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Abstract 

Supported lipid layers are commonly used as model systems for biological membranes with high 

potential for diverse (bio)technological applications including development of novel sensors. The 

aim of this study was to investigate the influence of mixing ratio and subphase used in the 

monolayer assembly on the surface free energy (SFE) of supported palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) and oleic acid triglyceride (triolein) (TO) mixed lipid 

monolayers on a mica substrate. The supported layers were formed by Langmuir–Blodgett 

transfer of mixed monolayers assembled on a subphase of ultra-pure water and electrolyte (0.55 

M NaCl, pH 8.1). AFM and fractal/lacunarity analysis were used to elucidate their relevant 

topographical features while the SFE and its polar and dispersive component were determined 

using contact angle measurements. The results showed that the monolayers formed on an 

electrolyte subphase are more stable than those on a water subphase, while their homogeneity and 

topographical features depend on the mixing ratio. The SFE of a mixed layer depends on the 

mixing ratio and the subphase type used in the self-assembly of the Langmuir monolayer, but is 

also influenced by the saturation/unsaturation of the hydrophobic tail chain. Thus, changing the 

subphase and the POPC/TO mixing ratio allows for change of the supported layer’s wetting 

properties from hydrophilic to strongly hydrophobic. The results of this study should contribute 

to better understanding of the SFE of supported mixed lipid films and allow for tailoring of 

surfaces with targeted properties. 
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1. Introduction 

Supported lipid layers formed by the transfer of a Langmuir monolayers from a liquid subphase 

onto a solid surface are commonly used as model systems for biological membranes. Such 

systems are increasingly attracting attention and recently have been the subject of intense studies 

due to their potential (bio)technological applications.1-5 In particular, the supported lipid mono- 

and bilayers are often used as sensing element hosts in development of various novel sensors.6-10 

The energetic and wetting properties of lipid films deposited on a solid support can be 

characterized by the determination of the surface free energy (SFE). The SFE significantly 

influences the physicochemical processes occurring at the interface, and its magnitude arises 

from the kind and strength of the involved intermolecular interactions. In particular, it influences 

interfacial adhesion processes, film functionalization and also the diffusive transport in 

microfluidic sensors.11-14 Hence, the performance of a sensor relying on functionalized or 

membrane based lipid films depends on film's SFE. On the other hand, aside from the lipid type, 

the SFE of a supported mixed lipid layer is influenced by several other parameters, of which the 

mixing ratio, type of a subphase used in the self-assembly of a Langmuir layer and wetting 

properties (hydrophobicity/hydrophilicity) of the supporting substrate play a significant role. 

Understanding the influence of these parameters on SFE could provide the means allowing for 

tuning of surface free energy of a supported layer in a systematic manner.13 This, in turn, should 

contribute to the ability of designing supported layers with novel or desired properties. Although 

recently considerable efforts were put into investigation of SFE of mixed lipid layers, 11, 15-17 

insofar as we know there was no investigation into the influence of the subphase used in the 

assembly of Langmuir layer on the SFE of the transferred mixed lipid layer.  
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In this context, our aim was to investigate the influence of mixing ratio on SFE of supported 

mixed lipid films, assembled on different liquid subphases and subsequently transferred to a 

hydrophilic substrate. To that purpose we have used pure and mixed monolayers assembled from 

a major membrane forming phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC) and oleic acid triglyceride – triolein (TO) in different mixing ratios. The layers were 

assembled on water and on NaCl-electrolyte subphase and subsequently transferred to a mica 

support as a representative hydrophilic substrate. These particular selections were motivated by 

potential usefulness of such systems in sensor development. Recent investigations revealed that 

supported mixed POPC-TO lipid layers provide advantageous sensor platform due to its sensitive 

and selective respons to polycyclic hydrocarbons in water solution.7, 9  

Characterization of mixed phospholipid monolayers and the involved interactions at the liquid 

subphase/air interface was accomplished through analysis of the surface pressure-area per 

molecule (π-A) isotherms. The isotherms provided information on the mean molecular area 

occupied by one molecule in the monolayer, the film compression modulus, miscibility and the 

excess Gibbs energy of mixing. The AFM and fractal/lacunarity analysis were used to elucidate 

relevant topographical features of the transferred monolayers of analogous composition, on a 

mica substrate. Corresponding wettability characteristics were investigated by measurements of 

the contact angles of standard liquids. This allowed calculation of film surface free energy 

according to the theoretical approach developed by Owen-Wendt-Rabel-Kaelble (OWRK).18-20 In 

this way it was possible to correlate the properties and composition of a monolayer at the 

air/subphase interface with SFE of the solid-supported monolayer. 
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2. Experimental and theoretical methods and materials 

