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

for diverse (bio)technological applications including the 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 the tailoring of surfaces with targeted properties.
1. Introduction

Supported lipid layers formed by the transfer of 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 oen used as sensing element
hosts in the development of various novel sensors.6–10 The
energetic and wetting properties of lipid lms deposited on
a solid support can be characterized by the determination of the
surface free energy (SFE). The SFE signicantly inuences the
physicochemical processes occurring at the interface, and its
magnitude arises from the kind and strength of the involved
víc Institute, POB 180, HR-10002 Zagreb,

ls and Sensing Devices, Rud�er Boškovíc
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intermolecular interactions. In particular, it inuences interfa-
cial adhesion processes, lm functionalization and also the
diffusive transport in microuidic sensors.11–14 Hence, the
performance of a sensor relying on functionalized or membrane
based lipid lms depends on the lm's SFE. On the other hand,
aside from the lipid type, the SFE of a supported mixed lipid
layer is inuenced 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 signicant
role. Understanding the inuence 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 inuence of the subphase used in the assembly of
Langmuir layer on the SFE of the transferred mixed lipid layer.

In this context, our aim was to investigate the inuence of
mixing ratio on SFE of supported mixed lipid lms, 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
RSC Adv., 2016, 6, 52475–52484 | 52475
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(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
response 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 (p–A) isotherms. The isotherms provided information
on the mean molecular area occupied by one molecule in the
monolayer, the lm 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
amica substrate. Corresponding wettability characteristics were
investigated by measurements of the contact angles of standard
liquids. This allowed calculation of lm 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.
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
purication. Ultra-pure water from the Milli-Q Plus system
(resistivity 18.2 MU cm) (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 puried 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%), diiodo-
methane (99%), and ethylene glycol (0% H2O), all by Sigma-
Aldrich and used without further purication. 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 p–A
isotherms

The spreading solutions were prepared by dissolving pure lipid
or a lipid mixture with selected molar fractions in chloroform
52476 | RSC Adv., 2016, 6, 52475–52484
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). Aer the spreading and before
the initiation of the compression the solution was le for 10
min allowing for the solvent to evaporate. The compression was
initiated with a barrier speed of 50 cm2 min�1. Surface pres-
sure–area (p–A) measurements were carried out using a NIMA
Langmuir Blodgett Deposition Trough model 1212D1 (Nima
Technology Ltd, Coventry, UK) placed on an anti-vibration
table. Surface pressure was measured at room temperature (21
� 2 �C) with the accuracy of �0.1 mN m�1 using a Wilhelmy
plate as the pressure sensor. Eachmeasurement 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,
DGmix, can be expressed as

DGmix ¼ DGid + DGex, (1)

where DGid is the ideal free energy of mixing, and DGex is the
excess Gibbs energy of mixing. DGid is expressed as

DGid ¼ �TDSid

where DSid is the entropy of mixing. DGid can be evaluated from:

DGid (J mol�1) ¼ RT(X1 ln X1 + X2 ln X2) (2)

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

The excess energy of mixing DGex represents the deviation of
free energy of a mixed system from that of an ideal mixed one.
Based on the denition, DGex is the contribution of mutual
interactions between molecules on the free energy of mixing.
The DGex at a specic surface pressure p can be calculated from
the p–A isotherm data through the following equation:21

DG ex ¼ NA

ðp
0

h
A1;2ðpÞ �

�
X1A1ðpÞ þ X2A2ðpÞ

�i
dp (3)

where A1,2(p) is the mean molecular area in the mixed mono-
layer at a given surface pressure p, 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 thermodynamic stability of mixed monolayers
the excess Gibbs energy of mixing allows quantitative inter-
pretation of intermolecular interactions and determination of
the interaction parameter a at different surface pressures as
well as the interaction energy Dh.22,23
2.4 Transfer of a monolayer onto solid substrate

The investigated monolayers were transferred onto the hydro-
philic mica plates using Langmuir–Blodgett technology, a well-
This journal is © The Royal Society of Chemistry 2016
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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�1 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 correspond-
ing envelope pressure, pe (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. Aer 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 trans-
ferred 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:

gs ¼ gsl + gl cos q (4)

where gsl represents the interfacial tension (free energy)
between solid and liquid phases, gl and gs represent the liquid–
air and solid–air interfacial tensions, respectively. The
measurable parameter is the contact angle q of the liquid drop
corresponding to the angle between vectors gsl and gl.

