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In this work, the interaction between a synthetic analog of archaeal lipids and cholesterol was studied using
Langmuir technique. The lipid, β-Mal3O(C16+4)2, contained phytanyl chains attached via two ether bonds to
the sn-2 carbon of the glycerol backbone. The preliminary studies showed that monolayers formed with the
pure lipid have a liquid-like character; here, a hypothesis that admixing cholesterol to β-Mal3O(C16+4)2 could
confer a higher rigidity on the films was tested.
To check this proposal, two-dimensional miscibility of cholesterol and β-Mal3O(C16+4)2 in monomolecular
films was studied using surface pressure and surface potential measurements, as well as Brewster angle
microscopy and polarization-modulation infrared reflection absorption spectroscopy. The stability of the
monomolecular films was evaluated based on thermodynamics of mixing of cholesterol and β-Mal3O(C16+4)2.
Atomic level information concerning the orientation of molecules and the degree of hydration of polar
headgroups was obtained from molecular dynamics simulations.
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1. Introduction

Since 1962, when a diether-linked lipid from Halobacterium
cutrirubrum was first described, over 100 ether-based phospho-,
glyco- and phosphoglycolipids have been identified in various archaea
[1]. The diether lipids are found in almost all archaea, whereas the
tetraether structures, termed caldarchaeols and calditoglycerocal-
darchaeols, are found only in methanogenic, thermophilic and
psychrophilic archaea [2]. Archaeal lipids [3,4] and their analogs are
interesting for different applications, [5–8] such as novel delivery
systems of drugs and vaccines, matrices for reconstitution of labile
membrane proteins, and for crystallization of membrane proteins [9].
Polar glycerolipids make up the bulk of the archaebacteria membrane
lipids, with the remaining neutral lipids being primarily squalenes
and other hydrocarbons [10]. The polar lipids contain regularly
branched, and usually fully saturated 3,7,11,15-tetramethylhexadecyl
(phytanyl) chains [11,12] of 20, 25, or 40 carbon length, with the 20
and 40 being most common. The phytanyl chains are attached via
ether bonds to the sn-2 and sn-3 carbons of the glycerol backbone. The
highly branched hydrophobic groups of these lipids are different from
those of other organisms. Indeed, most membrane lipids bear two
linear hydrocarbon chains of variable length and degree of unsatura-
tion, ester-linked to a glycerol group which third hydroxyl is linked to
a polar residue. It is supposed that the phytanyl-based lipids play
important physiological roles in maintaining membrane functions
under harsh environmental conditions [11–13]. The higher chemical
stability, conformational rigidity and pressure tolerance make
archaeal ether lipid membranes better suited to extreme environ-
ments than the ester-linked lipids found in bacterial or eukaryal
membranes [14].

It has been shown recently that polar archaebacterial lipids form
liposomes. In general, archaea liposomes (archaeosome) demonstrate
relatively higher stabilities to oxidative stress, high temperature,
alkaline pH, action of phospholipases, bile salts, and serum proteins
compared to their phosphoglyceride counterparts [7]. On the other
hand, the fact that the human body is constantly exposed to archaeal-
like lipids suggests that archaeosomes can be used as safe pharma-
ceutical adjuvants suitable for humans [6].

Because extraction and fractionation of archaeal lipids from cell
membranes in large amounts are difficult, chemically pure archaeal
lipid analogs are often synthesized [8]. A new class of stereochemically
pure nonionic phytanyl-chained glycolipids has been prepared as
model archaeal diether lipids, namely 1,3-di-O-phytanyl-2-O-(β-
glycosyl)-glycerols bearing maltooligosaccharide headgroups,
β-MalNO(Cp+q)2, where N represents the number of glucose residues
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in the headgroup, p is number of carbon atoms in the main chain and q
is number ofmethyl groups, respectively; consequently, the 3, 7, 11, 15-
tetramethylhexadecyl (phytanyl) group is denoted as C16+4 [14–16]. It
can be expected that in physiological conditions the 1,3-ether de-
rivativeswould be less susceptible to undergo degradation compared to
the natural 1,2-ethers. A sugar headgroup was chosen rather than
phosphocholine one, because sugars are known to stabilize the native
structure of proteins [17].

The fluidity of lipid membranes based on diether structures can be
readily controlled through thenumber of phytanyl chains (1 or 2) ether-
linked to the glycerol unit, the macrocyclization of the lipid chains and
the presence of glycosidic polar heads. In particular, the glycolipids form
strong intermolecular hydrogen bonds, resulting in a decrease of the
lateralmobility of themolecules and, consequently, in a lowerfluidity of
the membranes [5]. On the other hand, the properties of lipid matrices
can be fine tuned by admixing various components. The preliminary
studies showed that the β-Mal3O(C16+4)2 monolayers have a liquid-
like character [18]. It was observed previously that cholesterol increases
the orientational order of the phospholipid hydrocarbon chains and
induces a condensing effect in mixed phospholipid/CHOL [19,20] and
glycolipid/CHOL [21] monolayers at the air/water interface. Here, a
hypothesis that admixing cholesterol to β-Mal3O(C16+4)2 could confer
a higher rigidity on the films was tested.