2.1. Materials. Phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC - 

99%) and oleic acid triglyceride - triolein (TO) were purchased from (Sigma–Aldrich) and used 

without further purification. Ultra-pure water from the Milli-Q Plus system (resistivity 18.2 

MΩcm) (Direct – Q, Millipore system, Billerica, Massachusetts) was used both as a subphase for 

the Langmuir monolayers and as a probe liquid in the contact angle measurements. The 

electrolyte used as a second subphase was 0.55 mol L-1 NaCl, buffered to pH 8.1 with NaHCO3 

(Sigma–Aldrich), thus mimicking seawater. The electrolyte was prepared with ultra-pure water 

and NaCl calcined at 450 °C for 4 hours and purified with activated charcoal in order to remove 

residual traces of organic matter. Chloroform (HPLC grade from Sigma-Aldrich) used for lipid 

dissolution was employed as received. Probe liquids used in contact angle measurements (beside 

ultra-pure water) were formamide (98%), diiodomethane (99%), and ethylene glycol (0% H2O), 

all by Sigma-Aldrich and used without further purification. Freshly cleaved mica plates grades V-

5 (40 mm × 10 mm × 0.3 mm) from SPI Supplies (USA) were used as a solid support. 

 

2.2. Monolayer preparation and determination of π−A isotherms. The spreading 

solutions were prepared by dissolving pure lipid or a lipid mixture with selected molar fractions 

in chloroform with concentration of 1 mg mL–1. An aliquot of a solution was spread onto the 

surface of ultra-pure water or electrolyte using a microsyringe (Hamilton, USA). After the 

spreading and before the initiation of the compression the solution was left for 10 min allowing 

for the solvent to evaporate. The compression was initiated with a barrier speed of 50 cm2 min–1. 

Surface pressure-area (π-A) measurements were carried out using a NIMA Langmuir Blodgett 

Deposition Trough model 1212D1 (Nima Technology Ltd, Coventry, UK) placed on an anti-
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vibration table. Surface pressure was measured at room temperature (21± 2oC) with the accuracy 

of ± 0.1 mN m–1 using a Wilhelmy plate as the pressure sensor. Each measurement was repeated 

at least three times to ensure reliability and validity of results. 

 

2.3 Thermodynamic analysis. The thermodynamic characteristics of the mixed monolayer 

systems were examined in more detail through the following analysis. For a binary system, the 

Gibbs free energy of mixing, Gmix, can be expressed as  

      Gmix = Gid + Gex,                                  (1) 

where Gid is the ideal free energy of mixing, and Gex is the excess Gibbs energy of mixing.  

Gid is expressed as  

Gid = -TSid 

where Sid is the entropy of mixing. Gid can be evaluated from: 

Gid (J/mol) = RT (X1 lnX1 +X2 lnX2)     (2) 

where, R is the gas constant, T is the absolute temperature, X is the molar fraction.  

The excess energy of mixing Gex represents the deviation of free energy of a mixed system 

from that of an ideal mixed one. Based on the definition, Gex is the contribution of mutual 

interactions between molecules on the free energy of mixing. The Gex at a specific surface 

pressure π can be calculated from the π–A isotherm data through the following equation: 21  

 	 	 N A , π X A π X A π dπ		   (3) 

where A1,2 () is the mean molecular area in the mixed monolayer at a given surface pressure , 

A1 and A2 are the respective molecular areas in the single-component monolayer of components 1 

and 2 at the same surface pressure, X1 and X2 are the respective molar fractions of the components 

in the mixed monolayer and NA is the Avogadro number. Aside from the assessment of 
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thermodynamic stability of mixed monolayers the excess Gibbs energy of mixing allows 

quantitative interpretation of intermolecular interactions and determination of the interaction 

parameter α at different surface pressures as well as the interaction energy h .22, 23 

 

2.4 Transfer of a monolayer onto solid substrate. The investigated monolayers were 

transferred onto the hydrophilic mica plates using Langmuir-Blodgett technology, a well-

established method for preparation of supported mono- and bilayers.24
 The deposition of 

monolayers on a mica substrate was conducted by drawing a mica plate vertically from the 

subphase in the Langmuir−Blodgett trough at the rate of 2 mm/min through the monolayer spread 

at the air–water or air–electrolyte interface. For a selected lipids' mixing ratio the transfer was 

made at a pressure slightly below the corresponding envelope pressure, e (for the explanation 

see 4.1). The surface pressure of the lipid monolayer, the rate of deposition, and the temperature 

were kept constant. The average transfer ratio was 0.92 ± 0.1. After the transfer the supported 

lipid layers were put into an exicator for about 20 h at room temperature to dry out. Assuming 

that the molecular organization within the monolayers at the air/subphase interface does not 

change when deposited onto the solid support,25 the samples were further used for the 

determination of the surface free energy of transferred layers. 

