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of each images was calculate as the difference between RP and the dark signal (DS, value of reflectivity 

for clean interface, in the absence of lipid)36-37. Then, the gray level of the images was calculated as 

GL= RP – DS. The average gray-levels (± SD) were calculated from 5 different regions corresponding 

to each phase in at least 2 images for each condition using ImageJ. 

In all the experiments de temperature was controlled with a thermocirculator at 21 °C. This value 

is lower than the transition temperature for all the lipids studied. 

2.2.2 Insertion of PFD in pre-formed monolayers and exclusion pressure determination 

Studies concerning to insertion of PFD in pre-formed monolayers were carried out using a mini 

trough of Volume = 5 mL and constant surface area (A = 15.8 cm2). The procedure followed in these 

experiments leads to the typical results shown in Figure 2 (in this case, the successive experimental 

steps carried out for DSPE monolayers are shown as an example). First, the appropriate volume of the 

lipid solutions (DSPA, DSPE or DLPA), needed to obtain a surface pressure equal to 15 mN/m was 

injected at the surface of a 10 mM LiCl subphase (red arrow in Figure 2a). Afterwards, successive 

injections of PFD solution were made inside the subphase (blue arrows in Figure 2a), and the final 

pressure values, after 12 min, were determined. Then, the change in surface pressure, after each PFD 

injection, with respect to the initial pressure (Δi / mN.m-1), was plotted as a function of the final PFD 

concentration (Figure 2 (b)), obtaining an initial increase of Δi and a saturation constant Δi value at 

high concentrations. This saturation PFD concentration value was chosen for the following step: starting 

from different initial pressures (reached employing different lipid concentration at the surface), PFD was 

injected into the subphase at this concentration value (Figure 2 (c)). After this, i values obtained from 

figure 2 (c) at each initial pressure, were plotted as a function of the initial pressure (Figure 2 (d)).  From 

the x-intercept in the last figure, the maximum surface pressure value at witch PFD can penetrate into 

a pre-formed monolayer (exclusion pressure) was determined (blue arrow in Figure 2 (d)).     
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2.2.3 Size determination and Nephelometry

Large unilamellar vesicles (LUVs) of DSPE, DSPA and DLPA were prepared by generating a 

uniform lipid film on the wall of a conical glass tube from a chloroform:methanol lipid solution and 

removing the solvent by evaporation under a N2 flow. Final traces of solvent were eliminated incubating 

the lipids in a high-vacumm chamber during 2 h. Afterwards, the lipids were re-suspended in 10mM  

LiCl aqueous solution, to a final concentration of 0.5 mg/mL. The suspension was subjected to 5 cycles 

of heating-vortex-cooling, each step during 1 min. The heating process was carried out in a 60°C water 

bath and the cooling incubation was performed in ice bath. The resulting multilamellar vesicles were 

extruded 20-times through a 100 µm pore filter (Avanti) at 60°C.  Under this condition only LUVs of 

DLPA and DSPA were obtained 38.

The size determinations were performed by dynamic light scattering (DLS) using a Submicron 

Particle Sizer (Nicomp TM 380). The average sizes obtained for LUVs were (84±16) nm and (71±13) 

nm for DLPA and DSPA, respectively. 

The stability of DSPA and DLPA LUVs upon PFD addition (detergent effect) was tested through 

vesicle rupture, adding increasing volumes of a 16 μM PFD solution in LiCl 10mM, to the LUV´s 

solutions (30µL LUVs + 270 µL of 10mM LiCl). Vesicle rupture was followed through turbidity 

measurements using nephelometry. The diffracted light depends on the size and amount of diffracting 

particles, and therefore, a decrease in the detected light is observed upon vesicle rupture 39. 

Nephelometry measurements were carried out with a Cary Eclipse spectrofluorometer (Agilent 

Technologies) equipped with a thermally controlled multi-cuvette holder (21°C), setting the wavelength 

slit in 5 nm and using a 2 mm path cuvette, the excitation and emission wavelengths were set at 523 

nm.    
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The relative turbidity was measured after each addition of PFD solution, and the percent of relative 

turbidity (% RT) was calculated as . The symbol 0 refers to the initial values of  % RT =  RTi 
RT0 x 100

turbidity and i to those after each addition of PFD solution. 

3. Results and Discussion

3.1. Langmuir Isotherms and Brewster Angle Microscopy

Figure 1 shows the chemical structures for the different lipids studied (DSPA, DSPE and DLPA) 

and for PFD. In the case of DSPA and DLPA the average apparent pKa values are: pKa1=3.2 and 

pKa2=8.3, while the corresponding values for DSPE are: pKa1 = 2.2 and pKa2= 10.1 40. PFD is a strong 

acid with pKa= -0.17 41. Consequently, at the present working condition of pH = 6, DLPA, DSPA and 

PFD are mono anions, while DSPE is a zwitterion.    

With the aim of evaluating the disrupting effect of PFD on membrane models, Langmuir 

compression isotherms for different mixtures formed by the lipids (DSPA, DSPE or DLPA) and PFD 

were recorded, as shown in Figure 3. 

3.1.1. Effect of PFD on DSPA monolayers: 

Figure 3a shows the surface pressure as a function of the mean molecular area for pure PFD 

(inset), pure DSPA and mixtures DSPA:PFD at different concentration ratios. It is worth highlighting that 

in the case of pure DSPA or for all the mixtures lipid:PFD, the mean molecular area of the lipid is always 

represented in the x-axis. Instead, for pure PFD the trough area is plotted in x-axis, due to the high 

solubility of PFD in water, which makes it difficult to estimate the number of molecules that remain 

adsorbed at the surface. On the one hand, the behavior of pure PFD under compression was highly 
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dependent on the amount of PFD injected at the interface. At low surface concentration of PFD a slight 

decrease in the surface pressure at the beginning of the Langmuir isotherm was observed, this effect 

is attributed to the solubilization of PFD molecules on the  aqueous subphase, similar effect was 

reported for other perfluoroalkyls 35, 42. Besides, the maximum surface pressure reached was 15 mN.m-1. 