A better knowledge of the interaction between the archaea-like
lipids and cholesterol may be useful for preparing mixed lipid systems
with controlled microstructure for defined applications. Adjusting
fluidity and permeability of liposomes and other types of bilayers may
be important in drug delivery systems. Compared to lipid membranes
in the form of bilayers, lipid monomolecular films (Langmuir films)
are readily amenable to study via a rich variety of experimental
techniques. Here, the two-dimensional miscibility of cholesterol and
β-Mal3O(C16+4)2 in monomolecular films was studied using surface
pressure and surface potential measurements, as well as Brewster
angle microscopy (BAM) and PM-IRRAS. The results obtained are
discussed in the light of a nonideal behavior of the mixtures. The
stability of the monomolecular films was evaluated based on
thermodynamics of mixing of cholesterol and β-Mal3O(C16+4)2.
Atomic level information concerning the orientation of molecules
and the degree of hydration of polar headgroups was obtained from
molecular dynamics simulations.

2. Materials and methods

2.1. Materials and reagents

The synthesis and characterization of 1,3-di-O-phytanyl-2-O-(β-D-
maltotriosyl)-glycerol, β-Mal3O(C16+4)2, were described previously
[14]. The purity of β-Mal3O(C16+4)2 estimated by NMR and TLC was
above 96%. Synthetic cholesterol (CHOL) (~99% pure) and chloroform
(99.9% pure) were from Sigma-Aldrich. β-Mal3O(C16+4)2 and CHOL
were dissolved in chloroform to achieve a final concentration of
0.5 mg mL−1. The stock solutions of β-Mal3O(C16+4)2 and CHOLwere
used for preparing 0.2, 0.4, 0.5, 0.6, and 0.8 β-Mal3O(C16+4)2/CHOL
mol fraction mixtures. The lipid solutions were stored at 4 °C. The
distilled water was purified with a Millipore Milli-Q system, yielding a
resistance of 18 MΩ cm and surface tension of 72.8 mN m−1 at 20 °C.

2.2. Compression isotherms and Brewster angle microscopy

The surface pressure–area (Π-A) isotherms were carried out with
a KSV 2000 Langmuir balance (KSV Instruments, Helsinki). The
isotherms were measured for pure lipid monolayers, as well as their
various mixtures. The surface pressure was monitored using a
platinum Wilhelmy plate. Surface potential (ΔV) was measured
with a KSV Spot 1 (KSV Instruments, Helsinki) using a vibrating
plate and a stainless steel counter electrode. The thermostated
Teflon® trough of the effective film area of 765 cm2 was equipped
with two hydrophilic Delrin® barriers (symmetric compression).
Before each measurement, the subphase surface was cleaned by
sweeping and suction. The stability of the surface potential signal was
checked before each experiment, after cleaning the water subphase.
After the ΔV signal had reached the constant value it was zeroed, and
the film was spread on the subphase. The lipid solutions were spread
with a Hamilton syringe on the free surface of water and left for
15 min to allow solvent evaporation and to reach an equilibrium state
of the monolayer. All isotherms were recorded upon symmetric
compression of the monolayer at a constant barrier speed of 2.5 Å2

molecule−1 min−1. In the case of binary mixtures, the surface
pressure was plotted against the mean molecular area, obtained by
dividing the total surface area by the number of lipidmolecules spread
on the surface. For each monolayer composition, measurements were
repeated at least 3 times. TheΠ-A and ΔV-A isotherms were recorded
at 20±0.1 °C. The standard deviation obtained from compression
isotherms was±0.5 Å2 on molecular area (A), ±0.2 mN m−1 on
surface pressure and±0.01 V on surface potential.

The compression isotherms allowed determining the compress-
ibility modulus, CS−1, [22] as:

C−1
S = −A ∂Π=∂AÞT:

� ð1Þ

The collapse parameters, ΔVcoll, Πcoll and Acoll, corresponding to
the highest packing of molecules in the monolayer were determined
from the maximum of CS−1 value. The excess free enthalpy of mixing,
ΔGex, [23,24] was calculated from Π-A isotherms using the following
formula:

ΔGex = ∫
Π

0

A12− X1A1 + X2A2ð Þ½ �dΠ ð2Þ

where A12 is the mean molecular area in the mixed monolayer at a
given surface pressure, A1 and A2 are the mean molecular areas of the
pure components 1 and 2 at the same surface pressure, and X1 and X2

are the mole fractions of the two lipid components in the mixed film.
The morphology of the films was imaged with a computer-

interfaced KSV 2000 Langmuir balance combined with a Brewster
anglemicroscope (KSV Optrel BAM300, Helsinki). The Teflon® trough
dimensions were 6.5 cm×58 cm×1 cm; other experimental condi-
tions were as described above.