 

2.5 Estimation of surface free energy. The assessment of the surface free energy, i.e. 

surface tension of a solid, can, in principle, be achieved considering its wetting properties i.e. by 

use of the value of the equilibrium contact angle of a liquid drop placed on the surface. In the 

case of wetting systems relationship between the interfacial tensions at a point on three-phase 

(air-liquid-solid) contact line is given by the Young equation: 
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	 	 	 	 	                            (4)  

where sl represents the interfacial tension (free energy) between solid and liquid phases, l  and s  

represent the liquid-air and solid-air interfacial tensions, respectively. The measurable parameter 

is the contact angle  of the liquid drop corresponding to the angle between vectors sl   and l. 

Even if the contact angle  and l  are known, sl is still unknown, and therefore Eq. (4) cannot 

yet be solved for the surface tension of the solid s. The information regarding sl must be 

independently provided, for example, by a correlation between sl, s, and l. There are several 

types of correlations that have been employed and discussed in the literature. 26, 27 In this work we 

have used the correlation proposed by Owens, Wendt, Rabel and Kaelble (OWRK) considering 

the surface tension to consist of nonpolar (dispersion) and polar contributions.18-20  

In the OWRK method considering a liquid drop on a solid surface the surface tension  of 

each phase is split up into polar (P) and disperse (D) fraction (subscripts l and s denote liquid and 

solid, respectively): 

	  

(5) 

	  

With this assumption, the equation for the surface tension (Good's equation28) becomes 

	 	2                  (6) 

where subscripts l and s denote liquid and solid phase, respectively. 

Combining and transposing equations (4) and (6) gives: 

	 	 	                 (7) 

This equation due to its form of a general linear regression line, y = ax + b, enables us to 

determine the components of the total surface free energy. Namely, if we use two or more liquids 
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with known polar and disperse components of the surface tension, measure the corresponding 

contact angles and plot the results as y vs. x i.e.			
	

 vs.  , then the polar component  

is obtained from the square of the slope of the regression line and the disperse component   

from the square of the ordinate of the intercept. The total surface free energy is the sum of these 

two components. In addition, it is important to realize that, while the dispersion part of this 

equation (square-root dependence) is derived from an approximate theory for dispersion 

interactions, the functional form of the terms related to the polar components has not yet been 

substantiated by theory.27 

In order to elucidate the surface free energy components of a solid, experiments need to be 

done using the same solid surface with various liquids.29, 30 Moreover, it turns out that the choice 

of the set of liquids must be done very carefully; otherwise mathematical problems in solving the 

set of equations may lead to major errors.31 It has been shown that optimal results are obtained 

using combination of apolar and polar liquids. In concordance with these considerations the set of 

probe liquids used in the contact angle measurements included ultra-pure water, formamide, 

ethylene glycol and diiodomethane, spanning the range from a highly polar to an apolar liquid, 

respectively. The surface free energy is calculated following OWRK method from a series of 

contact angle measurements using selected liquids with known surface tensions and 

corresponding polar and dispersive components.  

 

  2.6 Contact angle measurements. “Static” contact angle measurements and corresponding 

calculations of SFE were accomplished using KRÜSS Drop shape analysis system DSA 100. The 

drop size ( 2mm in diameter) was selected to be sufficiently large relative to the scale of 

possible heterogeneity.26, 32-34 The indications seem to suggest a relative drop size of at least 103 
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should be employed.34 Thus, it seems realistic to have a drop of a few millimeters in diameter on 

a surface whose roughness is of the order of magnitude of a few micrometers. On each sample 

the contact angle measurements were repeated three times applying all four liquids.  

  2.7 AFM measurements. The surface structure and topography of the supported 

monolayers including roughness profiles were determined by using a Multimode AFM with a 

Nanoscope IIIa controller (Bruker, Billerica, USA) with a vertical engagement 125 μm scanner 

(JV). Tapping mode imaging was performed under ambient conditions in air, by using silicon tips 

(RTESP, Bruker, nom. freq. 320 kHz, nom. spring constant of 42 N/m) and at a scan resolution of 

512 samples per line. The linear scanning rate was optimized between 1.0 and 2.0 Hz at a scan 

angle of 0°. Images were processed and analyzed by means of the offline AFM NanoScope 

software, version 5.12r5 and NanoScope Analysis 1.7. Roughness Analysis software option was 

used to performed roughness analyses on 2×2, 5×5 and 10×10 μm2 imaged surface areas for each 

surface. The results are presented as values of Ra - the average surface roughness parameter 

defined as	 1/ . 

