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Abstract

The phase behavior of binary mixtures of egg sphingomyelin and cholesterol has been inspected by attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy in the amide I′ band reion of the spectrum. Because cholesterol does not have any major absorption bands in this
region, effects seen in the spectra of mixtures of sphingomyelin and cholesterol can be attributed to the change in the lipid phase and to the interaction
with cholesterol. It is shown that the temperature dependence of the overall bandwidth of the amide I′ band displays a phase-specific behavior. In
addition, it is observed that the amide I′ band for a sample exhibiting phase coexistence can be described by a linear combination of the spectra of the
individual lipid phases. Description of changes in the amide I′ band shape and by that the study of possible hydrogen bonding interactions of
sphingomyelin with cholesterol was assisted by the use of curve fitting. It turns out that the presence of hydrogen bonding between hydroxyl group
of cholesterol and carbonyl group of sphingomyelin is obscured by the complexity of different possible hydrogen bonding and coupling between the
N–H (N–D) and the CfO group vibrations.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Model membranes composed of different lipid constituents
exhibit lateral phase separation at appropriate temperature and
composition [1,2]. Valuable model systems are binary lipid
mixtures of phospholipids and cholesterol. In such mixtures, the
so called liquid-ordered (cholesterol-rich) phase can exist alone
or can coexist with other phases such as gel phase or liquid-
disordered phase for appropriate composition and temperature
[3]. The question of the nature of interactions that lead to the
stabilization of cholesterol-rich phases remains unanswered. It
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is thought that the largest contribution to cholesterol-phospho-
lipid interactions is from van der Waals forces and hydrophobic
forces [4]. On the other hand, it was suggested that the inter-
actions with cholesterol can be strengthened by hydrogen
bonding of the cholesterol hydroxyl group to the polar head
group and interfacial regions in the phospholipids [5]. In the
case of sphingomyelin (SM) species the existence of hydrogen
bonding seems particularly plausible since they possess several
hydrogen bond-accepting and -donating groups at the polar/
non-polar interface [6,7].

Also biological membranes have heterogeneous structures
exhibiting coexistence of different lateral lipid domains, among
them cholesterol-rich domains, in which lipid molecules have
different physical properties [8–10]. There are also some
indications of the existence of domains called lipid rafts, with
properties similar to the liquid-ordered phase of simple lipid
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mixtures [11], although lately their existence, as originally
conceived, was questioned [12,13]. Usual model systems for
lipid rafts are tertiary mixtures of phosphatidylcholines, sphing-
omyelins and cholesterol. In this respect the study of possible
effects of hydrogen bonding in the mixtures of SM and choles-
terol is also important.

Infrared (IR) spectroscopy has a number of advantages for
the study of lipid membranes. It provides structural and
dynamic information from all spectral regions of lipid
molecules simultaneously and it does not require spectroscopic
probes. Since structural and motional properties of lipids vary
between different lipid phases and because the spatial and time
scales are appropriate it is expected that IR spectra will be able
to reflect phase coexistence [14]. A possible method to use is
attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy. The penetration depth of infrared light in
the sample is of the order of magnitude of a few hundred
nanometers. Consequently, the studies can be performed in the
presence of a bulk aqueous phase, while avoiding saturation
of the spectrum in the spectral regions where water absorbs
[15,16].

The absorption of the amide I band is a potentially interesting
region of the IR spectrum of SM for studying properties of
different lipid phases. The transition arises mostly from the
stretching of the carbonyl group CfO, with minor contribu-
tions from the in-plane bending of the C–N–H angle and
stretching of the C–N bond [17]. The band is strong and occurs
in a region where cholesterol itself does not have any major
absorption bands. As a consequence, any effects seen in the
spectra of mixtures of SM and cholesterol in this region can be
attributed to the change in lipid phase and to the interaction of
SM with cholesterol. In addition, the amide II band, which is
mainly due to the in-plane bending of the C–N–H angle and
stretching of the C–N bond [15,17], can also offer some infor-
mation on the level and degree of hydrogen bonding to the N–H
group.