Then, the isotherm corresponding to PFD can be interpreted considering that these molecules do not 

form a stable film due to their high solubility in water. This high solubility is supported by the fact that 

BAM images for PFD monolayers do not show a significant difference on gray level with respect to the 

clean interface (the gray level range is 0.1 ± 0.3 at all the surface pressures analyzed). On the other 

side, pure DSPA exhibits a condensed isotherm under compression (Cs-1 = 230 mN.m-1 at  = 40mN.m-

1, Figure 4 d), characterized by a collapse area and pressure of 38 Å2 and 52mN.m-1, respectively. 

Brewster angle images (Figure 5a) show a condensed and homogeneous film as previously reported43. 

After characterizing the behavior of pure PFD and DSPA, the mixtures DSPA:PFD were analyzed 

increasing the PFD molar fraction from 0 to 95% (Figure 3a). As can be observed from the isotherms, 

increasing amounts of PFD in the mixtures produce an increase in the lift off areas (Figure 3d) and in 

the mean molecular areas at low pressure values (see Figure 4a, where Mma = Mmawith PFD – Mmawithout 

PFD vs %XPFD at  = 20 mN.m-1 is plotted), evidencing the presence of PFD in the monolayer. It is worth 

noting at this point that, as explained above, all the isotherms are related to the area per phospholipid 

molecule, calculated from the ratio between the total area of the trough, at each point of the 

compression, and the total number of phospholipid molecules, regardless of whether the injected 

solution was of pure lipid or lipid:PFD mixture. In this way, an increase in the area per lipid molecule in 

the presence of PFD can be interpreted either as a higher lipid area within the monolayer or else that 

the PFD molecules are inserted within the monolayer, occupying a space and resulting in a greater 

area/lipid molecules ratio. Besides, PFD produces a decrease in the compressibility factor from 163 (for 

pure DSPA at  = 20 mN.m-1) to 30 mN.m-1 for the mixture DSPA:PFD 5:95 (Figure 4c) making the film 

more compressible. Based on this change in the compressibility factor, a transition from a condensed 
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to an expanded state can be postulated for the film. The increase on the lift off area values at low 

pressures can be due to electrostatic repulsion between the negatively charged DSPA polar head 

groups and PFD molecules, which leads to a higher area per lipid molecule and to a more compressible 

monolayer. As the compression continues to smaller molecular areas and higher pressures are 

reached, the isotherms approach to the corresponding to pure DSPA for all PFD concentration values 

and no changes in mean molecular areas are observed (see Figure 4b, where Mma = Mmawith PFD – 

Mmawithout PFD vs %XPFD at  = 40 mN.m-1 is plotted). This result is probably due to an expulsion and the 

further solubilization of PFD molecules at high pressure values. Also, as the molar fraction of PFD 

increases the compressibility factor decreases (Figure 4d) but the state of the film phase is not modified. 

Concerning to the collapse area and pressure, the presence of PFD does not induce significant changes 

(data not show).   

Brewster angle images allow quantifying the reflectivity of the monolayer, following the gray level 

(GL) changes when a film of different refractive index with respect to water or lipidic film is present at 

the interface as well as determining the optical thickness of the film 43-44. Figure 5 shows BAM images 

obtained for DSPA:PFD mixtures at molar fractions 100:0, 60:40 and 10:90 (corresponding to the 

isotherms in Figure 3a), and Figure 8a shows the corresponding GL for the different zones of the 

micrography: domains (circles) and continuous phase (squares). As it was previously discussed BAM 

images of pure DSPA, Figure 5a, show a condensed and homogeneous film in the whole range of 

pressure values studied. When the GL of the images are analyzed a gradual increase, until a constant 

value around 28, is observed. This increase is due to the organization of the hydrocarbon tail 

perpendicular to the air/water interface as compression takes places (Figure 8a, black squares). When 

PFD is present in the mixture at a low ratio (DSPA: PFD 60:40, Figure 5b) a different behavior is found 

with respect to pure DSPA. The first difference observed is the presence of non-homogeneous films at 

low pressures. At  = 3mN.m-1 light gray islets and dark domains, both immersed in a continuous phase, 

are observed (Figure 5b). The islets are, probably, zones of highly condensed pure lipid (gray level 

around 29, similar to that found for pure DSPA at high pressures) which becomes more homogeneous 
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as pressure increases.  On the other hand, the presence of dark domains (red circles on Figure 8a) 

with a gray level around 8, prevails until  = 20mN.m-1, this structures are, probably, PFD enriched 

domains. Similar behavior was found for other perfluoroalkyl molecules and it was attributed to the lower 

reflective index of the fluorinated amphiphiles 45. Dark domains disappear when surface pressure 

increases above  =  25mN.m-1; at the same time Langmuir isotherm of the mixture approaches to that 

corresponding to pure DSPA, evidencing  a PFD expulsion from the interface and further solubilization 

on water. This situation is probably induced by the electrostatic repulsion between PFD and DSPA, 

which becomes increasingly important as compression progresses, and also by the difference in the 

length of both hydrocarbon tails, which does not contribute to favorable van der Waals interactions. The 

hypothesis of PFD expulsion is also supported by the fact that the collapse area is still constant for all 

PFD fractions, Figure 3a, and the BAM images obtained above   = 25m.m-1 are homogeneous, 

condensed and with the same gray level than pure DSPA monolayer. All the evidence presented 

indicates that, at 60:40 molar ratio the DSPA:PFD mixture behaves as a non-miscible system at low 

surface pressure.

Figure 5c, shows BAM images for the mixture DSPA: PFD 10:90, in this case at low surface 

pressures the lipid is forming bright circular domains of DSPA/PFD (under these conditions the amount 

of PFD is high enough to avoid the formation of islets of pure DSPA), the gray level of the domains was 

lower than the corresponding to pure DSPA (blue square in Figure 8a), indicating a partial mixing with 

PFD. As the pressure increases the film becomes more homogeneous but with a gray level lower than 

pure DSPA and it presents dark elongate domains of PFD, similar to those found for DSPA:PFD 60:40. 