Even if the contact angle q and gl are known, gsl is still
unknown, and therefore eqn (4) cannot yet be solved for the
surface tension of the solid gs. The information regarding gsl

must be independently provided, for example, by a correlation
between gsl, gs, and gl. 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 g of each phase is split up into polar
(P) and disperse (D) fraction (subscripts l and s denote liquid
and solid, respectively):

gl ¼ gP
l þ gD

l

gs ¼ gP
s þ gD

s (5)

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

gsl ¼ gs þ gl � 2

� ffiffiffiffiffiffiffiffiffiffiffiffi
gD
s g

D
l

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
gP
s g

P
l

q �
(6)
This journal is © The Royal Society of Chemistry 2016
where subscripts l and s denote liquid and solid phase,
respectively.

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

ð1þ cos qÞgl

2
ffiffiffiffiffiffi
gD
l

p ¼
ffiffiffiffiffiffiffi
gP
s

q ffiffiffiffiffiffi
gP
l

gD
l

s
þ

ffiffiffiffiffiffi
sD
s

q
(7)

This equation due to its form of a general linear regression
line, y ¼ ax + b, enables us to determine the components of the
total surface free energy. Namely, if we use two or more liquids
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.
ð1þ cos qÞgl

2
ffiffiffiffiffiffi
gD
l

p vs:

ffiffiffiffiffiffi
gP
l

gD
l

s
, then the polar

component gP
s is obtained from the square of the slope of the

regression line and the disperse component gD
s 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; other-
wise 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, span-
ning the range from a highly polar to an apolar liquid, respec-
tively. The surface free energy is calculated following OWRK
method from a series of contact angle measurements using
selected liquids with known surface tensions and correspond-
ing 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 (�2 mm 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 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 mono-
layers including roughness proles were determined by using
RSC Adv., 2016, 6, 52475–52484 | 52477
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a Multimode AFM with a Nanoscope IIIa controller (Bruker,
Billerica, USA) with a vertical engagement 125 mm scanner (JV).
Tapping mode imaging was performed under ambient condi-
tions in air, by using silicon tips (RTESP, Bruker, nom. freq. 320
kHz, nom. spring constant of 42 Nm�1) 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 AFMNanoScope
soware, version 5.12r5 and NanoScope Analysis 1.7. Rough-
ness Analysis soware option was used to performed roughness
analyses on 2 � 2, 5 � 5 and 10 � 10 mm2 imaged surface areas
for each surface. The results are presented as values of Ra – the
average surface roughness parameter dened as
Ra ¼ 1

.Ð 1
0 yðxÞdx.
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 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 ne 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 esti-
mation 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 specic size r, (length
of a square box) is rst placed at the top le 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 dened
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 dened as the mean-square deviation of the variation of
mass distribution probability Q(M, r) divided by its square
mean:
52478 | RSC Adv., 2016, 6, 52475–52484
LðrÞ ¼
P
M

M2QðM; rÞ�P
M

MQðM; rÞ
�2 (8)

where L(r) ¼ lacunarity at box size r, M ¼ mass or pixels of
interest, and Q(M, r)¼ probability ofM in box size r. Fractal and
lacunarity analysis of AFM images was accomplished using
Fraclab 2.1 and Gwyddion 2.41 soware.
3. Results and discussion
3.1 Miscibility

The analysis of p–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 corre-
sponding to the pure components are observed.40

The p–A isotherms of POPC, TO, and mixed POPC/TO
monolayers measured on subphases of water and electrolyte
are shown in Fig. 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 pres-
sure (�48 mN m�1) and aer TO collapse pressure (�12.5 mN
m�1).

However, as evident from the corresponding compressibility
curves (shown in Fig. S1 and S2 in the ESI†), it does not reect
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 irreg-
ular inhomogeneous TO patches. Thus, forming a new bulk
(three-dimensional) phase regardless of the starting composi-
tion of the mixed layer.

The corresponding pressure in the isotherm is called the
envelope pressure or envelope point, pe.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 corre-
sponding isotherms are shown in Fig. 2. The value of pe

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 nal collapse of the monolayer
which is conrmed by the analysis of the corresponding
compressibility curve provided in the ESI (Fig. S1 and S2†). Such
behaviour has been also observed in other mixed systems.41,42

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
This journal is © The Royal Society of Chemistry 2016
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Fig. 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)¼ 0.9990, R2(electrolyte)¼ 0.9947. The corresponding error
bars, i.e. the standard deviations fall within the size of the symbols
(�2%).