2.3. Polarization-modulation infrared reflection-absorption spectroscopy

The PM-IRRAS spectra of β-Mal3O(C16+4)2, CHOL and mixed
β-Mal3O(C16+4)2/CHOL monolayers of 0.2 and 0.8 mol fraction of
CHOL spread on pure water subphase were registered at 20 °C. The
Teflon® trough dimensions were 36.5 cm×7.5 cm×0.5 cm; other
experimental conditions were as described in the preceding para-
graph. The PM-IRRASmeasurements were performed using a KSV PMI
550 instrument (KSV Instruments Ltd, Helsinki, Finland). The PMI 550
contains a compact Fourier Transform IR-spectrometer equipped with
a polarization-modulation (PM) unit on one arm of a goniometer, and
a MCT-detector on the other arm. The incident angle of the light beam
can be freely chosen between 40°–90°; here, the incident angle was
79°. The spectrometer and the PM-unit operate at different frequen-
cies, allowing separation of the two signals at the detector. The PM
unit consists of a photoelastic modulator, which is an IR-transparent,
ZnSe piezoelectric lens. The incoming light is continuously modulated
between s- and p-polarization at a frequency of 74 kHz. This allows
simultaneous measurement of spectra for the two polarizations, the
difference providing surface specific information, and the sum
providing the reference spectrum. As the spectra are measured
simultaneously, the effect of water vapor is largely reduced. In the
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mid-IR region, the wavenumber at which the half-wave retardation
takes place can be freely selected. Here, the maximum of PEM
efficiency was set either to 1500 or to 2900 cm−1 for analyzing the
different regions of the spectra. The spectral range of the device is
800–4000 cm−1 and the resolution is 8 cm−1.
2.4. Computational details

The simulation setup included awater slab bounded by two vacuum
slabs. Two symmetric monolayers, each composed of 100 molecules,
were placed at the vacuum/water interfaces. Pure CHOL and β-Mal3O
(C16+4)2 monolayers, as well as, mixed β-Mal3O(C16+4)2/CHOL
monolayers were investigated. 0.2 or 0.8 CHOL mole fraction, the
same at both interfaces, was considered. Molecular dynamics (MD)
calculations were carried out using NAMD2 package [25] and
CHARM27 force field [26] including a rigid TIP3 water molecule [27].
The simulation was performed under constant number of particles (N),
constant temperature (T), constant normal pressure (pN), and constant
surface tension (γ): NpNγT ensemble [28]. Three dimensional boundary
conditions were used. Depending on the system, the length of the
simulation box normal to the monolayer (z-axis) was changed from
200 to 310 Å. Such length in this direction guaranteed that the
interaction between periodic replicas was negligible. Accordingly, the
thickness of the water slab changed from 50 to 90 Å. This variation was
connected with the size of the hydrophilic part of β-Mal3O(C16+4)2. It
was demonstrated that the presence of at least 20 Å thick slab of water
guarantees the independence of two monolayers, [29] therefore, the
water slab used in the current study should simulate the condition of
monolayer experiment. The adequacy of the assumed symmetricmodel
for describing monolayer film at water/air interface was confirmed by
many research groups [30–34].

Particle-mesh Ewald method was used to calculate the electro-
static energy (1 Å grid spacing for three-dimensional fast Fourier
transform) [35]. The cutoff for van derWaals interactionswas equal to
12 Å. The initial configuration of all systems was obtained after 20 ps
NVT simulation. The NpNγT simulations with 2 fs time steps were
carried out for another 3 ns to let the system reach equilibrium. The
analysis was performed for a production run of 100 ps. The normal
pressure, temperature, and surface tension were set to 1 atm, 20 °C,
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Fig. 1. Structures of β-Mal3O(C16+4)2: (A, B) and CHOL: (C, D). (A, C) chemical structures, a
carbons in gray, oxygens in red, hydrogens in light gray.
and 5 mNm−1, respectively. This value of surface tension corresponds
to the condensed states of monolayers in which the intermolecular
interactions are strong. The intramolecular motions involving hydro-
gen atoms were frozen during the simulation [36]. The geometry of
CHOL and β-Mal3O(C16+4)2 molecules was taken from quantum-
chemical calculations (B3LYP/6-31 G*). In both hydrophobic chains of
β-Mal3O(C16+4)2 molecule, all-trans configuration was forced and
was used to prepare the starting configuration of the monolayer.
3. Results and discussion

The structures and models of β-Mal3O(C16+4)2 and CHOL are
depicted in Fig. 1.
3.1. Compression isotherms and Brewster angle microscopy

To investigate the interactions between glycolipid and cholesterol,
the compression isotherms of pure lipids and their mixtures were
recorded at various compositions. Fig. 2 presents theП-A (panel A) and
ΔV-A (panel B) isotherms of β-Mal3O(C16+4)2/CHOL monolayers
spread on purewater at 20 °C. The collapse parameters of the isotherms
e. g. collapse pressure, Пcoll, collapse area, Acoll, and surface potential,
ΔVcoll, as well as the maximum values of compressibility modulus, CS−1

(see Materials and methods section), are listed in Table 1.
The П-A isotherm of β-Mal3O(C16+4)2 has been published

previously [18]. This glycolipid forms stable, liquid expanded type
monolayer at the air–water interface. The ΔV-A isotherm (Fig. 2B)
shows a number of distinct regions corresponding to a particular
phase of the film. The gas phase is formed at areas above 133 Å2 and
ΔV=0 V. Upon compression, ΔV increases up to 0.2 V indicating
reorientation of the molecules, which is associated with a gas–liquid
expanded phase transition followed by the liquid expanded phase.
The highest value of ΔV corresponds to the maximum packing of
molecules in the monolayer and the collapse of the film.