The continuous phase has a lower gray value than the corresponding to DSPA but they gradually 

resembles as pressure approaches to 25mN.m-1, above this value the film is homogeneous and 

condensed (Figure 5c). These results can be interpreted as a partial mixing between DSPA and PFD 

at values  below 20mN.m-1, above this value PFD is expelled from the interface.  
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3.1.2. Effect of PFD on DSPE monolayers:

Figure 3b shows the Langmuir isotherms for DSPE and DSPE: PFD mixtures. DSPE exhibits an 

isotherm characterized for a collapse pressure and area around 55 mN.m-1 and 38 Å2, respectively, 

similar to values previously reported46. The compressibility modulus found at  = 40 mN.m-1 is 265 

mN.m-1, which is within the characteristic values range for a condensed film. BAM images shows a 

homogeneous film at all the pressures studied (Figure 6a), with an average GL value of 32 (Figure 8b, 

black squares). 

When PFD is present a similar effect to that obtained for the Langmuir isotherms of DSPA: PFD 

mixtures is found. The presence of PFD in hybrid DSPE:PFD monolayers is evident by the shift of the 

of the lift off areas to higher values (Figure 3d) and an increment in ΔMma at  = 20 mN.m-1  (Figure 

4a), more pronounced as PFD concentration increases. For higher  values, the Langmuir isotherms 

tend to resemble to that obtained for pure DSPE, indicating again a possible expulsion of PFD from the 

monolayer to the aqueous subphase. Also in this case, increasing PFD molar fraction leads to a 

decrease in the Cs-1 modulus, more evident at low pressure values: from 200 to 50 mN.m-1 at  = 20 

mN.m-1 and from 270 to 150 mN.m-1 at  = 40mN.m-1 (Figure 4c-d). It can be concluded that the 

presence of PDF in the mixtures produces an increment in the film compressibility. Concerning to BAM 

images (Figure 6b) the presence of PFD in the DSPE:PFD 60:40 mixture induces the segregation of a 

PFD enriched phase with lower GL value than the corresponding to pure DSPE at  >  20 mN.m-1, the 

appearance is of dark elongated domains45, with a GL value between 10-20 (Figure 8b). When surface 

pressure increases the second phase disappears and the average GL value resembles to that 

corresponding to pure DSPE, probably due to an expulsion of PDF from the interface. 

For DSPE:PFD 10:90 mixture, a different behavior was found (Figure 6c): under this condition the 

dark elongate domains are not formed at any pressure, on the contrary the formation of a continuous 

phase with a GL value lower than the corresponding to DSPE is evident at all pressures (Figure 8b). 
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Moreover, from Figure 6c it can be observed the presence of zones with average GL = 64, higher than 

that for DSPE (GLmaximunm = 34) which persist at all pressures. At this molar fraction it is probably that 

the miscibility between DSPE and PFD increases giving rise to a phase with an intermediate gray value, 

formed by the mixture of both component, along with the formation of pure DSPE aggregates (higher 

gray level than DSPE).    

3.1.3. Effect of PFD on DLPA monolayers: 

Figure 3c shows the Langmuir isotherms for pure DLPA and DLPA:PFD mixtures. DLPA 

isotherm shows a phase transition from liquid expanded to liquid condensed phase around  = 31 

mN.m-1. At the present experimental conditions, the value of Cs-1 factor at the liquid expanded ( = 20 

mN.m-1) and liquid condensed ( = 40 mN.m-1) phases are 56 mN.m-1 and 165 mN.m-1, respectively. 

The collapse area and pressure are 38 Å2 and 57 mN.m-1 respectively.  Figure 7a shows BAM images 

for DLPA in the absence of PFD. As it can be seen the images for the liquid expanded monolayer, at 

surface pressures below 30mN.m-1, indicate a homogeneous phase, with a maximum GL value of 4 

(Figure 8c, black squares). From  = 30mN.m-1, the appearance of liquid - condensed nucleus (seeds) 

and the growth of domains around these seeds can be noted. These domains lead to a homogeneous 

condensed phase at high pressure values, with an average GL of 9 (Figure 8c-black circles). 

The increment in PFD molar fraction induces an increase in mean molecular area (Figure 4a) 

and in lift off area (Figure 3d), together with a decrease in Cs-1 (Figure 4c and d), leading to a more 

compressible monolayer. The increase in mean molecular area is more important at low pressure 

values, but this effect is preserved at surface pressure values above the phase transition (Figure 4 a 

and b) and, as can be noted in the Langmuir isotherms, the collapse mean molecular area in the 

presence of PFD is higher than the corresponding to pure DLPA monolayer, probably due to the 

persistence of PFD molecules at the interface even at high surface pressures.  
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BAM images obtained in the presence of PFD, under the same conditions than isotherms in 

Figure 3c, are shown in Figures 7 b-c, while the GL values determined from these images are plotted 

in Figure 8 c as a function of . As can be seen in Figure 7 b-c the hybrid DLPA:PFD films form a 

homogeneous monolayer below  = 20 mN.m-1 and 10 mN.m-1 for the ratios DLPA:PFD 60:40 and 

10:90, respectively. Above these pressures the appearance of the nucleation centers for the condensed 

phase is evident and the pressure values from which this centers start to appear are gradually smaller 

as PFD molar fraction increases (Figures 7 b-c) Figure 9 shows the images of monolayers formed by 

mixtures DLPA: PFD, at ratios 100:0, 60:40 y 10:90, obtained at the 60% of phase transition in all cases, 

i.e. 60 % of the whole films correspond to the condensed phase. The condition of 60 % of phase 

transition was reached at the following surface pressure values:

Ratio DLPA: PFD: 100:0 60:40 10:90

Surface pressure: 31 mN.m-1 30,7 mN.m-1 30 mN.m-1

From these images, the domains numbers and areas can be calculated for the same phase 

transition state. Then, when surface pressure increases the growing of domains occurs, and, as can be 

seen in Figure 9 a, the presence of PFD induces the formation of a higher number of domains with a 

lower area. Figure 9 b shows the number and average area of domains obtained from images on Figure 

9 a. The number of domains increases from 9 in absence of PFD to 39 for PFD ratio 90% (red circles), 

and the corresponding average areas change from 681 μm2 to 145 μm2, respectably (pink bars). At this 

point, we can postulate that PFD prevents lipid diffusion and, for this reason, the formation of a new 

domains in the presence of PFD is more favorable than the growth of a pre-existing one  44.  Previous 

works demonstrate that perfluoroalkyl molecules can be used for modulate the topography of lipid 

membranes30.

