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A B S T R A C T

We studied the surface properties of monolayers composed of polyunsaturated conjugated ethylene
glycol phospholipids (carotenoid lipids), compared the data with monolayers of dipalmitoylphospha-
tidylcholine (DPPC) to which carotenoids were added and evaluated the impact of the unsaturated glycol
lipids on monolayers with the glycerolipid DPPC. The carotenoid based glycol lipids formed monolayers
at the air/water interface. Using the Langmuir method we obtained series of pressure-area (p-A)
isotherms and determined the limiting area A per molecule of three glycol lipids, C30:9-C0

A = 42.6 � 1.4 Å2, C30:9-C2 A = 76.1 � 2.5 Å2 and C30:9-C12 A = 354.0 � 12.0 Å2 and their mixtures with
DPPC at various mole fraction X. C30:9-C0 and C30:9-C2 did not affect significantly the shape of the
isotherm, but caused their slight shift toward a lower and larger molecular area, respectively. C30:9-C12 at
mole fractions X > 0.02 affected the shape of isotherm. The compressibility modulus Cs

�1 of monolayers
depended on the surface pressure. Cs

�1 value was substantially higher for DPPC monolayers in
comparison with those of pure glycol lipids. At low surface pressure p = 5–10 mN/m and low mole
fractions X < 0.02 the glycol lipids formed complexes with DPPC; at higher surface pressure the
separation of pure components took place. The dipole potential of the monolayers composed of cationic
glycol lipids C30:9-C2 and C30:9-C12 was higher in comparison with those of zwitterionic DPPC and
C30:9-C0. This may be connected with various contributions of dipole moments of the molecules and
their orientation in the monolayer.
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1. Introduction

Biomembranes are basic cell structures with unique physical
and biochemical properties. The traditional fluid-mosaic model
proposed by Singer and Nicolson (1972) distributes lipids and
proteins randomly in the membrane. It is now evident that the
heterogene membrane components organize in clusters – the rafts
(Simons and Ikonen, 1997). The rafts are characterized by a
substantial reduction of lateral mobility induced by specific
interaction of sterols and sphingolipids (Ernst et al., 2010). Other
interacting components are carotenoids, being present in the
membranes as pigment-protein complexes. Carotenoids affect the
phase transition of phospholipids, the membrane polarity,
permeability and stability, and thus may influence physiological
phenomena (Milon et al., 1986; Gruszecki and Strzałka, 2005). The
interaction of carotenoids with model lipid membranes has
attracted an increasing interest. Lipid monolayers at the air/water
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interface represent convenient tools for studying the effect of
carotenoids on thermodynamics and mechanical properties of
membranes. So far, the interaction of phospholipids with added
carotenoids such as diketone canthaxanthin (C40:11) (Sujak et al.,
2007), diol lutein (C40:10) (Okulski et al., 2008) or hydrocarbon
b-carotene (C40:11) (Mircheva et al., 2014) has been predomi-
nantly studied. Addition of these carotenoids to DPPC affects the
thermodynamic properties of the monolayers forming ordered
complexes or aggregates controlled by the concentration or the
surface pressure of the monolayers. Recently, we have synthesized
phospholipids by reacting carotenoic acid (C30:9) with ethylene
glycol phosphatidylcholine to zwitterionic C30:9-C0; by reacting
glycol phosphatidylcholine with carotenoic acid C30:9 and
alkanols C2 (ethanol) or C12 (dodecanol) we obtained cationic
phospholipids C30:9-C2 and C30:9-C12 (Foss et al., 2005; Øpstad
et al., 2014). The monolayers of these novel lipids with incorporated
carotenoid parts may show different properties than monolayers of
DPPC with added carotenoids. Carotenoid-modified cationic glycol
phospholipids can pass the cell membrane allowing visual tracking
of siRNA delivery (Jubeli et al., 2015).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemphyslip.2016.11.007&domain=pdf
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We applied the Langmuir method to study the monolayers of
the new polyene glycol phospholipids, compared the data of DPPC
monolayers with added carotenoids and investigated the interac-
tion of the added glycol lipids to monolayers of DPPC. Based on the
pressure-area isotherm data we ascertained the formation of
tightly packed glycol lipids, glycerolipid complexes and separation
of individual components depending on lipid concentration and
the surface pressure. The presence of polyene chains in the glycol
lipids substantially affected the compressibility of the monolayers
and the dipole potential.

2. Experimental

2.1. Chemicals and formation of monolayers

Zwitterionic 1-(b-apo-80-carotenoyl)-2-phosphatidylcholine
ethane (C30:9-C0) and cationic glycol phopholipids with saturated
side chains C30:9-C2 and C30:9-C12 were synthesized as described
elsewhere (Foss et al., 2005; Øpstad et al., 2014). The structure of
the glycol phospholipids, zwitterionic glycerolphosphatidylcho-
line DPPC with C16:0 chains and canthaxanthin are presented on
Fig. 1.