Fig. 1 Surface pressure–area per molecule (p–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 POPC : TO ratios 1 : 0, 5 : 1, 3 : 1, 1 : 1, 1 : 3, 1 : 5 and 0 : 1, respectively. Arrows denote the
envelope points.
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the condensed phase (as seen from the corresponding
isotherms in Fig. 1) regardless of the subphase (water or elec-
trolyte). Hence, in a mixed layer it remains as a “so” compo-
nent 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 shied toward higher pressures. Here it's worth noting
that due to the properties of TO isotherm the excess Gibbs
energy of mixing, reecting the stability of the layer, depicted in
Fig. 3 could be calculated only up to pressure of approximately
12.5 mN m�1.

At the pressure lower than that of an envelope point the
components in the monolayer mix well, while at higher pres-
sures 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-
This journal is © The Royal Society of Chemistry 2016
component domains embedded in the environment of other
single-component domains may change. This could provide the
explanation for the observed stoichiometry-dependent shi 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 pe 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 pe 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. Fig. 3), reecting 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 thermody-
namic stability of mixed monolayers. The negative values of
DGex indicate that stronger attractive interactions exist between
molecules in the mixed monolayer in comparison to the inter-
actions in one-component monolayers. Thus, the negative sign
of DGex is considered as a criterion of monolayer's stability,
while a positive value can suggest a phase separation.43,44

The excess Gibbs energies of mixed POPC/TO monolayers
formed on water and on the electrolyte subphase at various
surface pressures are shown in Fig. 3. For layers assembled on
the water subphase for the pressures bellow �5 mN m�1 the
DGex oscillates around zero for all values of TO molar fraction,
indicating that the strength of molecular interactions in the
mixed monolayer is the same as in the one-component mono-
layers. The increase of surface pressure in the loose packing
density regimes (LE and LE/LC), i.e. in the pressure range below
RSC Adv., 2016, 6, 52475–52484 | 52479
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Fig. 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
and 12.5 mN m�1 (curves 1–3, respectively).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

01
6.

 D
ow

nl
oa

de
d 

on
 5

/1
0/

20
26

 4
:1

7:
40

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the TO collapse pressure (�12.5 mN m�1), causes the DGex

values to become more negative.
This is explained by the increase in the magnitude of the

intermolecular attractive van der Waals forces that occurs with
the decreased intermolecular separation accompanying the
increase of surface pressure. The corresponding interaction
energies evaluated from excess Gibbs energy (not presented
here) show the increase of interaction energy with increase of
the pressure, justifying this explanation. Thus, for this pressure
range, POPC and TOmix and interact weakly, forming relatively
stable monolayers. The most stable mixed monolayer is ob-
tained for TO molar fraction 0.25. This composition corre-
sponds to the complex stoichiometry of POPC : TO ¼ 3 : 1.
Positive values of DGex, occurring at higher pressures (p > 12.5
mN m�1) 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 �15 mN m�1 DGex is positive irre-
spectively of the TO molar fraction.

The calculated values of DGex for the layers assembled on 0.55
M NaCl subphase are depicted in Fig. 3b. Comparison of these
values with the values of DGex obtained for mixed monolayers at
water subphase reveals signicantly higher thermodynamic
stability of layers formed on the electrolyte subphase (i.e. the
corresponding values ofDGex are several times lower), even at low
pressures, implying existence of much stronger attractive inter-
actions 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
POPCmolecules, 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�1, two orientations of the POPC head groups are
52480 | RSC Adv., 2016, 6, 52475–52484
present: one nearly parallel to the monolayer interface and
another one pointing toward the water. The conformational
variations around the 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
inuences 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
systems.45 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 DGex 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 reected in difference in corre-
sponding pe which is greatest at TO molar fraction 0.75 (cf.
Fig. 2). Here, in regard to hydration parameters of TO/POPC
mixtures it is interesting and worth noting that activity coeffi-
cient for water when plotted against TO mol fraction has dips at
0.25 and 0.75 mol fraction 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 addi-
tional 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 briey
present only the results pertinent to the matter at hand. More
details of topography analysis including the corresponding AFM
images are included in the ESI.†
This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra04926e


Fig. 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.
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All AFM images showed uniform substrate coverage with
relatively homogenous and compact monolayer. However,
analysis of corresponding roughness proles 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 ndings48 revealing
the inuence of electrostatic interactions of sodium and chlo-
ride ions positioned around lipid polar heads on the compact-
ness 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) 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 lacu-
narity.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 signicant
insight into layer topography. The results of lacunarity analysis
of pure POPC and TO layers are depicted in Fig. 4.