2.8 Fractal and lacunarity analysis. Fractal analysis of images is potentially powerful tool 

for extraction of topographic/structural features of considered surfaces. In particular it has been 

shown that adsorbed lipid layers are fractal structures35 whose fractal dimension is related to the 

dominant mechanism responsible for their growth.36 Furthermore, fractal dimension provides 

insight into the lattice structure and in plane molecular organization of Langmuir monolayer of 

amphiphilic material.37 Thus, in this context, we have conducted fractal analysis of gray-scale 

and binarized (black and white) AFM images of supported lipid layers. For purpose of this study 

only the values of fractal dimension D inferred from a gray scale AFM images using the box-

counting algorithm38 are presented. The fractal analysis using box counting or cube counting 
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methods implies use of boxes/cubes whose dimensions cover the range from one pixel up to 512 

pixels (dimension of an AFM image) hence, 1 pixel corresponds to about 4 nm. Thus, enabling 

fine resolution in analysis of monolayer surface. However, as fractal dimension does not provide 

a complete characterization of a sample texture we have also conducted the lacunarity analysis 

aiming at obtaining the information on monolayer gappiness. Prior to lacunarity estimation gray 

scale AFM images were binarized (i.e. to each pixel the value of 1 or 0 was assigned depending 

on weather its gray scale intensity is above or below the median value, respectively). For 

lacunarity estimation of binary AFM images, the gliding-box algorithm39 was used. According to 

this algorithm a box of size r slides over an image. The gliding box of a specific size r, (length of 

a square box) is first placed at the top left corner of an image in which each and every pixel has 

an assigned value of either 1 or 0. Then the box "mass" M (the number of pixels occupied with 

1's), is computed. The gliding box is systematically moved through the binary image one pixel at 

a time and the box mass value is determined for each of the overlapping boxes. The number of 

gliding-box with dimension r and mass M is defined as n(M, r). The probability distribution Q(M, 

r) is obtained by dividing n(M, r) by the total number of boxes. Lacunarity at scale r is defined as 

the mean-square deviation of the variation of mass distribution probability Q(M, r) divided by its 

square mean:  

	
∑ ,

∑ ,
         (8) 

where  
 

L(r) = lacunarity at box size r, M = mass or pixels of interest, and Q (M, r) = probability of M 
in box size r.  
 

Fractal and lacunarity analysis of AFM images was accomplished using Fraclab 2.1 and 

Gwyddion 2.41 software. 
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3. Results and discussion 

3.1. Miscibility. The analysis of π–A isotherms was conducted in order to provide insight 

into miscibility of components of the mixed systems. In general, when two components are 

miscible, the value of collapse pressure of a mixed monolayer depends on molar fraction of its 

components, and is lying between the collapse pressures of pure components. If the components 

are immiscible, two collapse pressures at constant values corresponding to the pure components 

are observed.40       

The π–A isotherms of POPC, TO, and mixed POPC/TO monolayers measured on 

subphases of water and electrolyte are shown in Figure 1. The most noticeable difference 

between isotherms of pure POPC and TO and those of mixed layers is the appearance of a point 

where there is an abrupt change in the isotherm's slope, which occurs below the POPC collapse 

pressure ( 48 mN/m) and after TO collapse pressure (12.5 mN/m).  

 

Figure 1: Surface pressure–area per molecule (-A) isotherms of the investigated pure and mixed 
POPC/TO layers assembled on a water (a) and 0.55 M NaCl subphase (b). Curves 1-7 represent 
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POPC:TO ratios 1:0, 5:1, 3:1, 1:1, 1:3, 1:5 and 0:1, respectively. Arrows denote the envelope 
points. 
 

However, as evident from the corresponding compressibility curves (shown in Figures S1 

and S2 in the Electronic supplementary information), it does not reflect a typical Liquid 

expanded/Liquid condensed (LE/LC) phase transition. It is rather an evidence of TO beginning to 

be expelled from the monolayer and deposited on top of the monolayer not as a new regular 

monolayer but rather as irregular inhomogeneous TO patches. Thus, forming a new bulk (three-

dimensional) phase regardless of the starting composition of the mixed layer.  

 

 The corresponding pressure in the isotherm is called the envelope pressure or envelope point, 

e.
41 The envelope point occurs at a pressure higher than the collapse pressure of TO and 

corresponds to the initial formation of a new bulk phase. The pressures corresponding to 

envelope points of mixed layers on water and electrolyte subphase inferred from analysis of 

corresponding isotherms are shown in Figure 2. The value of e decreases with increase of the 

TO content in a mixed layer. Compression of the layer beyond the envelope point results in more 

TO molecules being expelled from the surface and incorporated into the new phase. Finally, with 

further increase of the pressure, an abrupt second change in the isotherm's slope occurs indicating 

the final collapse of the monolayer which is confirmed by the analysis of the corresponding 

compressibility curve provided in the Electronic supplementary information (Figures S1 and S2). 