DPPC from Avanti Polar Lipids (USA) was used for monolayer
preparation by spreading of a small amount (25–30 ml) of a
chloroform solution (p.a. grade) (Slavus, Slovakia) with DPPC,
glycol lipids or DPPC/glycol lipid mixtures (concentration 1 mg/ml)
using a microsyringe (Hamilton, USA) on the water subphase of the
Langmuir trough (resistance >15 MV cm, ELIX 5, Millipore, El Paso,
USA). To the DPPC lipid monolayers were added 0.002, 0.005, 0.01,
0.02 or 0.05 mol fraction of glycol lipids. Each monolayer was
allowed to equilibrate for 15 min. This time was considered
sufficient for chloroform evaporation.

Surface pressure – area (p-A) isotherms were measured using a
computer-controlled Langmuir trough 311D (NIMA Technology,
Coventry, UK) made of Teflon (volume �230 ml, the whole surface
area was 300 cm2). A Teflon-bar barrier has been used for
compressing the monolayers. The through was equipped with a
Fig. 1. Structures of zwitterionic glycol phospholipid C30:9-C0, cationic lipids C30:9
Wilhelmy plate pressure sensor NIMA PS4. All monolayers were
compressed at a constant speed (5 cm2/min). The temperature of
the subphase was maintained at 24 �1 �C by a Lauda RE206
thermostat (Köningshofen, Germany) (Vitovic et al., 2006).

2.2. Surface potential

Due to the dipole moments of zwitterionic phospholipids and
charge of cationic glycol phospholipids the potential difference,
DV, between the water subphase and the air takes place. This
surface potential difference is the sum of the changes of the Gouy-
Chapman potential, DVGC, and the dipole potential, DVD.

DV = DVGC + DVD (1)

The Gouy-Chapman potential is formed by counterions that attract
to the surface of the lipid film due to presence of charged
phospholipid head groups. The value of VGC is proportional to the
charge density of polar head groups:

DVGC (mV) = 50.8 ln [s + (s2 + 1)1/2] (2)

where s = 1,36 s/
ffiffiffi

c
p

,s is surface charge density in elementary
charges per nm2, c is the concentration of electrolyte in mol/l
(Sargent and Hianik, 1994).

The dipole potential, DVD, has more complicated nature. Its
properties have been analyzed in detailed review by Brockman
(1994):

DVD= V0 + 12p mn/A (3)

In general it is composed of area independent value V0, and area
dependent contribution arising from Helmholtz equation, where
mn is the normal component of the molecule’s dipole moment and
A is the molecular area. The equation for dipole component of
surface potential is expressed in assumption that the dielectric
constant of the medium (air) is equal 1. In fact it is necessary to
taking into account dielectric constant of hydrocarbon chains
which is around 2 (see Brockman, 1994). The surface potential DV
was measured by the vibrating plate method (Brockman, 1994)
-C2 and C30:9-C12, zwitterionic glycerophospholipid DPPC and canthaxanthin.



Fig. 2. p-A isotherms for monolayers composed of 1 – DPPC and 2 – C30:9-C0, 3 –

C30:9-C2, 4 – C30:9-C12.
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using a high sensitive electrostatic voltmeter 320C and an
electrode 3250 (Kelvin probe) (TREK Inc., USA) mounted on special
adjustable platform (NIMA). The probe was situated approx.
1.5 mm above the surface. The reference for the surface potential
DV was the pure water subphase taken as zero; DV was measured
simultaneously with the surface pressure, p, using NIMA interface
and software.

The measurement accuracy for p and DV was 1 mN/m and
1 mV, respectively. All experiments were performed in dark at
24 �1 �C and repeated at least three times to ensure reproducibili-
ty of the results.

4. Results and discussion

4.1. p-A isotherms of the monolayers

We studied the p-A isotherms of pure zwitterionic glycerolipid
DPPC, zwitterionic glycol lipid C30:9-C0, and cationic glycol lipids
C30:9-C2, C30:9-C12 and mixtures of DPPC with various mole
fractions of the glycol lipids. The amphiphilic molecules formed
monolayers at the air/water interface. The isotherms are presented
in Fig. 2. The isotherm of DPPC has the typical “bidimensional
phase transition” from liquid expanded (LE) to liquid condensed
(LC) phase. The monolyers composed of DPPC are well studied and
described in the literature (Phillips and Chapman, 1968). Briefly,
the region of a clear plateau (A = 60–80 Å2 per molecule) is
characterized by the coexistence of liquid and solid phase. Further
decrease of the molecular area resulted in the transition of the
monolayer into the solid phase. Isotherm extrapolation of the more
condensed state of the monolayer to zero pressure allowed
determining the limiting area per DPPC molecule (Table 1). The
limiting area is the minimum area that a molecule can occupy
Table 1
The limiting molecular area A and maximal compressibility Cs

�1 of monolayers compose
C30:9-C12 (Fig. 1).