The fluid-like character of β-Mal3O(C16+4)2 monolayer was also
observed using Brewster angle microscopy (Fig. 3A and B). The BAM
image 3A, taken at the gas–liquid expanded phase transition observed
in the ΔV-A isotherm, shows a characteristic foam. At higher surface
CH3
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CH3

CH3

CH3
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B

D

nd (B, D) geometrical structures obtained at B3LYP/6-31G* level of theory. Color code:
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Fig. 2. Π-A (A) and ΔV-A (B) isotherms of binary mixtures β-Mal3O(C16+4)2/CHOL
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Fig. 3. Brewster angle micrographs of pure monolayers of β-Mal3O(C16+4)2: (A, B) and
CHOL: (C, D). The micrographs (A, C) were taken at П close to 0 mN m−1, A=130 and
60 Å2 for (A) and (C) respectively; (B, D): П=30 mNm−1. Scale: the width of the
snapshots corresponds to 200 μm.
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pressure the glycolipid monolayer is isotropic (Fig. 3B); the latter is in
accordance with the П-A and ΔV-A isotherm characteristics.

The compression isotherm of pure cholesterol is in accordance
with highly condensedmonolayers reported in the literature [37]. The
BAM image of the pure CHOL film shows a gas–condensed phase
transition (Fig. 3C). The brightness of the images in Fig. 3C and D
reflects a higher condensation of these monolayers compared to the
respective monolayers of the glycolipid. Above the collapse point
(Table 1), aggregates are observed in the pure CHOL film (Fig. 3D).

As shown in Fig. 2A, the surface pressure isotherms of the mixed
films are situated between those corresponding to the pure lipid
Table 1
Characteristic parameters of β-Mal3O(C16+4)2/CHOL isotherms at 20 °C.

xCHOL Acoll Πcoll ΔVcoll CS–1

(Å2) (mN m−1) (V) (mN m−1)

0 65 38.9 0.29 136.7
0.2 60 37.7 0.32 144.8
0.4 51 38.5 0.34 177.3
0.5 47 35.2 0.39 180.1
0.6 44 36.9 0.40 223.1
0.8 39 33.5 0.42 275.0
1 38 25.9 0.38 994.1
monolayers. The increase of CHOLmole fraction results in a shift of the
isotherm toward smaller molecular areas. A significant shift to small
areas is observed at the collapse of the monolayers (Table 1).
Moreover, the shape of the isotherms of the mixed films depends
on the monolayer composition. The isotherm of the xCHOL=0.2
mixture is similar to that of the pure glycolipid monolayer; the
isotherms with xCHOLN0.2 exhibit a steeper slope, systematically
increasing with the increase of the cholesterol content in the
mixtures. The physical state of the mixed monolayers can be
evaluated by the compressibility modulus. According to Davies and
Rideal, [22] the CS

−1 values 12.5–100 mNm−1 and 100–250 mNm−1

indicate a liquid expanded and liquid condensed phase, respectively.
The inset of Fig. 2A shows a CS

−1-A dependency obtained by
calculating the first derivative of the П-A isotherms. It can be
observed that the liquid expanded phase spans become shorter
when xCHOL increases. Indeed, they are observed at 110–70 Å2 and at
52–43 Å2 for xCHOL=0.2 and for xCHOL=0.8, respectively. In general,
the xCHOL=0.8 film is the least compressible (the most condensed)
among the mixtures studied, as shown in Fig. 2A. On the other hand,
the latter system has the highest ordering, as indicated by the highest
surface potential values measured at the collapse point (Fig. 2B and
Table 1). In general, the mixed β-Mal3O(C16+4)2/CHOL monolayers
are characterized by a higher surface potential than the monolayer of
pure β-Mal3O(C16+4)2. The overall results suggest that the increase of
CHOL promotes the condensation and ordering in the glycolipid film.

In order to better understand the interaction between β-Mal3O
(C16+4)2 and CHOL and get insight into their mixing behavior, mean
molecular area (MMA) and mean surface potential (MSP) analysis
were performed. A comparison between the MMA and MSP of ideal
and experimental mixing as a function of CHOL mole fraction at three
surface pressures: 10, 20 and 30 mNm−1 is shown in Fig. 4.