Such behaviour has been also observed in other mixed systems.41, 42 
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Figure 2: The envelope points of mixed monolayers assembled on water (1) and (2) electrolyte 
subphase. Symbols represent experimental values and line the corresponding fit with an 
exponential function. R2 (water) = 0.9990, R2 (electrolyte) = 0.9947. The corresponding error 

bars, i.e. the standard deviations fall within the size of the symbols (2%). 

 

The mechanism of TO expulsion from the monolayer is the same, hence the curves in Fig. 2 have 

the similar shape. In contrast to POPC, TO with increase of the pressure cannot reach the 

condensed phase (as seen from the corresponding isotherms in Fig. 1) regardless of the subphase 

(water or electrolyte). Hence, in a mixed layer it remains as a “soft” component that at a certain 

pressure starts to be squeezed out. As the share of TO in the monolayer increases this expulsion 

occurs at even lower pressures. However, since the layers on electrolyte are more stable higher 

pressures are needed to induce the change of the monolayer structure. Hence, the curve 2 in Fig. 

2, corresponding to an electrolyte phase, although similar in shape is shifted toward higher 

pressures. Here it’s worth noting that due to the properties of TO isotherm the excess Gibbs 

energy of mixing, reflecting the stability of the layer, depicted in Fig. 3 could be calculated only 

up to pressure of approximately 12.5 mN/m. 
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At the pressure lower than that of an envelope point the components in the monolayer mix 

well, while at higher pressures the components are separated. During the compression, domains 

may form as a result of stronger interactions between the molecules of the same kind. Depending 

on composition of the mixed monolayer, the environment consisting of single-component 

domains embedded in the environment of other single-component domains may change. This 

could provide the explanation for the observed stoichiometry-dependent shift of the envelope 

points in the mixed POPC/TO monolayers. The insight into stability of a layer and involved 

intermolecular interactions can be obtained by considering the excess Gibbs energy of mixing 

(See 3.2).  

For all mixing ratios e and collapse pressures occur at higher pressures for a monolayer 

assembled on electrolyte then on water subphase. This observation is compliant with the results 

of thermodynamic analysis (presented below in 3.2.) showing that monolayers assembled on the 

electrolyte subphase are more stable than those assembled on pure water. The difference in e 

between layers on water and electrolyte is not constant. It varies depending on the lipid mixing 

ratio and follows the corresponding differences in excess Gibbs energy of mixing (cf. Figure 3), 

reflecting the difference in the relative stability between layers assembled on different subphases. 

 

3.2. Thermodynamic analysis. Generally, thermodynamic analysis on the basis of the 

excess Gibbs energy of mixing allows quantitative interpretation of intermolecular interactions 

and determination of thermodynamic stability of mixed monolayers. The negative values of ΔGex 

indicate that stronger attractive interactions exist between molecules in the mixed monolayer in 

comparison to the interactions in one-component monolayers. Thus, the negative sign of Gex is 
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considered as a criterion of monolayer’s stability, while a positive value can suggest a phase 

separation.43, 44  

 

 
Figure 3: The excess Gibbs energy of mixing of POPC/TO assemble on the water (a) and on 0.55 
M NaCl (b) subphases at surface pressures 5, 10 and12.5 mN/m (curves 1-3, respectively). 
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justifying this explanation. Thus, for this pressure range, POPC and TO mix and interact weakly, 

forming relatively stable monolayers. The most stable mixed monolayer is obtained for TO molar 

fraction 0.25. This composition corresponds to the complex stoichiometry of POPC:TO = 3:1. 

Positive values of Gex, occurring at higher pressures (>12.5 mN/m) for most of the TO molar 

fractions (except for the TO molar fraction 0.25), suggest that due to stronger interactions 

between identical molecules the domains of POPC and TO are formed, resulting in phase 

separation in the monolayer.40 For pressures higher than  15mN/m Gex is positive 

irrespectively of the TO molar fraction.  

The calculated values of Gex for the layers assembled on 0.55 M NaCl subphase are 

depicted in Figure 3b. Comparison of these values with the values of Gex obtained for mixed 

monolayers at water subphase reveals significantly higher thermodynamic stability of layers 

formed on the electrolyte subphase (i.e. the corresponding values of Gex are several times 

lower), even at low pressures, implying existence of much stronger attractive interactions 

between molecules in the layer. This indicates that the presence of ions in the electrolyte 

subphase changed the molecular interactions in the mixed monolayers, making them much more 

stable. In particular, although the net charge on the POPC head group is zero, the polar head 

group contains both positive and negative sites that can potentially interact with charged 

molecules or dipoles. In the NaCl subphase Na+ and Cl¯ ions interact with these charges resulting 

in decrease of repulsion and consequently in net increase of the attractive forces. For the POPC 

molecules, the most favourable location for the Na+ ions is near the phosphatidyl oxygen atoms 

and for Cl¯ ions near choline group.45. Furthermore, at surface pressures greater than 15 mN/m, 

two orientations of the POPC head groups are present: one nearly parallel to the monolayer 

interface and another one pointing toward the water. The conformational variations around the 
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bonds connecting the phosphorus atom to the adjacent oxygens are held to be responsible for 

these two orientations of the headgroup.46 Thus, presence of Na+ ions influences this orientation 

by “straightening” the headgroup towards the bulk water and reducing area per molecule. The 

change of headgroup orientation and decrease of repulsion should contribute to increase in lipid 

packing, decrease in area-per molecule (cf. Fig. 1), and increase in acyl chain order parameters. 