C30:9-C0, C30:9-C2, C30:9-C12,
mole fraction

C30:9-C0

Limiting area,
Å2

Cs
�1,

mN/m

0 57.5 � 4.4 155.0 

0.002 59.9 � 2.4 130.6 

0.005 59.9 � 0.1 131.2 

0.01 58.9 � 1.1 123.1 

0.02 55.3 � 0.3 139.1 

0.05 61.4 � 2.7 109.4 

1 42.6 � 1.4 25.4 
before collapse occurs. The obtained value is in good agreement
with previously reported data of 56 � 4 Å2 (Sujak et al., 2007; Jurak
and Conde, 2013). The unsaturated glycol lipid monolayer
isotherms differ substantially from those of the saturated
glycerolipid DPPC. The surface pressure p monotonously increased
with decreasing of the molecular area A. No phase transitions were
observed for these monolayers. In addition, the limiting molecular
area of phospholipid monolayers in a more condensed state differ
substantially (Table 1). The area per molecule for zwitterionic
glycol lipid C30:9-C0 (A = 42.6 � 1.4 Å2) is lower in comparison with
those of zwitterionic glycerolipid DPPC. However, the presence of
saturated side chains in the glycol lipids resulted in a moderate
increase of the molecule area for C30:9-C2 and in a substantially
increase for C30:9-C12. The enlarged area can be attributed to the
effect of the side chain on the ordering of the monolayers and to
orientation changes in the glycol lipids from a perpendicular to the
parallel position at the air/water interface (see Fig. SM-1 at
Supplementary material). In addition, increased molecular area for
C30:9-C2 and C30:9-C12 in comparison with those of C30:9-C0 and
DPPC can be due to cationic nature of these glycol lipids. In contrast
with zwitterionic lipid DPPC and glycol lipid C30:9-C0 for which
the positive charge at choline group is compensated by negative
charge at phosphate connecting oxygen, for cationic glycol lipids
the presence of positive charge at choline group should result in
repulsive electrostatic forces between molecules and hence in
increasing the molecular area. The maximal compressibility
modulus Cs

�1 of the glycol lipids is substantially lower in
comparison with DPPC monolayers (see Table 1 and text below).

The monolayers prepared from mixtures of glycerolipid DPPC
and glycol lipids at relatively low mole fractions (typically below
0.05) have a shape like those of pure DPPC. The p-A isotherms for
DPPC monolayers and those of mixed monolayers of DPPC with
C30:9-C12 are presented on Fig. 3. The phase transition of DPPC is
only slightly affected by relatively low amounts of C30:9-C12 (mole
fraction below 0.05). However, at X = 0.05 of C30:9-C12 the semi-
plateau phase disappeared. Collapsing of the monolayers has been
substantially reduced and reached approx. 28 and 24 mN/m for
monolayers containing 0.05 mol fraction of glycol lipid and for
monolayers of pure C30:9-C12. For comparison the collaps pressure
of DPPC is in the range of 53 mN/m–63 mN/m (Sujak et al., 2007;
Jurak and Conde, 2013 and Wnetrzak et al., 2013, respectively).

Thus, C30:9-C12 affects the ordering of the saturated chains in
DPPC and possibly changes the orientation of C30:9-C12 molecules
parallel to the air/water interface in the mixed monolayer. It can be
also seen that at mole fraction of 0.05 C30:9-C12 the molecular area
increases. Increased free volume, change in the orientation of
C30:9-C12 together with van der Waals interactions could explain
the observed phenomena. In contrast with C30:9-C12 the glycol
lipids C30:9-C0 and C30:9-C2 had no significant effect on the shape
of p-A isotherms at the same mole fractions, however in the case of
C30:9-C0 the isotherms are shifted to lower molecular area in
d of DPPC containing various concentration of glycol lipids C30:9-C0, C30:9-C2 and

C30:9-C2 C30:9-C12

Limiting area,
Å2

Cs
�1,

mN/m
Limiting
area,
Å2

Cs
�1,

mN/m

57.5 � 4.4 155.0 57.5 � 4.4 155.0
59.9 � 0.6 183.5 56.4 � 1.6 153.6
61.7 � 2.1 143.7 59.1 � 0.9 118.9
56.5 � 1.5 159.6 63.7 � 2.1 106.0
60.1 � 1.3 152.3 66.0 � 3.0 99.8
59.3 � 0.8 126.4 85.2 � 0.2 54.3
76.1 � 2.5 18.6 354.0 � 12.0 40.4



Fig. 4. Plot of Cs
�1 as a function of surface pressure for monolayers composed of 1 –

DPPC and 2 – C30:9-C0, 3 – C30:9-C2, 4 – C30:9-C12.Fig. 3. p-A isotherms for: zwitterionic glycerolipid DPPC (1), cationic glycol lipid
C30:9-C12 (5) and mixtures containing mole fractions X = 0.002 (2), X = 0.01 (3) and
X = 0.05 (4) of C30:9-C12 in DPPC.
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comparison with those of pure DPPC and for C30:9-C2 in opposite
to larger molecular areas (see Fig. SM-2A, B at Supplementary
material).