Deviation from linearity of MMA and MSP occurs for all
investigated mixtures and surface pressures. Together with the
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collapse pressure criterion [38] shown in Πcoll variation with
monolayer composition (Table 1), it can be interpreted in terms of
miscibility between the two lipids in the Langmuir films. Adding a
small amount of CHOL (xCHOL=0.2) to a pure glycolipid matrix leads
to a decrease of MMA and an increase of MSP. As a result, a small
positive deviation from the ideal MMA value and a negative deviation
from MSP are observed; these deviations are well seen at
Π=10 mNm−1 (Fig. 4A and B). It indicates a monolayer expansion
and disordering of the molecules in the binary mixture compared to
the pure lipid films. At higher surface pressure, when the film is more
compressed, the deviation becomes negligible. With increasing mole
fraction of CHOL (xCHOLN0.2) theMMAs significantly decrease and the
deviation from linearity becomes negative. On the contrary, MSP
increases and the mixtures with xCHOLN0.4 exhibit large positive
deviations. The dependencies obtained suggest that at this concen-
tration cholesterol affects the conformation and packing of the
glycolipid hydrocarbon chains, as well as the glycolipid head group
interaction, which leads to the condensation of the monolayer and a
more upright orientation of the molecules in the mixed monolayer;
the latter effect is more significant in the mixtures with higher xCHOL
and at higher surface pressures.

TheП-A isotherms allowed calculating the Gibbs energy of mixing,
ΔGex (Eq. (2), Materials and methods section). The ΔGex dependence
on composition of the mixed β-Mal3O(C16+4)2/CHOL monolayers, at
arbitrary chosen surface pressures, is presented in Fig. 5.

The results obtained were analyzed in terms of the interaction and
the mixing behavior of the pure lipids in the film. The deviations from
ΔGex=0 shown in Fig. 5 support the proposal that the two lipids may
form a homogenous phase and are miscible at the investigated
compositions. The negative Gibbs energy of mixing observed at
xCHOLN0.2 indicates that the interaction between two different lipids
is favored compared to interaction between molecules of the same
structure. This effect results in an enhanced stability of themonolayers.
Maximum stability of the mixed monolayers was reached at
xCHOL=0.8. At a lower CHOL content (xCHOL≤0.2), the ΔGex is positive,
as expected for intermolecular repulsion. Thus, the presence of small
amount of CHOLmay generate weak steric forces destabilizing the film.
For xCHOLN0.2, the observed deviations increase with increasing surface
pressure.

The structure of the binary monolayers was monitored by
Brewster angle microscopy. BAM images of mixed films investigated
at 20 °C are shown in Fig. 6.

BAM images of CHOL/β-Mal3O(C16+4)2 and of pureβ-Mal3O(C16+4)2
monolayers (Fig. 3A and B) show that CHOL has a condensing effect.
Indeed, while the xCHOL=0.2 and the pure β-Mal3O(C16+4)2
monolayer images (Fig. 6A) indicate a homogenous, isotropic film,
the images of mixtures with higher CHOL fractions (Fig. 6B–E) reveal
an anisotropic morphology, with circular domains varying in size and
number. As themole fraction of CHOL increases, the bright structures
become smaller and more numerous. At the highest CHOL mole
fraction the domains become irregular in shape and tend to coalesce
in large spots (Fig. 6E). It can be expected that the circular domains
are the consequence of lipid mixing and of the ordering of their alkyl
chains.

3.2. PM-IRRAS spectra

To gain more insight into the glycolipid–cholesterol interaction at
a molecular level, spectroscopic studies were performed. To this end,
polarization-modulation infrared reflection-absorption spectroscopy
[39,40] was employed to investigate the interaction between the
molecules in one- and two-component monomolecular films.

First, IR transmittance spectra of CHOL and β-Mal3O(C16+4)2 have
been measured (Fig. 7). The IR bands are displayed in two spectral
ranges: 3000–2800 and 1500–1000 cm−1.

The peaks observed in the 3000–2800 region can be assigned to
CH3 and CH2 stretching vibrations. The strong CH2 asymmetric and
symmetric stretching [νas(CH2) and νs(CH2), respectively] and less
intense signals corresponding to CH3 asymmetric and symmetric
stretch [νas(CH3) and νs(CH3), respectively] were observed for both
molecules. The values of the characteristic vibrations of the spectra
are given in Table 2. The most intense band observed in the spectrum

image of Fig.�4


Fig. 6. Brewster angle micrographs of β-Mal3O(C16+4)2/CHOL mixed monolayers.
(A): xCHOL=0.2; (B): xCHOL=0.4; (C): xCHOL=0.5; (D): xCHOL=0.6; (E): xCHOL=0.8.
The micrographs were taken at Π=5 mNm−1. Scale: the width of the snapshots
corresponds to 200 μm.
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Fig. 7. IR transmittance spectra of β-Mal3O(C16+4)2 (red) and CHOL (blue).