The amide I band in sphingomyelins is much less studied
than the carbonyl band in phosphatidylcholines. The latter is
conformationally sensitive, reflects the level of hydration at the
membrane interface and is influenced by hydrogen bonding
[18]. The present work examines whether similar behavior
applies also to the amide I band in sphingomyelins, with a
special emphasis on evaluating the importance of hydrogen
bonding in the interactions with cholesterol. To our knowledge
only one attempt was made to apply infrared spectroscopy to
study the effect of cholesterol on the amide I band in mixtures of
SM and cholesterol [19]. In this work the authors concluded that
hydrogen bonding was present between egg sphingomyelin and
cholesterol, based on the downshift of the amide I′1 band. Our
results show that this conclusion is not univocal because of the
complexity of the hydrogen bonding network present in this
system. Beside the higher number of hydrogen bond-accepting
and -donating groups in SM molecules this complexity is also a
consequence of possible intermolecular hydrogen bonding
interactions among SM molecules themselves [5,20–22].
1 The amide mode is referred to as amide I′ when measured in D2O.
The aim of our studies was to use ATR-FTIR spectroscopy
and curve fitting to study temperature and composition depend-
ence of the shape of the amide I′ band in different lipid phases of
egg sphingomyelin and cholesterol (ESM/Chol) mixtures. The
effect of cholesterol was investigated for samples prepared in
excess deuterated water as well as for dried samples. We check
how the amide I′ band shape changes when SM undergoes the
transition from the gel phase to the liquid-disordered phase.
Next, we investigate whether phase coexistence can be detected
from the shape of the amide I′ band for samples with appropriate
amount of cholesterol. Lastly, we explore whether the change in
the amide I′ band shape with the addition of cholesterol offers
some insight in the nature of intermolecular interactions in the
studied system.

2. Materials and methods

2.1. Preparation of liposomes

Egg chicken yolk sphingomyelin (ESM) was obtained from Avanti Polar
Lipids (Birmingham, AL, USA). The utilized ESM is highly enriched in long-
chain saturated fatty acids, particularly in palmitoyl (84%). Cholesterol and
deuterated water (D2O; 99.9% purity) were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

Liposomes were prepared from mixtures of ESM/Chol with varying relative
compositions. 20 mg of an appropriate mixture of dry lipids were dissolved in
0.7 ml of chloroform and 0.35 ml of methanol and put in a round-bottom glass
flask. The organic solvents were first removed on a rotary evaporator followed
by extended drying using a rotary vacuum pump, so as to form a thin lipid film.
1 ml of distilled water was added to the flask. The suspension was in turn hand-
shaken and briefly sonicated in a bath sonicator to remove residual lipids from
the wall of the glass flask. Next, the suspension was left to hydrate in water for
approximately 1 h. The last two steps were done at a temperature around 10 °C
above the corresponding temperature of the main phase transition.

2.2. ATR-FTIR spectroscopy

ATR-FTIR spectra were recorded on a Bruker IFS 66v/S infrared spectro-
meter equipped with a liquid nitrogen cooled mercury–cadmium telluride de-
tector and fitted with a Horizon ATR unit (Harrick Scientific, Pleasantville, NY,
USA). The internal reflection element (IRE) was a trapezoidal germanium ATR
plate (50×10×2 mm) with an incidence angle of 45° yielding 25 internal
reflections (New Era Enterprises, Vineland, NJ, USA). 16 scans were averaged
for each spectrum. Spectra were recorded at a nominal resolution of 2 cm−1. The
spectrometer and the ATR unit were continuously purged with dry nitrogen gas.

A special holder for the IRE was designed. It was placed in contact with an
aluminum block and the temperature was controlled by a circulating water bath
connected to the sample mount. The temperature was monitored by a thermo-
couple placed on the IRE.

2.3. Preparation of sample on internal reflection element

The germanium IRE was cleaned just before use sequentially with distilled
water and ethanol. After that, 200 μl of liposome suspension (at a concentration
of 20 mg/ml) were added onto the IRE and spread over the whole area. Thin
lipid stacks were obtained by evaporating water. The dried samples were not
anhydrous. Dried lipid stacks were rehydrated by the addition of 300 μl of pure
deuterated water (D2O) and incubated for some time a few degrees Celsius
above the temperature of the main phase transition to allow a complete
hydrogen–deuterium exchange as judged from the complete disappearance of
the amide II band. For experiments where the amide I′ band was inspected in
dried samples, the deposited lipids hydrated with D2O were dried again.
Experiments were carried out in duplicates and new liposomes were prepared
each time.