In line with the determination of the limiting molecular area, A,
for the pure compounds we evaluated A for the glycol lipid-
glycerolipid (DPPC) mixtures. The results are presented in Table 1.
In most cases the limiting area per molecule of DPPC is only slightly
affected by glycol lipids except for adding a 0.05 mol fraction of
C30:9-C12 to DPPC, which significantly increased A.

4.2. Compressibility modulus of the monolayers

The compressibility modulus Cs
�1 characterizes the mechanical

properties of monolayers (Capuzzi et al., 2000):

Cs
�1 = �A (dp/dA) (4)

The range Cs
�1 = 0–12.5 mN/m refers to the gas phase of the

films, Cs
�1 = 12.5–50 mN/m expresses liquid – expanded (L-E) films,

Cs
�1 = 100–250 mN/m represents the liquid � condensed (L-C)

films and Cs
�1 > 250 mN/m is typical for solid films (Capuzzi et al.,

2000). The obtained values for Cs
�1 ascertained the condensed

state of the monolayers. The value Cs
�1 should depend on the

surface pressure of the monolayer (Wnetrzak et al., 2013). We
therefore constructed plot of Cs

�1 vs. surface pressure for all
monolayers studied (Fig. 4). As it can be seen the values Cs

�1 have
maximum at more condensed state of the monolayers. The
maximal Cs

�1 values have been therefore taking for comparison of
the monolayer mechanical properties and are listed in Table 1.
From this figure it can be also seen clearly expressed non-linear
behavior of Cs

�1 at the transition region of DPPC (surface pressures
between 5 and 10 mN/m), that is not observed for glycol lipids (see
also Fig. SM-3 at Supplementary material). Thus the values Cs

�1

presented at Table 1 give information about monolayers packing at
their condensed state. From Table 1 it can be seen that the
compressibility modulus Cs

�1 = 155.0 mN/m of pure DPPC (first
row, 0 mol fraction) is substantially higher in comparison with Cs

�1

of pure C30:9-C0, C30:9-C2 and C30:9-C12. The value of Cs
�1 for

DPPC is lower in comparison with those reported in paper by Jurak
and Conde (2013). However, it is still in the range typical for L-C
phase (Capuzzi et al., 2000; Duncan and Larson, 2008). Lower
lateral ordering of the glycol lipids in comparison with glycerolipid
monolayers of DPPC is a probable reason. The compressibility of
the DPPC/glycol lipid mixtures depended on the type of the glycol
lipid. We therefore constructed also representative plots of Cs

�1 vs.
surface pressure for all mixtures of DPPC and glycol lipids. These
dependences are presented on Fig. SM-3 of Supplementary
material. We have observed that in general the presence of glycol
lipids already at small mole fraction resulted decrease of the
compressibility modulus Cs

�1. Only exception is an increase of Cs
�1

for cationic C30:9-C2 at X = 0.002 involving condensation effects of
this glycol lipid on the physical state of the monolayer. The
substantial decrease of Cs

�1 for monolayers composed of pure
cationic glycol lipids indicates a possible parallel orientation of
these lipids on the water subphase. It also can not be excluded that
pure components of glycol lipids in mixed monolayers are in
different phase state in comparison with DPPC. For example DPPC
can be in LC, but glycol lipids in LE state. LE state is characterized by
randomly oriented aliphatic chains, while in LC state these chains
are uniformly oriented relatively to the monolayer surface and
compactly packed.

The compressibility modulus reflects the strength of intermo-
lecular interaction between DPPC and glycol lipids. As it can be
seen from Table 1, the highest values of compressibility modulus
were obtained for mixed monolayers containing C30:9-C2. It would
be interesting to perform analysis of the strength of these
interactions depending on the type of glycol lipid used. Theory
in molecular interaction in the DPPC monolayers has been
developed earlier (see for example Nagle (1976)). Detailed
description of molecular interactions in mixed DPPC-glycol lipid
monolayers requires special consideration and is out of the scope
of this manuscript. However, we performed simple analysis of
these interactions based on van der Waals equation for real gases.
This analysis is presented in Supplementary material. Surprisingly
good correlation between changes of the correction factor a, that is
responsible for intermolecular interactions and the behavior of
compressibility modulus especially for mixed monolayers com-
posed of DPPC and C30:9-C2 was obtained.

4.3. Surface potential of the monolayers

Simultaneously with the measurement of the surface pressure
p we determined the surface potential V. The dipolar part of this
potential (VD) allows the characterization of orientation changes in
molecular dipoles during compression of the monolayer. Fig. 5
shows the plot of surface potential vs. molecular area for
monolayers composed of DPPC and glycol lipids.