 Concerning to the quantification of the gray level from BAM images (Figure 8 c), the mixture 

DLPA:PFD presents two zones of gray level, similar to the results for pure DLPA,  the first corresponds 
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to the liquid expanded phase (squares in Figure 8 c) and the second one is related to the condensed 

phase (circles in Figure 8 c). When PFD was present in a 40% molar fraction no changes were detected 

on gray level  with respect to pure DLPA monolayer, but if the molar fraction of PFD increases up 90 % 

a markedly decrease on gray level for both phases was detected. This decrease in gray level was 

around of 50% for both phases and it matched with a decrease in the contrast between liquid expanded 

and condensed phases. This effect together with the increase in domain number and the linear 

decrease in the pressure of apparition of domains, support the hypothesis of a miscible mixture between 

DLPA and PFD under this concentration and surface pressure conditions33. For DLPA:PFD mixtures 

segregation of PFD was not found, probably for a higher affinity between them, due to a similar 

hydrocarbon length (DLPA: 12 carbon atoms and PFD: 10 carbon atoms).    

3.2.  Insertion of PFD in pre-formed monolayer and exclusion pressure determination

PFD penetration into monolayers of DSPA, DSPE and DLPA was characterized through 

adsorption isotherms and experiments based on constant surface-area approach, using 1x10-2 M LiCl 

as the subphase. With the aim of determining the concentration at which the monolayers were saturated 

by PFD molecules, the phospholipids monolayers were pre-formed at a constant pressure and the effect 

of increasing PFD concentration on surface pressure was studied, Figure 10 a (where i = t=30min - 

t=0 is the pressure change recorded after 30 min elapsed from injection at the subphase of each PFD 

concentration with respect to the pressure before the injection). PFD concentration at which the 

surfactant adsorption reaches the maximum value, with no further changes in the surface pressure with 

subsequent increase in PFD concentration, was determined. This value corresponds to the saturation 

concentration (SC), and it was used for the determination of exclusion pressure. The SC values 

obtained were 0.52 mM, 1.6 m M and 1.7 mM, for DSPE, DLPA and DSPA respectively, Table 1. The 

curves of Δi vs PFD concentration can be adjusted with a hyperbolic function and the maximum change 

in surface pressure generated by PFD (Δmax) can be determined as well as the K0.5 parameter. K0.5 
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reflects the ability of PFD to induce a change in molecular packing of the monolayer. The plots of Δi 

vs PFD concentration were transformed to the reciprocal 1/ Δi vs 1/ CPFD, inset in Figure 10 a, and 

from the linear regression Δmax  and K0.5 can be obtained from47:

1
∆𝜋 =

1
∆𝜋𝑚𝑎𝑥

+
𝐾0.5

∆𝜋𝑚𝑎𝑥
 𝑥 

1
𝐶𝑃𝐹𝐷

The values of Δmax and K0.5 obtained are shown in table 1.  As can be seen, the Δmax values obtained 

(18 mN.m-1 for DSPA, 29 mN.m-1 for DSPE and 33 mN.m-1 for DLPA) are demonstrating that PDF induce 

the following decreasing order in pressure change: DLPA ˃ DSPE˃DSPA. A different tendency was 

found for K0.5 values. DSPA and DLPA have almost the same value, around 0.5 mM, effect that can 

be understood taking into account that both lipids have the same polar head and charge, so the ability 

of PFD to induce changes in the molecular package when it access to the monolayer from the subphase 

was the same. On other hand, PFD has the highest effect on the molecular package of DSPE, which 

corresponds to the lowest value of K0.5 (0.2 mM), this result can be interpreted taking into account the 

zero net charge of DSPE at the interface, unlike the negative polar head groups of DSPA and DLPA. 

In this way, PFD (negatively charged) exhibits less electrostatic repulsion with DSPE monolayer, 

producing a higher disturbing effect.  

Once SC was determined for each lipid, the determinations of exclusion pressures were carried 

out. For this purpose, experiments at different initial surface pressures were performed and the change 

in surface pressure produced by the addition of PFD, at the corresponding SC, in the subphase was 

recorded and plotted as a function of the initial pressure, Figure 10 b (as described above in section 

2.2.2 and figure 2). The exclusion pressure value indicates the surface pressure above which PFD does 

not penetrate the lipid monolayer 48-50, the resulting values are summarized in table 1. In the case of 

DLPA this value was calculated taking into account only the condensed phase, with the aim of 

comparing the effect of PFD at the same phase state (liquid condensed) for all systems. The values 

obtained for exclusion pressure were 34 mN.m-1, 41 mN.m-1 and 44 mN.m-1, for DSPA, DSPE and DLPA 

respectably. These values indicate that PDF can penetrate at higher pressure values in the DLPA 
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monolayer, followed by DSPE and DSPA. It is important to remark that all values of exclusion pressure 

are higher than the proposed surface pressure for lipid bilayer of 30 mN.m-1 51, and this fact probably 

indicates than PFD can remain in lipid bilayers once it penetrates them.  Exclusion pressure values can 

be interpreted as a measure of the stability of the PFD-Lipid mixture, and, in this sense, the mixture 

with DLPA should be the most stable one, also demonstrated by previous experiments. 

3.3. Effect of PFD on LUVs. 

With the aim of evaluating the detergent effect of PFD, LUVs of DSPA and DLPA were 

synthesized and exposed to increasing concentrations of PFD. These experiments were followed by 

nephelometry and dynamic light scattered. At this point it is important to remark that DSPE does not 

form LUVs under the present experimental conditions, LiCl 1x10-2 M. 