Such effects were also observed in other similar systems45. All together these effects result in 

apparent increase of attractive interactions and observed increased stability of the layer 

assembled on the NaCl subphase.  

Two minimums in Gex vs. mixing ratio (molar fraction) occur at TO molar fractions of 0.25 

and 0.75. Again, the most stable layer is obtained for TO molar fraction of 0.25. This relative 

difference in stability of monolayers assembled on different subphases is in turn reflected in 

difference in corresponding e which is greatest at TO molar fraction 0.75 (cf. Figure 2). Here, in 

regard to hydration parameters of TO/POPC mixtures it is interesting and worth noting that 

activity coefficient for water when plotted against TO mol farction has dips at 0.25 and 0.75 mol 

farction TO and that at TO 0.75 all hydration parameters for mixture POPC-TO increase.47 

However, deeper analysis of impacts and intricate interplay between hydration, electrostatics, and 

dispersion forces resulting in changes in interaction energies in a mixed monolayer is out of 

scope of this investigation. 

 
3.3. Analysis of layers’ topography. AFM measurements and fractal analysis were used to 

get an insight into supported layers’ topographies and provide additional information in support 

of the SFE measurements. However, the detailed topography analysis (the subject of work in 

progress) is out of scope of this article. Hence, here we briefly present only the results pertinent 
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to the matter at hand. More details of topography analysis including the corresponding AFM 

images are included in the Electronic supplementary information. 

All AFM images showed uniform substrate coverage with relatively homogenous and 

compact monolayer. However, analysis of corresponding roughness profiles show increase of 

roughness with increase of TO fraction in the monolayer. This is especially noticeable in layers 

assembled on NaCl subphase. The observed differences in respect to layers assembled on water 

subphase are compliant with recent findings48 revealing the influence of electrostatic interactions 

of sodium and chloride ions positioned around lipid polar heads on the compactness of the layer.  

The fractal dimensions of mica supported pure TO and POPC layers derived from AFM 

images are 2.5 ± 0.05 and 2.6 ± 0.05 respectively and these could be considered as fractal 

dimensions of “reference”/pure layers. Fractal dimensions of mixed monolayers assembled on 

both subphases are in range 2.5 ± 0.05 (TO) - 2.6 ± 0.05 (POPC) increasing with increase of 

POPC fraction. Although the difference in D between POPC and TO layer is small it indicates 

somewhat more compact POPC layer. However, fractal dimension does not provide a complete 

characterization of a sample texture. Namely, different fractal sets may share the same fractal 

dimension values but have different appearances or textures due to differences in lacunarity.49, 50 

Lacunarity measures the deviation of a geometric structure from translational invariance, or 

gappiness of geometric structure.51 Lacunarity represents the distribution of gap sizes: low 

lacunarity geometric objects are homogeneous because all gap sizes are the same, whereas high 

lacunarity objects are heterogeneous.49 It is worth noting that objects that are homogeneous at a 

small scale can be heterogeneous at a larger scale. Hence, lacunarity analysis can provide 

significant insight into layer topography. The results of lacunarity analysis of pure POPC and TO 

layers are depicted in Figure 4.  
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Figure 4: Lacunarity vs. window (scale) size for pure POPC and TO layers assembled at NaCl 
subphase. Shaded area corresponds to the scale range in which lacunarity of POPC and TO layers 
are different. Dashed line denotes scale corresponding to the highest difference in lacunarity.  
 

 

The difference in lacunarity (Fig. 4) at a particular scale is the difference of the values at 

that scale, these values should be compared and not the area under the curves. Comparison of the 

areas under the curves could indicate differences in an "integral lacunarity" i.e. lacunarity over all 

considered scales. Although this difference could be small the differences at particular scale can 

be significant indicating differences in homogeneity on that scale, i.e. some structure at low 

magnification (large scale) may look less heterogeneous than at high magnification (small scale). 

In our case at scale 15nm the difference in lacunarity is about 40%. Significant differences in 

lacunarity between TO and POPC layers can be observed in the size range 5–45 nm. In this range 

TO layer is significantly more heterogeneous than the POPC layer. At larger scales (>45nm) both 
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difference in lacunarity appears at 15 nm scale thus coinciding with the subordering periodicity in 

TO layer of 16 nm inferred from AFM analysis (cf. Figure S3 in the Electronic supplementary 

information ). 