It can be seen that the surface potential of cationic glycol lipids
is higher in comparison with those of zwitterionic DPPC and C30:9-
C0. As we mentioned above, the zwitterionic lipids and cationic
glycol lipids differ substantially in the contribution into the surface
potential. For zwitterionic lipids the surface charge density is close
to zero due to compensation of positive charges at choline groups
with negative charges at oxygen of phosphate group of the lipids.
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Therefore the Gouy-Chapman potential for zwitterionic lipids is
closely to zero and whole surface potential is determined mainly
by its dipole component, i.e. dipole potential. However, because
the measurements of the potential has been performed in a pure
water subphase, the contribution of Gouy-Chapman component to
the surface potential is negligible also for cationic glycol lipids and
whole surface potential is determined by its dipole value. The
dipole potential and dipole moments at the limiting molecular area
for DPPC and glycol lipids as well as other important parameters of
the monolayers (limiting molecular area and compressibility
modulus, Cs

�1) are showed in Table 2. The dipole potential for
DPPC monolayer is in good agreement with those published earlier
for zwitterionic phospholipids (Brockman, 1994; Wang, 2012). The
dipole arising from the charge separation in polar head groups of
zwitterionic phospholipids contributes substantially to the value
of dipole potential.

However, also dipoles of terminal methyl groups CH3 as well as
side CH2 groups in the case of tilted chains can contribute to this
value. For example around 9 mV/CH2 can contribute to the dipole
potential as it has been estimated earlier for tilted hydrocarbon
chains of zwitterionic lipids (Brockman, 1994). However, Vogel and
Mobius (1988) suggested that the dipole potential of zwitterionic
phospholipids is mostly due to the contribution of terminal CH3

groups of aliphatic chains. In addition, also the dipoles of
structured water that hydrate the polar region of the monolayer
can contribute to the DVD value too (see Brockman, 1994 for
detailed description). Thus full consensus in the various contri-
butions to the dipole potential is missing. According to Peterson
et al. (2002) the Helmholtz term in Eq. (3) can be written as: 12p
(m1 + m2 + m3)/A, where m1, m2 and m3 are normal components of
the dipole moments corresponding to water polarization, polar
head groups of phospholipids and CH2 bonds of aliphatic chains,
respectively. Possible distribution of dipole moments in phospho-
lipid monolayer at an air-water interphase is shown on Fig. 6.
Table 2
Dipole potential, DVD, normal component of dipole moment, mn, at limiting
molecular area, limiting molecular area, A, and maximal value of compressibility
modulus, Cs

�1, of the monolayers for DPPC and for glycol lipids studied.

Monolayer composition DVD, mV mn, D Limiting area, Å2 Cs
�1,

mN/m

DPPC 480.0 0.73 57.5 � 4.4 155.0
C30:9-C0 360.0 0.38 42.6 � 1.4 25.4
C30:9-C2 550.0 1.60 76.1 � 2.5 18.6
C30:9-C12 628.0 5.9 354.0 � 12.0 40.4
Decrease of the dipole potential for C30:9-C0 can be attributed
by replacement of methyl group by aromatic ring at the terminal
side of this glycol lipid as well as by lack of CH2 groups. At the same
time, the increase of dipole potential for cationic glycol lipids is
evidence of increased values of normal component of dipole
moments together with appearance of dipoles arising from side
CH2 groups. The detailed analysis is, however, rather difficult due
to complicated nature of various contributions into the dipole
potential of amphiphilic molecules in a monolayer. Sharp increase
of dipole potential at the collapse region of phospholipid
monolayers has been reported earlier by Morgan et al. (1988)
and has been attributed to the increased lateral proton conductiv-
ity in the monolayers.

4.4. Miscibility of mixed DPPC-glycol lipid monolayers

A more detailed insight into the miscibility of monolayer
components can be obtained by calculating the excess area as
compared to the ideal mixing. For a given surface pressure the
expression for excess area is according to Maget-Dana (1999) given
by equation:

A12 = XA1 + (1–X)A2 (5)

where A1 and A2 are the molecular areas of C30:9-Cn and DPPC,
respectively. A12 is the average area per molecule of the mixed
monolayer and X is the mole fraction of the glycol lipid. In the case
of ideal miscibility, the plot of A12 vs. X should be a straight line
connecting the values of mean molecular areas of pure compo-
nents. Negative deviation from ideal miscibility indicates conden-
sation of the components, i.e. formation of DPPC glycol lipid
complexes due to the attractive forces between components. In
contrast, positive deviation can be related to the expansion of the
Fig. 6. Schematic representation of the origin of the dipole moments of the
zwitterionic phospholipids in a monolayer. The normal components of dipole
moments perpendicular to the water subphase m1, m2 and m3 corresponds to the
water polarization, polar head groups and CH2 groups of aliphatic chains,
respectively. The size of molecules is not in scale.
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components due to repulsive forces between them (Vitovic et al.,
2006).