Figure 11 a shows the percentage of relative turbidity as a function of PFD concentration for 

DLPA (red) and DSPA (black) vesicles, and Figures 11 b and 11 c show the evolution of hydrodynamic 

size of LUVs with PFD concentration at the points remarked in Figure 11 a (points 1, 2 and 3). In 

general, the relative turbidity decrease corresponds to LUVs breaking off 52-53. In the case of DSPA, 

LUVs have an average diameter of (71±13) nm in the absence of PFD, point (1) in Figures 11 a and c. 

After increasing PFD concentration to 20 µM (point (2) in Figures 11 a and c), the  vesicles size 

increases up to a value of (126±20) nm, probably due to the insertion of PFD molecules into the DSPA 

vesicles, hypothesis supported by exclusion pressure values. In parallel, a percentage of vesicles break 

off in accordance with a decrease in %RT, and an average size of (27±7) nm. A subsequent increase 

in PFD concentration induces the breaking off of all DSPA LUVs, point (3) Figure 11 a and c, under 

these conditions the average size obtained is (1.0±0.2) nm, in accordance with the constant  low value 

of %RT. Partial solubilization produced by perfluoroalkyl molecules were found for DSPC and DPPC 

vesicles34. 
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The effect of PFD on DLPA LUVs is different to that found for DSPA. In the absence of PFD, 

DLPA LUVs have an average size of (84±16) nm. When PDF is added to a final concentration of 18 

µM, Figure 11 a and b point 2, a fraction of vesicles breaks off and gives origin to a population with an 

average diameter of (24±4) nm, effect in agreement with a decrease in %RT. At the same time, a 

second population of LUVs with a similar diameter to bare DLPA vesicles is present, (87±17) nm. A 

subsequent increase in PFD concentration to 62 µM, Figure 11 a and c point 3, induces an enhance in 

the LUVs fraction with smaller diameters but bigger than those corresponding to point 2, (56±9) nm; 

and the population with higher sizes increases their diameter to (147±24) nm. For both populations the 

increase in size is in agreement with the exclusion pressure values obtained: PFD can penetrate the 

monolayer of DLPA until a pressure of 44 mN.m-1, which is higher than the value accepted for surface 

pressure of a lipidic bilayer. In this case the decrease in %RT remains still constant at a value of almost 

50% for the higher PFD concentration analyzed, effect probably due to non-completely disruption of the 

vesicles, as a consequence of the miscibility between DLPA and PFD, and the formation of a hybrid 

vesicle. Similar swelling behavior of vesicles produced by perfluoroalkyl molecules were found for 

DMPC34. 

4. Discussion

In the present work the lipid molecules were chosen taken into account the charge of the polar 

head, negative (PA) and zwiterionic (PE), to evaluate the effect of electrostatic interactions between 

them and PFD, as well as the length of the hydrocarbon tail, C18 (DS) and C12 (DL) to evaluate the 

hydrophobic interactions between the lipids and PFD.   As can be seen in Figure 3, PFD does not exhibit 
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a stable Langmuir isotherm and, for this reason, Langmuir isotherm of lipid:PFD mixtures were plotted 

as a function of the mean molecular area of the phospholipids. 

When the Langmuir monolayers were generated in the presence of PFD a general increase in 

mean molecular areas of the lipids at low surface pressure values was found for all the lipid studied. 

This effect was more evident for DLPA with respect to DSPA and DSPE. The increase in area for DLPA 

caused by PFD at a concentration ratio of 90% and at  = 20 mN.m-1, Figure 4, was 40Å2 while for 

DSPE and DSPA it was 15 Å2, the difference can be explained taking into account the state of phase 

of the monolayer, in the case of DLPA the monolayer was in liquid expanded phase while DSPE and 

DSPA were in a liquid condensed phase. When the pressure was increased to  = 40 mN.m-1, DLPA 

was in condensed phase, the change in area caused by PFD decreased to 10 Å2 close to the values 

obtained for DSPA and DSPE in the same phase state. Then, an important conclusion arises:  PFD 

produces a higher expansive effect on the monolayer in an expanded phase compared to those in a 

condensed state. The expansion of the monolayers was accompanied with a decrease in the 

compressibility factor, so that the monolayers were more compressible in the presence of PFD with 

respect to in the absence of PFD, for all the lipids analyzed. Other important observation is related with 

the fact that at high pressure values PFD was expelled from the interface in the case of DSPE and 

DSPA monolayers, the pressure and area of collapse did not change when increasing the fraction of 

PFD.

When BAM images of lipid:PFD mixtures were analyzed different features were found 

depending of the lipid analyzed. In the case of DSPA, at low surface pressure values, the presence of 

PFD was evident by the formation of dark domains which disappeared at high surface pressure values. 

For DSPA:PFD mixtures the gray level of the continuous phase was always the same at low PFD molar 

fractions, Figure 5 and 8 a-squares. DSPA is a phospholipid with 18 carbon atoms in its backbone and 

PFD has 10 carbon atoms in its fluorinated chain, so that, there is a difference of 1.232 nm in the length 

of their hydrophobic chains (assuming a C-C bond distance equal to 154 pm for the eight C-C bond), 

this difference can generate an ¨hydrophobic mismatch¨54, situation energetically unfavorable for PFD 
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and DSPA interaction at the air/water interface. So, the system stabilizes itself segregating PFD to 

diminish the boundary energy between PFD and DSPA, and at a certain value of surface pressure for 

which the monolayer is more oriented, above 20mN.m-1 for the ratio 60:40, PFD is expelled from the 

interface and the domains disappear. For DSPA monolayer, the miscibility behavior depends on the 

molar fraction of PFD: at lower values the system has non-miscible behavior at all surface pressures. 