3.4. Surface free energy. SFE derives from the unsatisfied bonding potential of molecules at 

a surface. These molecules try to reduce the free energy by interacting with molecules in an 

adjacent phase. Hence, surface phenomena are driven primarily by a tendency to reduce the 

surface free energy. Thus, generally, adhesion and wetting are better on hydrophilic solid 

surfaces with high SFE than on low energy hydrophobic surfaces. In this context mica is known 

to be strongly hydrophilic with total SFE about 69 mJ/m2, and a high value of the polar part of 

the surface energy.52 This property favours strong interactions of mica surface with polar 

molecules to form a compact monolayer. Thus, generally, it could be expected that the Langmuir 

–Blodget transfer of the POPC monolayer onto mica surface would considerably decrease surface 

free energy. This firstly, due to the interaction between hydrophilic mica surface and polar heads 

of the POPC molecules causing their apolar hydrocarbon chains to orient outwards, and secondly, 

due to a relatively high degree of POPC condensation in the Langmuir layer. Namely, the degree 

of condensation in the Langmuir layer is reflected in the SFE values of the transferred/supported 

layer since the SFE of a more condensed monolayer with denser packing of hydrocarbon chains 

is lower.17 On the other hand, deposition of a pure TO layer on mica should decrease its SFE only 

slightly. This occurs due to differences between POPC and TO in polarity (TO is apolar) and 

molecular structure influencing the degree of condensation in the corresponding Langmuir layer. 

Namely, in the glycerol backbone POPC molecule has two fatty acid chains one of which is 

saturated and another is unsaturated, while the TO molecule has three unsaturated fatty acid 
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chains preventing dense packing in the Langmuir layer. Hence, the SFE of a mica supported 

mixed POPC/TO layer should decrease considerably with increase of POPC molar fraction.  

 

 
Figure 5: The total surface free energy (curves 1), and its respective polar (curves 2) and disperse 
(curves 3) components of pure and mixed POPC/TO monolayers, formed on a water (a) and on 
0.55 M NaCl (b) subphase and transferred onto the mica substrate, presented as functions of the 
TO molar fraction. The symbols represent average measured values, lines the corresponding B-
spline fit. Error bars represent the corresponding standard deviations. Values of SFE for pure 
mica (open symbols) are presented at right side of the panels. 
 
 

The results of SFE measurements of pure and mixed monolayers depicted in Figure 5 support 

these general conclusions: total SFEs are lower than that of pure mica, pure POPC layer has 

lower total SFE than TO layer and for a mixed layer total SFE depends on mixing ratio and 

increases with increase of TO molar fraction. However, the subphase used for monolayer 

assembly significantly influences contributions of polar and dispersive component to the total 
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SFE as well as their change with the mixing ratio. Thus, between the two subphases, the change 

in mixing ratio results in considerably different dynamic of total SFE and its components.  

Total SFE of a mixed layer assembled on a water subphase and its components are 

depicted in Figure 5a. As expected the total SFE is significantly lower than the SFE of mica and 

increases with increase of TO molar fraction. For mixtures with TO molar fractions < 0.75, the 

contributions to SFE coming from the polar and disperse components are nearly equal and 

gradually increase with increase of TO fraction. The significant contribution of dispersive 

component to the total SFE reflects the hydrophobic nature of such film. Low values of total SFE 

for the POPC rich monolayers also reflect higher degree of condensation in these monolayers in 

comparison to the TO rich monolayers, which is enabled by combination of one saturated and 

one unsaturated fatty acid in the glycerol backbone of POPC. For mixed monolayers with TO 

molar fractions > 0.75 the contributions to the SFE coming from the polar component are about 

30-40% higher than those coming from the disperse component. The increase of the polar 

component in this mixing ratio range is attributed to the dipolar interactions between mica and 

TO ester groups. The disperse part of SFE of pure TO layer is about 24 mJ/m2, which is in 

agreement with theoretical values obtained from continuum theory and Hamaker constant.53 This 

corresponds to the situation of TO molecules adopting a conformation with the glycerol residue 

at the mica surface and the three oleic acid residues directed toward the bulk and the layer of 

water molecules next to the mica surface that form hydrogen bonds with the ester groups of the 

triglyceride.53  

Surface free energy of mica supported mixed layers assembled on the NaCl electrolyte 

subphase are shown in Figure 5b. In comparison to the layers assembled on a water subphase, for 

all TO molar fractions these layers are characterized with much lower variations and a 

significantly higher total SFE due to the high contributions coming from the polar component. 