In order to analyze the properties of the glycol lipids in
monolayers of DPPC we constructed the plot of the mean
molecular area vs. mole fraction of glycol lipids at different surface
pressures: p = 5, 10, 15 and 20 mN/m (Fig. 7). The ideal miscibility
of C30:9-C0 containing monolayers was achieved at X � 0.005 mol
fraction. Above this value, underadditivity was observed which
suggest the formation of DPPC – C30:9-C0 complexes. C30:9-C2 in
most cases lead to a positive deviation of the area per molecule
from ideal miscibility, initiated the repulsion between C30:9-C2

and DPPC molecules in the monolayer. However for X = 0.01 of
C30:9-C2 and at relatively low surface pressure p = 5 mN/m a
negative deviation appeared, which implies the formation of
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Fig. 7. The plot of the area per molecule as a function of the mole fraction X of C30:9-C0, C
correspond to theoretically derived cases of the ideal miscibility of C30:9-Cn with DPP
complexes between DPPC and C30:9-C2. Interestingly, for this mole
fraction (X = 0.01) we also observed a minimal area per molecule
for monolayers composed of the DPPC/C30:9-C2mixtures (Table 1).
At this surface pressure the lipid hydrophobic chains may interact
favorably with the hydrophobic part of C30:9-C2. For mole fraction
0.01 of C30:9-C2 we observed the increase of the compressibility
modulus Cs

�1, which is an additional evidence for well-ordered
molecular layers. An anomaly for X = 0.01 C30:9-C2 in DPPC is also
visible at higher surface pressure p = 15 and p = 20 mN/m. For
these pressures the mean molecular area is close to the ideal
miscibility of this two-component system. The ideal miscibility
means that the molecules behave similarly both in pure and in a
mixed monolayer. The behavior of C30:9-C12 in mixed monolayers
also depends on the surface pressure. At low surface pressure p = 5
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mN/m underadditivity was observed for all mole fractions of
C30:9-C12 in DPPC. With increased surface pressure (10 and 15 mN/
m) the superadditivity appeared at X = 0.05 suggesting possible
repulsion between the components. At this mole fraction also
molecular area was significantly higher in comparison with pure
DPPC. Considering substantially larger molecular area of pure
component of C30:9-C12 in comparison with DPPC we can suggest
that certain part of the glycol lipids changed orientation from
perpendicular or tilted relative to the monolayer surface to the
parallel orientation.

Similar conclusion has been raised also by Sujak et al. (2007) in
the study of the mixed monolayers of DPPC and cantaxanthin. A
positive deviation of molecular area from ideal miscibility was
observed and explained by different orientation of cantaxanthin
molecules in monolayers where certain fractions of the molecules
can maintain horizontal and other vertical orientations (Milon
et al., 1986). The glycol lipid molecules could orientate horizontally
by interaction of the polyene chains with the zwitterionic groups of
DPPC.

A possible interplay between horizontal and vertical orienta-
tion of the glycol lipids is supported by compressibility modulus of
the mixed monolayers. The value Cs

�1 started to decrease at mole
fraction X = 0.02 and at 0.05 is close to the compressibility modulus
of pure C30:9-C12 component. It is also interesting to look at the
effect of glycol lipids on the phase transition of DPPC. As it can be
seen from Fig. SM-3C in Supplementary material with increased
mole fraction of C30:9-C12 the transition from LE to LC phase is
moved toward higher surface pressures. This means that larger
force is required for transition of aliphatic chains from less ordered
state (LE) to well ordered state (LC). Similar behavior has been
observed also for mixed monolayers of DPPC and C30:9-C2 glycol
lipids but only starting from mole fraction X = 0.02. However, for
mixed monolayers of DPPC and C30:9-C0 the transition region of
DPPC has been shifted to lower surface pressures with increased
mole fraction of this glycol lipid.

It is also interesting to compare limiting molecular area of
glycol lipids studied with those obtained for cantaxanthin. At
similar conditions (pure water subphase), the mean molecular area
of cantaxanthin was A = 68 �4 Å2 (Milon et al., 1986), a lower value
was observed for C30:9-C0: A = 42.6 �1.4 Å2, higher values for
C30:9-C2: A = 76.1 � 2.5 Å2 and C30:9-C12: A = 354.0 � 12.0 Å2 (Ta-
ble 1). The larger mean molecular area for C30:9-C2 is determined
by the phosphocholine group in combination with the short
hydrocarbon chain, which deviates from the main axis of the
molecule formed by the cyclohexene rings (Foss et al., 2005).
Substantial increase of the molecular area for C30:9-C12 could arise
by a parallel orientation of the glycol lipid relatively to the water
subphase. In contrast, the lower molecular area for glycol lipid
C30:9-C0 is similar to the molecular area of a vertically oriented
carotenoid modified C30:9-lysoglycerophospholipid on the water
surface (Foss et al., 2005), lysoglycerolipids lacking one hydrocar-
bon chain compared to DPPC (Eibl et al., 1969; Wnetrzak et al.,
2013).