The gray level, in this case, was the same than that for pure DSPA and PFD molecules were segregated 

in domains to be further expelled at higher pressures. At higher PFD fractions the mixture behaves like 

a partially miscible one, but when the system reaches certain surface pressure values, PFD molecules 

are expelled from the interface. An opposite behavior was observed for the mixture DLPA:PFD, in this 

case BAM images did not show the presence of dark domains and the gray level of the continue phase 

was always lower than the corresponding to pure lipid. This evidence, in combination with the decrease 

in size and increase in number of condensed domain in LE/LC transition, were evidences of miscibility 

between both components. The difference between DLPA and PFD length is 0.154nm (one C-C bond) 

and, in this case, the energetic cost of segregating PFD is higher than mixing energy between them. 

Dupuy and Maggio, found a similar effect between mixed monolayers of ceramides, the mixture 

between Cer10:Cer12 led to a completely miscible system at all surface pressures and molar fractions, 

on the contrary the mixture Cer10:Cer18 led to an immiscible behavior under all conditions 55, effect 

due to the difference in mismatch found between the two mixtures: for Cer10:Cer12 there is a mismatch 

of 2 C atoms (equivalent to PFD:DLPA) while for Cer10:Cer18 there is a mismatch of 8 C (equivalent 

to PFD:DSPA). The case of DSPE:PFD can be considered as an intermediate system, when the molar 

fraction of PFD was lower than 50%, the system behaves like PFD:DSPA (60:40), in this case the 

system segregates PFD to diminish the energetic cost of the mismatching, BAM images showed 

elongate dark domains (Figure 6 and 8 b) and the continuous phase has the same gray level than DSPE 

monolayer, Figure 8 b-squares. Nevertheless, when PFD fraction was increased to 90% the system 

partially mixes producing a decrease in gray level in BAM images at all pressure values, at this point 

the process is probably more favorable due to the energy gained by interaction between the polar head 
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groups of DSPE and PFD (electrostatic interaction) compensating the energetic cost of maintaining the 

mismatch. Also, the presence of bright domains of DSPE aggregates was observed in BAM images, at 

this point DSPE was segregated.    

Adsorption isotherms of PFD over preformed monolayers of DSPA, DLPA and DSPE were also 

carried out. From these experiments the values of Δmax and K0.5 were calculated by fitting the curves 

with a model that assume the existence of finite number of binding sites, without restriction of different 

types of interaction sites 47. The values obtained from this fitting are shown in table 1. 

The tendency found in Δmax for negative lipids, DLPA ˃ DSPA can be explained taken into count 

the compressibility of DLPA and DSPA monolayer. Both lipids have the same net charge but DLPA 

monolayer is more expanded and compressible than DSPA monolayer, so PFD can penetrate and 

induce a higher change at the same concentration. On the other hand, DSPE showed an intermediate 

behavior, probably because the effect of PFD on DSPE monolayer was driven by two opposing factors: 

(1) the zero net charge, which favors the insertion and (2) a condensed and less compressible film 

which prevents the insertion. From K0.5 values informed in table 1, it can be seen that the modification 

of the monolayer packaging depends on the electrostatic repulsion between PFD and the lipid molecule, 

independent on the film compactness which was confirmed since the K0.5 values for DSPA and DLPA 

were the same, 0.5 mM. Instead, an important effect of the interfacial charge can be postulated, 

confirmed by the fact that the K0.5 value for PFD penetration on DSPE (zwiterionic) monolayer was a 

half (0.2mM) of the values found for the negative lipids. PFD can disturb the monolayer of DSPE more 

efficiently because non electrostatic repulsions are limiting the adsorption.     

On other hand, exclusion pressure values (Figure 10) showed that PFD can penetrate the 

monolayers until: 44 mN.m-1 for DLPA, 41 mN.m-1 for DSPE and 34 mN.m-1 for DSPA. When compared 

the same polar head of lipid but with different hydrocarbon tail, PFD could penetrate until higher 

pressure values in an expanded monolayer as DLPA. But, when the charge of the polar head group of 

the lipid was studied for the same hydrocarbon tail, PFD penetrated at higher pressure values in DSPE 

monolayer compared to DSPA films. The higher insertion into the DSPE monolayer was due to the 

Page 21 of 46 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 3
1 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

on
 2

/4
/2

01
9 

4:
02

:1
7 

A
M

. 

View Article Online
DOI: 10.1039/C8SM02301H

http://dx.doi.org/10.1039/c8sm02301h


Second Revision – SM-ART-11-2018-002301.R1

22

zwiterionic nature of the monolayer, as PFD molecules are negatively charged there is a higher 

electrostatic repulsion between them and DSPA compared to DSPE. Similar effects were found for the 

insertion of E1 peptide on monolayers of DMPC, DMPG and POPG56.  The most interesting point found 

from these experiments is the fact that PFD can penetrate the Langmuir monolayer up pressure values 

higher than those reported for a cellular bilayer, independently of the lipid nature and could cause 

several problems considering PFD as a potentially toxic compound for cells. Due to the structural 

similarity between PFD and the lipid molecules, these surfactants can mimic with membrane and alter 

its functions. 

For a better understanding of PFD effect over a model of lipidic bilayer, large unilamelar vesicles 

(LUVs) of DLPA and DSPA were synthetized and exposed to increasing concentrations of PFD. The 

evolution of the experiments was followed by nephelometry and dynamic light scattering (DLS). The 

results indicate that PFD has a lytic effect over DSPA LUVs above a PFD concentration of 40 µM, but 

below this concentration value, PFD aggregates produce an increase in the diameter. This can be 

explained taking in to account the values of exclusion pressure obtained under these conditions which 

indicate that PFD can adsorb into the monolayer up  = 34 mN.m-1. A possible explanation for the initial 

increase in size and the later rupture can be a similar effect to that found for monolayers, at a certain 

pressure value the vesicle becomes unstable, due to the mismatch difference between the two 

molecules.   In the case of DLPA, PFD induces a partial lysis of a fraction of vesicle at 18 µM and the 

population of (87±17) nm remains unaltered. Further increase of PFD concentration, 62 µM, generates 

a size increase of both populations of LUVs. In the same way than the case of DSPA, PFD penetrate 

DLPA LUVs increasing their size. Unlike the case of DSPA, PFD can adsorb on DLPA up to higher 

surface pressures values (exclusion pressure value: 44 mN.m-1 ). PFD does not have a lytic effect within 

the range of concentrations analyzed and DLPA:PFD form a stable mixture at the interface due to the 

small mismatch difference.      