Table 2
Characteristic vibrational wavenumbers of β-Mal3O(C16+4)2 and CHOL bands in the
pure and mixed systems obtained from transmittance IR and PM-IRRAS spectra.

xCHOL νas(CH3) νas(CH2) νs(CH3) νs(CH2) δas(C–CH3) δs(C–CH3) ν(C–O)
(cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1)

IR transmittance spectra
0 2953 2924 2869 2851 1462 1377, 1366 1023
1 2953 2930 2867 2847 1464 1377, 1365 1054

PM-IRRAS spectra
0 2959 2920 2864 2848 1453 1392, 1364 1045
0.2 2967 2926 2886 2859 1454 1385, 1360 1046
0.8 2958 2915 2875 2832 1478 1371, 1387 1047
1 2948 2917 2866 2827 1466 1402, 1376 1069
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at 1023 and 1054 cm−1, for β-Mal3O(C16+4)2 and CHOL respectively,
can be associated with the alcohol C–O stretching [ν(C–O)]. C–CH3

asymmetric and symmetric bending vibrations [δas(C–CH3) and δs(C–
CH3)] are present in the spectra as well. The symmetric band, known
as umbrella mode, is split into two frequencies, which is indicative of
the methyl branching of the glycolipid and cholesterol alkyl chains.

The PM-IRRAS spectra of pure and mixed monomolecular films
were recorded on water subphase at surface pressure of 30 mNm−1.
The spectra obtained with pure β-Mal3O(C16+4)2, pure CHOL and
mixed xCHOL=0.2 or xCHOL=0.8 films are shown in Fig. 8.

PM-IRRAS was used for studying glycolipids in Langmuir films
[41]. PM-IRRAS spectra of pure Langmuir films exhibit characteristic
vibrations of lipids identified in the IR spectra. The changes in the
band position observed in the PM-IRRAS spectra (Table 2) can be
ascribed to the optical properties of water subphase and to the
orientation of the alkyl chains [42].

Application of PM-IRRAS to the two-component monolayer study
gives us reliable information on miscibility at the air–water interface.
Indeed, the characteristic frequencies measured for mixed mono-
layers are different than those measured for pure lipid films. Fig. 8
clearly demonstrates that the spectrum of β-Mal3O(C16+4)2 is altered
by cholesterol. According to the Crisp phase rules, [38] it indicates
interaction and, consequently, miscibility between β-Mal3O(C16+4)2
and CHOL. Indeed, in the case of completely immiscible species that is
in the absence of interaction between the two lipids, spectral bands
characteristic for pure lipids would be observed.

The C–H stretching region (Fig. 8A) can be used to monitor the
structural order of the hydrocarbon chains. The asymmetric and
symmetric stretching vibrations of methylene group, which typically
appear around 2920 and 2850 cm−1, respectively, are particularly
valuable in this respect. A redshift of the νas(CH2) and νs(CH2) bands
indicates higher chain ordering (all trans conformation) in the film,
while a blueshift suggests chain disordering (gauche conformation)
[43]. In the PM-IRRAS spectrum of pure CHOL film these bands show,
respectively, at 2917 and 2827 cm−1, which indicates high confor-
mational ordering of the short alkyl chains. In the case of β-Mal3O
(C16+4)2, νas(CH2) and νs(CH2) are observed at 2920 and 2848 cm−1,
respectively, suggesting that the β-Mal3O(C16+4)2 phytanyl chains
are less ordered and more tilted compared to CHOL; this result is
consistent with the compression isotherm experiments showing a
more fluid-like character of the former lipid film. In the case of the
xCHOL=0.2 and xCHOL=0.8 mixed films, the CH2 bands appear at,
respectively, 2926 and 2859 cm−1, and at 2915 and 2832 cm−1. The
effect reflects conformational disordering of hydrocarbon chains in
the presence of small amounts of cholesterol and, on the contrary,
higher ordering in the presence of higher amounts of cholesterol. A
similar effect is observed in the case of νas(CH3) and νs(CH3) bands.
The lower wavenumbers observed in the case of CHOL-rich mixture
compared to the CHOL-poor mixture indicate formation of a more
rigid and closely packed monolayer in the former case.
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Fig. 8. PM-IRRAS spectra of the pure and mixed β-Mal3O(C16+4)2/CHOL monolayers taken at 30 mN m−1. (A) CH3 and CH2 stretching region; (B) C–CH3 bending region; (C) alcohol
C–O stretching region. Pure β-Mal3O(C16+4)2 (a), xCHOL=0.2 (b), xCHOL=0.8 (c), and pure CHOL (d). Solid lines: experimental spectra; dashed lines: deconvoluted bands.
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The most useful band for studying molecular interaction in the
CHOL and β-Mal3O(C16+4)2 films is the C–O stretching vibration
observed in the fingerprint region (Fig. 8C). Importantly, the position of
ν(C–O) is sensitive to hydrogen bonding. As reported in the literature,
for groups involved in hydrogen bonding to water, the stretchingmode
absorption bands shift to lower frequency, whereas bending mode
absorption bands shift to higher frequency, as H-bonding increases and
temperature decreases [44]. In our experiments, the ν(C–O) band is
observed at 1045 cm−1 and at 1069 cm−1, respectively, for the pure
films formed with β-Mal3O(C16+4)2 or CHOL. These results indicate
that a hydrogen bond network is formed between the sugar
maltooligosaccharide headgroups, which are less hydrated, compared
to the cholesterol –OH. Interestingly, the introduction of CHOL into the
β-Mal3O(C16+4)2 film results in a slight increase in ν(C–O) frequencies
(Table 2). The corresponding bands occur at 1046 cm−1 for xCHOL=0.2
and 1047 cm−1 for xCHOL=0.8. These results indicate that the
differences in hydrogen bonding between the two mixtures are rather
small, even though the composition of themixtures is quite different. In
both mixtures, the head group region participates in intermolecular
hydrogen bonding which can be expected to stabilize the two-
component films. On the other hand, a significant redshift of the
ν(C–O) stretching band from 1069 to 1047 cm−1 is observed when
adding a small amount of β-Mal3O(C16+4)2 to pure CHOL film; this
may suggest that, in the mixed film, the cholesterol –OH involves
preferentially in hydrogen bonding with the maltooligosaccharide
headgroups rather compared to interaction with water.