6. Conclusions

Polyene glycol phospholipid monolayers are different from
DPPC glycerolipid monolayers. The difference is accentuated by the
absence or presence of saturated chains connected to the
phosphate group. The size of the limiting molecular area of
glycerolipid DPPC with two C16-saturated chains (A = 58 Å2) is
found exactly between the area of glycol lipid C30:9-C0 and C30:9-
C2. The molecular area of C30:9-C0 stands for a vertical orientation
of the molecule at the water surface, the areas of DPPC and C30:9-
C2 indicate tilted molecules, the large area of C30:9-C12 points to
horizontally lying molecules on the water surface. At low surface
pressure p = 5-10 mN/m and low mole fractions X < 0.02 the glycol
lipids formed complexes with DPPC; at higher surface the
separation of pure components took place. The glycol lipids affect
substantially the mechanical properties of lipid films and caused
the increase of compressibility moduli Cs

�1, signifying a high
rigidity of mixed glycerolipid (DPPC) � glycol lipid monolayers. The
rigidity of mixed DPPC – C30:9-Cn monolayers implies a
reinforcement of phospholipid layers with carotenoid moieties,
similar to previously described membrane stabilizing effects of
carotenoids (Milon et al., 1986). However, decrease of compress-
ibility modulus for mixed DPPC/C30:9-Cn monolayers starting at
mole fraction X > 0.01 suggest changes of orientation of the glycol
lipids from vertical to horizontal in respect of the monolayers
surface.

Conflict of interest

We disclose any actual or potential conflict of interest that could
influence our work.

Acknowledgements

This work was supported by Stipend program EEA Slovakia –

institutional collaboration between high education institution
(project No. SK06-IV-01-005), by the Slovak Research and
Development Agency (project No. APVV-14-0267) and by Science
Grant Agency VEGA (project No. 1/0152/15). T. Hianik acknowl-
edges support from the European Union’s Horizon 2020 research
and innovation program under the Marie Sklodowska-Curie grant
agreement No. 690898.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
chemphyslip.2016.11.007.

References

Brockman, H., 1994. Dipole potential of lipid membranes. Chem. Phys. Lipids 73, 57–
79.

Capuzzi, G., Fratini, E., Pini, F., Baglioni, P., Casnati, A., Teixeira, J., 2000. Counterion
complexation by calixarene ligands in cesium and potassium dodecyl micelles.
A small angle neutron scattering study. Langmuir 16, 188–194.

Duncan, S.L., Larson, L.G., 2008. Comparing experimental and simulated pressure-
area isotherms for DPPC. Biophys. J. 94, 2965–2986.

Eibl, H., Demel, R.A., van Deenen, L.L.M., 1969. Monolayers of lysolecithins and
analogs. J. Colloid Interface Sci. 29, 381–387.

Ernst, A.M., Contreras, F.X., Brügger, B., Wieland, F., 2010. Determinants of specificity
at the protein–lipid interface in membranes. FEBS Lett. 584, 1713–1720.

Foss, B.J., Sliwka, H.-R., Partali, V., Nalum Naess, S., Elgsaeter, A., Melø, T.-B., Naqvi, K.
R., 2005. Hydrophilic carotenoids: surface properties and aggregation behavior
of a highly unsaturated carotenoid lysophospholipid. Chem. Phys. Lipids 134,
85–96.

Gruszecki, W.I., Strzałka, K., 2005. Carotenoids as modulators of lipid membrane
physical properties. Biochim. Biophys. Acta 1740, 108–115.

Jubeli, E., Raju, L., Khalique, N.A., Bilchuk, N., Zegel, C., Chen, A., Lou, H.H., Opstad, C.
L., Zeeshan, M., Sliwka, H.-R., Partali, V., Leopold, P.L., Pungente, M.D., 2015.
Polyene-based cationic lipids as visually traceable siRNA transfer reagents. Eur.
J. Pharm. Biopharm. 89, 280–289.

Jurak, M., Conde, J.M., 2013. Characterization of the binary mixed monolayers of
a-tocopherol with phospholipids at the air-water interface. Biochim. Biophys.
Acta 1828, 2410–2418.

Maget-Dana, R., 1999. The monolayer technique: a potential tool for studying the
interfacial properties of antimicrobial and membrane-lytic peptides and their
interactions with lipid membranes. Biochim. Biophys. Acta 1462, 109–140.

Milon, A., Wolff, G., Ourisson, G., Nakatani, Y., 1986. Organization of carotenoid-
phospholipid bilayer systems. Incorporation of zeaxanthin, astaxanthin, and
their C50 homologues into dimyristoylphosphatidylcholine vesicles. Helv.
Chim. Acta 69, 12–24.