5. Conclusions
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With the aim to characterize the mixing properties of PFD with membranes models several 

experiments were systematically carried out for DSPA, DSPE and DLPA lipidic monolayers. The 

present lipids were selected in such way to allow evaluating the influence of the lipid charge and the 

phase state (molecular compactness) on the miscibility with PFD molecules. 

Taking into account the systems studied it is important to analyze three factors for understanding 

the global effect of PFD over lipid membranes:

 Electrostatic repulsion between polar head groups.

 Molecular packing of the monolayer.

 Mismatching differences between PFD and the lipid under study.

From Langmuir isotherms of Lipid:PFD mixtures it was evident that PFD increased the occupied 

area per lipid and the magnitude of the change depends on the film compactness, supported by the fact 

that the most affected lipid was DLPA. This expansive effect was accompanied with a decrease in 

compressibility factor (monolayer makes more compressible), more evident at lower pressure values. 

BAM images demonstrated that DSPA:PFD and DSPE:PFD monolayers at high PFD molar fractions 

segregate PFD in dark domains of a lower gray level at low surface pressure values, making evident a 

non-miscible system. A further increase in lateral pressure produces the expulsion of PFD from the 

interface. This result was explained taking into account the compactness of DSPA and DSPE films and 

the mismatching between PFD and these lipids. In the case of DSPE at high PFD molar fractions and 

DLPA at all PFD molar fractions, the system does not segregate PFD, on the contrary a completely 

miscible films were observed by BAM, with a decrease in gray level at all lateral pressure values. For 

DSPE the change of the behavior with PFD concentration can be understood considering favorable 

interactions between polar head of DSPE and PFD (hydrogen bonding). In the case of DLPA:PFD 

mixtures the mismatching between them was of one C-C bond witch not implies an extra energetic cost, 

so that DLPA stabilizes PFD on the interface through hydrophobic interactions and form a miscible 

system. Other evidence of miscibility between DLPA and PFD, is the fact that PFD affect the domains 
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nucleation of the liquid expanded/liquid condensed transition of DLPA, PFD acts like an hindrance for 

lipid diffusion and the obtained domains were smaller and in greater quantity as the concentration of 

PFD increases.  At this point we can conclude that a mixture lipid:PFD behaves as a miscible or as a 

not-miscible system depending on the interactions between the components and of the mismatching 

between them. 

Concerning to the adsorption experiments the value of K0.5 obtained reveals that the ability to 

induce changes in molecular packing depends on electrostatic affinity between PFD and Lipid, the 

values found for PFD penetration does not distinguish the hydrocarbon tails but depends on the net 

charge of the polar head group, demonstrating more affinity for neutral lipid than for the negative ones.  

On other hand, the maximum pressure obtained from adsorption isotherms was highly dependent on 

the film compactness, given the highest value for DLPA (more expanded monolayer) and the lowest 

value for DSPA (more compact monolayer). 

One of the more interesting result obtained, was the fact that PFD incorporate at surface 

pressure values higher than 25 –  30 mN.m-1 on the monolayers, specifically at 34 mN.m-1, 41 mN.m-1 

and  44 mNm-1  for DSPA, DSPE and DLPA, respectively. As can be seen, the biggest value found 

corresponds to DLPA monolayer and the smallest to DSPA. Indeed, DLPA has a better structural 

similarity with PFD and its monolayer is more expanded than DSPA. Moreover, exclusion pressure 

value of DSPE is higher than that for DSPA, due to the absence of electrostatic repulsion when it is 

inserted. 

When the effect of PFD was studied on vesicles we found that PFD inserts on DSPA and DLPA 

LUVs, effect checked by an increase in the average size. But in the case of DSPA an enhance in PFD 

concentration induce a lytic effect, and all LUVs population broke off. In the case of DLPA vesicles 

increase in size forming a hybrid bilayer, in concordance with exclusion pressure values and monolayer 

studies, the mixtures DLPA/PFD were more stable.          

With all the evidences described above we can propose a model for the two extreme cases, 

Figure 12:
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(A) DSPA:PFD mixtures are immiscible at high molar fraction of PFD. 

(B) DLPA:PFD and DSPE:PFD mixtures are miscible at low molar fraction.

Finally, our findings suggest than PFD could have negative effects on biological and 

environmental systems. PFD can penetrate and adsorb on membranes models (LUVs or monolayers) 

at similar surface pressure values than those proposed for the lateral pressure in a cellular bilayer 

independently on the lipid composition (condensed or expanded film, neutral o charged). This fact can 

have several effects, modifying the bilayer from a structural point and altering its functionality.  These 

molecules are a kind of contaminants present in the environment that are acquired a lot of relevance in 

the last few years. 
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(a) DSPA