The C–CH3 asymmetric and symmetric bending frequencies are
useful for the β-Mal3O(C16+4)2/CHOL film study as well; these bands
are observed between 1478 and 1360 cm−1 (Table 2 and Fig. 8B). The
C–CH3 bending frequencies in xCHOL=0.2 film are similar [δas(C–CH3)]
or lower [δs(C–CH3)] compared to the pure β-Mal3O(C16+4)2 film,
and go higher for xCHOL=0.8; the only exception in the latter case is δs
(C–CH3) band observed at 1371 cm−1. This result is in accordance with
the results obtained for the CH2 and CH3 stretching vibrations, and
supports a higher ordering of the alkyl chains in the mixture with the
higher content of cholesterol.
3.3. Molecular dynamics simulation

Molecular dynamic calculations complement experimental mea-
surements and provide atomic-level information about the monolay-
er. In Fig. 9 and 10, the configuration of the system at the end of
simulation is shown for pure andmixedmonolayers, respectively. The
CHOL monolayer (Fig. 9A; side view) shows that molecules are tilted
with respect to the water surface. To estimate the tilt angle, a vector
linking the carbon atoms substituted by –OH and –C8H17moieties was
used. The obtained values are collected in Table 3.

For the pure CHOLmonolayer the tilt angle (ϑ) is 13° and increases
with increasing β-Mal3O(C16+4)2 contents. It is well seen in the top
view snapshots (xCHOL=1.0 or 0.8 plots compared to xCHOL=0.2). The
projection of CHOL molecule geometry onto the xy plane in mixed
monolayers is longer compared to the projection in pure CHOL
monolayer. In the case of β-Mal3O(C16+4)2, the tilt vector was defined
by the first and the last carbon atom in both chains. The obtained
average tilt angles are collected in Table 3. The tilt angle decreases
with the increasing CHOL contents. Interestingly, the tilt angle of the
β-Mal3O(C16+4)2 chains is comparable for the twomixed films, while
the CHOL tilt angle is much lower in the xCHOL=0.8 than in
xCHOL=0.2 film. The latter indicates that the condensed domains
are predominantly composed of ordered CHOL molecules, with
β-Mal3O(C16+4)2 molecules forming the expanded phase. It is also



Fig. 9. Snapshots from the simulation of CHOL (A, C) and β-Mal3O(C16+4)2 (B, D) monolayers. First and second rows: side (A, B) and top (C, D) views, respectively. Color code: CHOL,
green; β-Mal3O(C16+4)2, red; water, blue.
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worth noticing that the high tilt angle of CHOL in the xCHOL=0.2 film
explains the fluidity of the film observed in the BAM image (Fig. 6A).

One more observation coming from the top-view snapshots is the
lost of rotational order of the tilt vector. The average value of
rotational order parameter is zero for the CHOL monolayer.

g = < 2 cos2 φð Þ−1>

where φ is the azimuthal angle of the tilt vector. The zero value
indicates a complete disorder in the orientation while the ±1 value
indicates a perfect ordering. Similarly to CHOL, the average rotational
order parameters of β-Mal3O(C16+4)2 molecules are close to zero,
indicating disorder in orientation in the xy plane. Another parameter
characterizing the hydrophobic part of β-Mal3O(C16+4)2 molecule is
the average order parameter,

S = 3 < cos2 θ > −1
� �

= 2;

where θ refers to the successive dihedral angles in the carbon
skeleton. S=1.0 indicates that all carbon atoms in the chain are in all
trans conformation while total disorder in the chain corresponds to
S=0.0. The computed values of S are listed in Table 3. It can be
observed that with increasing cholesterol contents the average order
parameter increases. In other words, cholesterol influences ordering
in hydrocarbon chains. The ordering effect of CHOL was observed in
the PM-IRRAS spectra as well.