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 signicant indicating differences in homogeneity on that
scale, i.e. some structure at low magnication (large scale) may
look less heterogeneous than at high magnication (small
scale). In our case at scale 15 nm the difference in lacunarity is
about 40%. Signicant differences in lacunarity between TO
and POPC layers can be observed in the size range 5–45 nm. In
this range TO layer is signicantly more heterogeneous than the
POPC layer. At larger scales (>45 nm) both layers exhibit low
lacunarity corresponding to relatively homogenous structure.
The highest 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. Fig. S3 in the ESI†).
3.4 Surface free energy

SFE derives from the unsatised 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
This journal is © The Royal Society of Chemistry 2016
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 m�2, 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 rstly, 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 reected in the SFE
values of the transferred/supported layer since the SFE of
a more condensed monolayer with denser packing of hydro-
carbon 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 inuencing 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 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.

The results of SFE measurements of pure and mixed
monolayers depicted in Fig. 5 support these general conclu-
sions: total SFEs are lower than that of pure mica, pure POPC
layer has lower total SFE than TO layer and for a mixed layer
RSC Adv., 2016, 6, 52475–52484 | 52481
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Fig. 5 The total surface free energy (curves 1), and its respective polar (curves 2) and disperse (curves 3) components of pure and mixed POPC/
TOmonolayers, formed on awater (a) and on 0.55MNaCl (b) subphase and transferred onto themica 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.
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total SFE depends on mixing ratio and increases with increase
of TO molar fraction. However, the subphase used for mono-
layer assembly signicantly inuences contributions of polar
and dispersive component to the total 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 Fig. 5a. As expected the total
SFE is signicantly 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 signicant contri-
bution of dispersive component to the total SFE reects the
hydrophobic nature of such lm. Low values of total SFE for the
POPC rich monolayers also reect higher degree of condensa-
tion in these monolayers in comparison to the TO rich mono-
layers, 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 m�2, 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 assem-
bled on the NaCl electrolyte subphase are shown in Fig. 5b. In
52482 | RSC Adv., 2016, 6, 52475–52484
comparison to the layers assembled on a water subphase, for all
TO molar fractions these layers are characterized with much
lower variations and a signicantly higher total SFE due to the
high contributions coming from the polar component. 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 inuencing the
bonding potential of the layer. The inuence of the electrolyte
ions on monolayer structure and ordering discussed in para-
graph 3.3 is also apparent from the corresponding p–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 dimen-
sion than that of a layer assembled on pure water. Now, as the
relative permittivity (dielectric constant k) of a fractal structure
is not constant but rather depends on its fractal dimension57

(increase in D results in decrease of k), the fractaly induced
change in k favours electrostatic interactions over dispersive in
layers assembled on NaCl subphase, thus increasing the polar
contributions to SFE. More details on inuence of fractal
dimension on the dielectric constant is provided in the ESI.†
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
This journal is © The Royal Society of Chemistry 2016
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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 measured SFE towards the value of mica's
SFE. This is also supported by appearance of “valleys” in the
roughness prole of the corresponding AFM scanned area of
pure TO layer (cf. Fig. S3d in the ESI†). 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
(Fig. S3a†), indicating relatively smaller accessible free mica
surface within the layer. Hence, the corresponding SFE of a layer
assembled on water subphase is signicantly 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 lms. 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 compo-
nents 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 signicantly inu-
enced by the 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 m�2 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 m�2. 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 m�2 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 m�2 (ref. 26, 58–61) one may conclude
that the attained SFE tuning range could allow signicant
This journal is © The Royal Society of Chemistry 2016
modication of interfacial interactions and surface properties
of supported mixed POPC/TO lipid layers.

Results of this study should contribute to better under-
standing of the SFE tuning of supported mixed lipid lms. Also,
through the identication of inuential parameters that allow
for tailoring of the surface properties, they should help in
design of a more efficient lipid host layers for various applica-
tions including superhydrophobic low surface energy
materials.62
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and H. Christenson, Langmuir, 1997, 13, 1682–1688.

54 K. Toko and K. Yamafuji, Chem. Phys. Lipids, 1980, 26, 79–99.
55 P. Garidel and A. Blume, Chem. Phys. Lipids, 2005, 138, 50–

59.
56 K. Gong, S. S. Feng, M. L. Go and P. H. Soew, Colloids Surf., A,

2002, 207, 113–125.
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