(b) DSPE

(c) DLPA

(d) PFD

Figure 1: Structures of; (a) 1,2- disteraroyl-sn- glycerol-3-phosphate, (b) 1,2- disteraroyl-sn- glycerol-3-
phosphoetanolamine (c) 1,2- dilauroyl-sn- glycerol-3-phosphate, and (d) perfluorodecanoic acid. 
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Figure 2: Typical sequence for the determination of exclusion pressure of PFD from the lipid 
monolayer using the constant surface-area approach: a) successive injections of PFA on a pre-
formed DSPE monolayer at initial pressure of 15 mN, b) change in surface pressure with respect to 
initial pressure at each PFD concentration calculated from Figure 2 a), c) surface pressure variation 
before and after the injection of PFD at a concentration equal to saturation value observed in Figure 
2 b) for two different initial surface pressures, d) plot of π values obtained from figure 2 c) as a 
function of initial pressure.
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Figure 3: Surface pressure - average molecular area (Mma/Å2) compression isotherms for the mixtures: (a) 
DSPA:PFD; inset: PFD: 100 %, (b) DSPE:PFD, (c) DLPA:PFD, at molar fractions Lipid:PFD 100:0 (black), 80:20 (red), 
60:40 (blue), 20:80 (magenta), 10:90 (green) and 5:95 (gray).  (d) Lift-off areas as a function of PFD molar fraction 
for: DSPE (red), DSPA (Black) and DLPA (blue). Experimental conditions for the subphase: 10 mM LiCl, pH = 6.00 
and T = 21°C.
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Figure 4: (a-b) Change of mean molecular area (ΔMma = Mma X PFD – Mma pure lipid) and (c-d) compressibility factor  as a 
function of PFD molar fraction (X PFD) at 20 mN.m-1 (a-c) or 40 mN.m-1 (b-d),  for DSPA:PFD (black), DSPE:PFD (red) and 
DLPA:PFD (blue) mixtures. Experimental conditions for the subphase: 10 mM LiCl, pH = 6.00 and T = 21°C.
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DSPA: PFD

(a) 100: 0

(b) 60: 40

(c) 10:90

Figure 5: BAM images for DSPA:PFD monolayers at the ratios: (a) 100:0, (b) 60:40 and (c) 10:90 and different 
surface pressures, from 0 to 30 mNm-1. The gray levels were rescaled from the original range 0-255 to 0-130 
for better visualization. Experimental conditions for the subphase: 10 mM LiCl, pH = 6.00 and T = 21°C.

Page 37 of 46 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 3
1 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

on
 2

/4
/2

01
9 

4:
02

:1
7 

A
M

. 

View Article Online
DOI: 10.1039/C8SM02301H

http://dx.doi.org/10.1039/c8sm02301h


Second Revision – SM-ART-11-2018-002301.R1

38

DSPE:PFD

(a) 100: 0

(b) 60: 40

(c) 10: 90

   

Figure 6: BAM images for DSPE:PFD monolayers at the ratios: (a) 100:0, (b) 60:40 and (c) 10:90 and different 
surface pressures, from 0 to 40 mNm-1.The gray levels were rescaled from the original range 0-255 to 0-130. 
Experimental conditions for the subphase: 10 mM LiCl, pH = 6.00 and T = 21°C.
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DLPA: PFD

(a) 100: 0

                           

(b) 60:40

                           

(c) 10:90

                           

Figure 7:  BAM images for DLPA:PFD monolayers at the ratios: (a) 100:0, (b) 60:40 and (c) 10:90 and different 
surface pressures, from 0 to 40 mNm-1. The gray levels were rescaled from the original range 0-255 to 6 -42 for 
better visualization. Experimental conditions for the subphase: 10 mM LiCl, pH = 6.00 and T = 21°C.
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Figure 8: Average gray level ( standard deviation) as a function of surface pressure for (a) DSPA:PFD, (b) 
DSPE:PFD and (c) DLPA:PFD monolayers. Lipid: PFD ratios: 100:0 (black), 60: 40 (red) and 10:90 (blue).  
Experimental conditions for the subphase: 10 mM LiCl, pH = 6.00 and T = 21°. (a-b) circle: dark domains, 
square: continues phase and triangle: light domains; (c) square:  expanded phase and circle: condensed phase. 
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Figure 9:  (a) Brewster angle images for DLPA:PFD mixtures, obtained at the 60 % of the phase transition. (Surface 
pressures: 31 mN.m-1 for ratio 100:0, 30,7 mN.m-1 for ratio 60:40, 30 mN.m-1 for ratio 10:90) Size: 100 μm2 x 100 
μm2, the images were rescale from the original range 0-255 to 6-42 for better visualization. (b) Surface pressure 
of domain appearance, domain numbers and areas as a function of PFD molar fraction for DLPA:PFD mixtures, 
obtained from images shown on (a).  
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Figure 10: (a) Δ vs PFD concentration in the subphase (adsorption isotherm). Inset: adsorption isotherm 
linearization. (b) Δ (Δ = t= 30 min - t= 0 min) as a function of the initial pressure, for DSPA (black), DSPE (blue) 
and DLPA (red)  monolayers in the presence of PFD in the subphase. Experimental conditions for the subphase: 
10 mM LiCl, x M PFD, pH = 6.00 and T = 21°C. 
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Figure 11: (a) Percent of relative turbidity (%RT) vs PFD concentration for LUVs of DSPA (black) and DLPA (red) 
in LiCl 10mM. (b and c) Relative frequency (intensity) as function of LUV diameter for DLPA (b) and DSPA (c) 
LUVs in absence  (black) and in the presence of PFD blue and red). Subphase composition: LiCl 10 mM.  
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Figure 12: Proposed model for lipid:PFD interaction for (a) DSPA:PFD (60:40), immiscible system and (b) DLPA: 
PFD mixtures, miscible sytem; upper image correspond to low surface pressures and lower image correspond 
to the mixtures at high surface pressures. 
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Table 1: Saturation Concentration (SC); Maximum change in surface pressure (Δmax); constant K0.5 

and Exclusion pressure values for DSPA, DSPE and DLPA in the presence of PFD. 

Phospholipid SC / mM Δπmax / mN.m-1 K0.5 /mM Exclusion 
Pressure 
value /mN.m-1

DSPA 1.7 (18.8 ± 0.2) (0.50±0.02) (34.2±0.9)

DSPE 0.52 (29 ± 3) (0.200±0.007) (41±2)

DLPA 1.6 (33± 3) (0.48±0.2) (44±2)*

 * The value was obtained from the linear fitting carried out with Δ values corresponding to the condensed 
phase, see Figure 10.
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The surfactant perfluorodecanoic acid (PFD), widely used in different industrial 

applications and an important environmental contaminant, can penetrate 

distearoyl phosphatidic acid (DSPA), dilauroyl phosphatidic acid (DLPA) and 

distearoyl phosphatidylethanolamine (DSPE) monolayers, even at high pressures 

values,  above 30 mNm-1, which is the lateral pressure value accepted for cellular 

bilayer. 
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