Molecular dynamics simulations give information about the
degree of hydration of polar heads. Indeed, the radial distribution
function (GX− (OH2)(r)) is a useful quantity to describe the structure of
headgroups and their association with water molecules. Fig. 11 shows
the evolution of GX− (OH2)(r) profiles with the molar ratio; X
corresponds to hydroxyl oxygen atoms in CHOL, hydroxyl oxygen
atoms in β-Mal3O(C16+4)2, linker oxygen atoms in β-Mal3O(C16+4)2,
and ring oxygen atoms (Fig. 11A–D, respectively).

It can be seen that with increasing Mal3O(C16+4)2 content the
height of the first peak decreases (Fig. 11A). The position of this peak
does not depend on the CHOLmole fraction. Hydroxyl oxygens of CHOL
are more hydrated in pure CHOL monolayer than in mixed β-Mal3O
(C16+4)2/CHOL films. These findings are consistent with the PM-IRRAS
results, which show a redshift of the ν(C–O) frequency in the mixed
monolayers compared to pure CHOL. The opposite behavior is observed
for hydroxyl oxygens in β-Mal3O(C16+4)2 (Fig. 11B). Indeed, the
intensity of the first peak of the pure β-Mal3O(C16+4)2 monolayer is
lower than in the mixed films, as a result of lower hydration of this
layer. In accordance with the spectroscopic study, the hydration of
different mixtures is comparable; the peak corresponding to
xCHOL=0.2 is only slightly lower than that of xCHOL=0.8. It may be
the consequence of the bulky maltooligosaccharide headgroups of
β-Mal3O(C16+4)2 that block the space around the hydroxyl group of
CHOL and reduce the accessibility of water molecules in both mixtures.
The lowest influence of CHOL mole fraction is observed for the linker
oxygen atoms in β-Mal3O(C16+4)2 (Fig. 11C). Due to an important
steric hindrance of sugar residues at both sides of the linker oxygens the
first coordination shell is practically unaffected by CHOL contents. The
differences are pronounced in the second coordination shell. Radial
distribution function for ring oxygens (Fig. 11D), namely intensity and



Fig. 10. Snapshots from the simulation of β-Mal3O(C16+4)2/CHOL mixed films at the air–water interface: xCHOL=0.2 (A, C) and xCHOL=0.8 (B, D). (A, B) side and (C, D) top views.
Color code: CHOL, green; β-Mal3O(C16+4)2, red.
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location of the first peak for the low CHOL content is the same as for
high CHOL content; in the pure β-Mal3O(C16+4)2 monolayer the
intensity of the first peak is higher.
4. Conclusions

The properties of phytanyl-chained glycolipid/cholesterol mono-
layers were studied experimentally and theoretically. The results
obtained show that the presence of cholesterol in glycolipid films
yields condensed phase domains with a highly organized molecular
arrangement. The size and total area of the domains depended on the
cholesterol concentration; more rigid and ordered packing of lipid
molecules were observed in the case of the films with higher
concentration of cholesterol.

PM-IRRAS studies and molecular dynamics simulations gave us
more insight in the structural rearrangement of the glycolipid chains,
and in glycolipid–cholesterol interaction in the polar head regionwith
increasing xCHOL. The increasing film condensation with increasing
Table 3
The average tilt angles (ϑ), rotational order parameters (g), order parameter (S) and
area per molecule (A) obtained from molecular dynamics simulations.

xCHOL ϑCHOL (o) gCHOL ϑβ-Mal3O(C16+4)2 (
o) g β-Mal3O(C16+4)2 S

0 – – 45 −0.01 0.38
0.2 35 0.00 28 −0.01 0.44
0.8 18 0.00 26 −0.15 0.58
1 13 0.00 – – –
xCHOL shows as a decrease of C–H stretching frequencies in the PM-
IRRAS spectra. This redshift can be interpreted in terms of a higher
degree of ordering and a higher number of all trans conformations.
The frequency increase observed for xCHOL=0.2 reflects chain
disordering and prevalence of gauche conformations. These observa-
tions are in accordance with BAM results and with theoretical
calculations; the latter show that β-Mal3O(C16+4)2 chains are more
tilted than the chains of CHOL. The increase of xCHOL leads to a
decrease in the tilt angle of the phytanyl chains. Interestingly, the
CHOL tilt angle is different for different mixtures; it is lower for lower
concentrations of the glycolipid. Consequently, we propose that
formation of domains is driven by chain ordering of both cholesterol
and glycolipid.

Moreover, spectroscopic measurements and molecular dynamics
calculations showed a strong propensity of the maltooligosaccharide
headgroup to hydrogen bonding. The hydrogen bonding between the
maltooligosaccharide and cholesterol hydroxyl groups revealed in our
study is of particular interest. Indeed, this stabilizing interaction could
be used in elaborating lipid systems for drug delivery and other
applications.
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