Mircheva, K., Gonnet, M., Balashev, K., Ivanova, Tz., Bouryb, F., Panaiotov, I., 2014.
Properties of b-carotene and retinoic acid in mixed monolayers with
dipalmitoylphosphatidylcholine (DPPC) and Solutol. Colloids Surf. A 460, 209–
218.

http://dx.doi.org/10.1016/j.chemphyslip.2016.11.007
http://dx.doi.org/10.1016/j.chemphyslip.2016.11.007
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0005
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0005
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0010
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0010
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0010
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0015
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0015
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0020
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0020
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0025
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0025
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0030
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0030
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0030
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0030
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0035
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0035
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0040
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0040
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0040
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0040
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0045
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0045
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0045
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0050
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0050
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0050
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0055
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0055
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0055
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0055
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0060
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0060
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0060
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0060


20 T. Hianik et al. / Chemistry and Physics of Lipids 202 (2017) 13–20
Morgan, H., Taylor, D.M., Oliveira Jr, O.N., 1988. Two-dimensional proton conduction
at a membrane surface: influence of molecular packing and hydrogen bonding.
Chem. Phys. Lett. 150, 311–314.

Nagle, J.F., 1976. Theory of lipid monolayer and bilayer phase transitions: effect of
headgroup interactions. J. Membr. Biol. 27, 233–250.

Okulski, W., Sujak, A., Gruszecki, W.I., 2008. Dipalmitoylphosphatidylcholine
membranes modified with carotenoid pigment lutein: experiment versus
Monte Carlo simulation study of the membrane organization. Biochim. Biophys.
Acta 1778, 2105–2118.

Øpstad, C.L., Zeeshan, M., Zaidi, A., Sliwka, H.-R., Partali, V., Nicholson, D.G., Surve, C.,
Izower, M.A., Bilchuk, N., Lou, H.H., Leopold, P.L., Larsen, H., Liberska, A.,
Khalique, N.A., Raju, L., Flinterman, M., Jubeli, E., Pungente, M.D., 2014. Novel
cationic polyene glycol phospholipids as DNA transfer reagents – lack of a
structure-activity relationship due to uncontrolled self-assembling processes.
Chem. Phys. Lipids 183, 117–136.

Peterson, U., Mannock, D.A., Lewis, R.N.A.H., Pohl, P., McElhaney, R.N., Pohl, E.E.,
2002. Origin of membrane dipole potential: contribution of the phospholipid
fatty acid chains. Chem. Phys. Lipids 117, 19–27.

Phillips, M.C., Chapman, D., 1968. Monolayer characteristics of saturated 1,2-diacyl
phosphatidylcholines (lecithins) and phosphatidylethanolamines at the air-
water interface. Biochim. Biophys. Acta 163, 301–313.

Sargent, D.F., Hianik, T., 1994. Comparative analysis of the methods for
measurement of membrane surface potential of planar lipid bilayers.
Bioelectrochem. Bioenergy 33, 11–18.
Simons, K., Ikonen, E., 1997. Functional rafts in cell membranes. Nature 387, 569–
572.

Singer, S.J., Nicolson, G.L., 1972. The fluid mosaic model of the structure of cell
membranes. Science 175, 720–731.

Sujak, A., Gagos, M., Serra, M.D., Gruszecki, W., 2007. Organization of two-
component monomolecular layers formed with
dipalmitoylphosphatidylcholine and the carotenoid pigment canthaxanthin.
Mol. Membr. Biol. 24, 431–441.

Vitovic, P., Nikolelis, D.P., Hianik, T., 2006. Study of calixresorcinarene-dopamine,
1758 resorcinarene-dopamine complexation in mixed phospholipid
monolayers formed at the air-water interface. Biochim. Biophys. Acta 1758,
1852–1861.

Vogel, V., Mobius, D., 1988. Local surface potentials and electric dipole moments of
lipid monolayers: contributions of the water/lipid and the lipid/air interfaces. J.
Colloid Interface Sci. 126, 408–420.

Wang, L., 2012. Measurements and implications of the membrane dipole potential.
Ann. Rev. Biochem. 81, 615–635.

Wnetrzak, A., Latka, K., Dynarowicz-Latka, P., 2013. Interactions of
alkylphosphocholines with model membranes – the Langmuir monolayer
study. J. Membr. Biol. 246, 453–466.

http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0065
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0065
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0065
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0070
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0070
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0075
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0075
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0075
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0075
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0080
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0080
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0080
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0080
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0080
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0080
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0085
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0085
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0085
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0090
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0090
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0090
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0095
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0095
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0095
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0100
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0100
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0105
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0105
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0110
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0110
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0110
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0110
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0115
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0115
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0115
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0115
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0120
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0120
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0120
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0125
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0125
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0130
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0130
http://refhub.elsevier.com/S0009-3084(16)30185-2/sbref0130

	Surface properties of polyene glycol phospholipid monolayers
	1 Introduction
	2 Experimental
	2.1 Chemicals and formation of monolayers
	2.2 Surface potential

	4 Results and discussion
	4.1 π-A isotherms of the monolayers
	4.2 Compressibility modulus of the monolayers
	4.3 Surface potential of the monolayers
	4.4 Miscibility of mixed DPPC-glycol lipid monolayers

	6 Conclusions
	Conflict of interest
	Acknowledgements
	Appendix A Supplementary data
	References