23 
 

While the corresponding contributions of the disperse components are nearly equal for both 

subphases, the corresponding contributions to SFE coming from the polar component in a layer 

assembled on an electrolyte subphase are almost two times higher. This is explained with a less 

compact molecular packing in the Langmuir layer due to penetration of electrolyte ions into the 

polar head-group region,54, 55 thus influencing the bonding potential of the layer. The influence of 

the electrolyte ions on monolayer structure and ordering discussed in paragraph 3.3 is also 

apparent from the corresponding π–A isotherms. By comparison it is evident that the values of 

area-per-molecule in monolayers on the electrolyte subphase are higher than those in monolayers 

on the water subphase. This occurs due the presence of ions promoting the solvation of polar 

head groups of phospholipid, making their effective size greater.56 The greater polar head groups 

in turn require a greater area per molecule resulting in less dense packing. Such monolayers when 

transferred to a mica substrate will have higher SFE. Furthermore, in regard to this, it is worth 

noting that the layers assembled on NaCl have higher fractal dimension than that of a layer 

assembled on pure water. Now, as the relative permittivity (dielectric constant ) of a fractal 

structure is not constant but rather depends on its fractal dimension57 (increase in D results in 

decrease of ), the fractaly induced change in  favours electrostatic interactions over dispersive 

in layers assembled on NaCl subphase, thus increasing the polar contributions to SFE. More 

details on influence of fractal dimension on the dielectric constant is provided in the Electronic 

supplementary information. Finally, in this context, somewhat unexpectedly high SFE of pure TO 

layer assembled on the NaCl subphase could be possibly attributed to relatively less compact 

packing of TO molecules as mentioned before and indicated by relatively high lacunarity of pure 

TO layer. This relatively lose packing leaves (at molecular level) exposed mica surface, thus 

enabling access of probing liquids to the free mica surface. This in turn contributes to rise of 
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measured SFE towards the value of mica’s SFE. This is also supported by appearance of 

"valleys" in the roughness profile of the corresponding AFM scanned area of pure TO layer (cf. 

Figure S3d in the Electronic supplementary information). The bottom of these “valleys” probably 

represent free mica surface. The dimensions and separation of the “valleys” are smaller for pure 

TO layer assembled on the water subphase than on the NaCl subphase (Figure S3a), indicating 

relatively smaller accessible free mica surface within the layer. Hence, the corresponding SFE of 

a layer assembled on water subphase is significantly lower than that of mica. 

 

4. Conclusions 

 

Supported lipid layers formed by transfer of a Langmuir monolayer from a liquid 

subphase onto a solid surface are commonly used as model systems for biological membranes 

with high potential for (bio)technological applications including development of various novel 

sensors incorporating membrane based films. Conclusions drawn from the results of this study 

including pure and mixed POPC/TO monolayers assembled on water and on NaCl subphase and 

transferred to a hydrophilic (mica) substrate are summarized as follows.  

Analysis of recorded isotherms indicates that the POPC/TO form a partially immiscible 

system on both subphases. At surface pressures below the envelope point, the two components 

are miscible, while at pressures above the envelope point TO be expelled from the layer. 

Calculated excess free energies of mixing indicate that the mixed POPC/TO layers assembled on 

the NaCl subphase are more stable than those assembled on a water subphase. Regardless of the 

subphase used for the assembly the most stable layers are obtained for POPC molar fraction 0.75. 

SFE of the supported mixed layers depends primarily on the mixing ratio and the type of a 

subphase used in the self-assembly of Langmuir layer, and is significantly influenced by the 
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chain saturation/unsaturation in the considered lipid. The SFE of a supported mixed lipid 

monolayer assembled on water subphase can be tuned in a range of 31-58 mJ/m2 by changing the 

TO molar fraction. Thus, allowing for change of supported layer's wetting properties from 

hydrophobic to hydrophilic. The SFE of mixed layers assembled on the NaCl subphase are 

characterized with high polar component, almost two-times higher than the disperse part. The 

variation in SFE due to change in mixing ratio is lesser than for the layers assembled at water 

subphase allowing for tuning of SFE in range 53-72 mJ/m2. Between the two subphases used in 

the assembly the SFE of the investigated mixed layers on mica can be tuned in a range of 31-72 

mJ/m2 by changing the POPC/TO mixing ratio. Considering that different bio-functionalized 

surfaces (such as with antibody, albumin, bacteria, cells, and phospholipids) were reported to 

have the surface free energies in the range of 35–75 mJ/m2 26, 58-61 one may conclude that the 

attained SFE tuning range could allow significant modification of interfacial interactions and 

surface properties of supported mixed POPC/TO lipid layers.   

Results of this study should contribute to better understanding of the SFE tuning of 

supported mixed lipid films. Also, through the identification of influential parameters that allow 

for tailoring of the surface properties, they should help in design of a more efficient lipid host 

layers for various applications including superhydrophobic low surface energy materials62. 
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