Fig. 2. Temperature dependence of amide I′ band peak position for hydrated
ESM/Chol samples with different mole fractions of cholesterol. Each point
represents an average value from two different experiments. Estimate of the
uncertainty in the peak position is ±0.2 cm−1.
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2.4. Analysis of IR spectra

Analysis of ATR-FTIR spectra was done using the OPUS software package,
Version 5.5 (Bruker Optics, Ettlingen, Germany).

When the amide I′ band was examined, spectra of samples prepared in D2O
were cut to a frequency range between 1740 and 1520 cm−1. This spectral
interval was chosen because the point 1740 cm−1 lies in the regionwell before the
absorption band by the amide group, while the point 1520 cm−1 lies in the region
after the absorption band by the amide group and before the absorption band due
to the choline methyl bending modes and the methylene scissoring modes. Then,
spectra were baseline corrected with a straight line. Peak positions were
determined as points with the maximum amplitude in the amide I′ absorption
band. The overall half-bandwidth of the amide I′ band was determined as the
width of the band at half the maximum amplitude.

The Fourier self-deconvolution (FSD) and second derivative curves were
used to highlight the components of different spectral regions and to determine
the approximate values of the peak positions of the components. Bands were
deconvolved using a Lorentzian lineshape and a Blackman–Harris apodization
function. Bandwidth and noise reduction parameters as defined by OPUS were
set so that band components were resolvedwithout causing significant distortions
of the deconvolved curves.

Based on the curves obtained by FSD and derivation, three components (one
minor and twomajor) were identified in the amide I′ band. Theminor component
around 1672 cm−1 is denoted as a high-frequency minor (HFm) component. The
two major components at approximately 1645 cm−1 and 1625 cm−1 are denoted
as a high-frequency major (HFM) component and a low-frequency major (LFM)
component, respectively. However, curve fitting with three components shows
poor agreement with the experimental curve on the low-frequency side of the
amide I′ band. Subsequently, an additional component at 1590 cm−1, denoted as
a low-frequency minor (LFm) component, was used. This component might
represent carbonyl groups involved in more than one hydrogen bond.
Consequently, the amide I′ band was fitted with four components using the
Levenberg–Marquardt method. The peak positions of the resolved components
were fixed to the values obtained by FSD and second derivatives. It has to be
pointed out that the HFM component for pure ESM was only seen as a shoulder.
For the HFM component in pure ESM samples and for the LFm component the
peak positions were estimated by fitting. The peak position (width) of the HFm
component was fixed at 1673 cm−1 (14 cm−1) for ESM and at 1672 cm−1

(14 cm−1) for ESM/Chol 0.4. The assignment of this peak is not clear. The peak
position (width) of the LFm component was fixed at 1590 cm−1 (40 cm−1) for all
samples. The percent of contribution of Lorentzian shape to the overall
Lorentzian–Gaussian lineshape for the components from high to low frequency
were fixed at 100%, 0%, 10%, and 0% of Lorentzian contribution, respectively.
The reason for such a choice for the last three values was that the best fits, as
Fig. 1. Temperature dependence of methylene antisymmetric stretching band
peak position for hydrated ESM/Chol samples with different mole fractions of
cholesterol. Each point represents an average value from two different experi-
ments. Estimate of the uncertainty in the peak position is ±0.1 cm−1.
judged by the residual root-mean-square, were usually achieved with such
values. The value of the Lorentzian contribution for the HFm component was
fixed at 100%, but due to a relatively low contribution of this component to the
overall fit, this value did not affect significantly the fitting results. The remaining
parameters, i.e. the intensities and the widths of the two major components, were
allowed to vary. Fitting always gave unique solutions irrespective of the starting
values of parameters. The variability of the fitting parameters was estimated by
changing the value of the peak positions of the two major components and then
repeating the fitting; the value was changed in the interval determined by the
uncertainty of the peak position obtained by FSD and second derivatives for the
well resolved components, whereas in the case of the HFM component for pure
ESM the value was changed in the interval that caused a comparable deviation
from the minimum value of residual root-mean-square. After the fitting
procedure, the relative contribution of a particular component was calculated
from the integrated areas of individual components.

The procedure of linear superposition of spectra was set in Mathematica,
Version 5.0 (Wolfram Research, Champaign, IL, USA). The weights of spectra
for ESM and ESM/Chol 0.4 samples were automatically adjusted so that the root-
mean-square of the deviations between the experimental spectrum for ESM/Chol
0.2 samples and the curve obtained by linear superposition reached a minimum.
Before superposition, experimental spectra were normalized to the same area.
Fig. 3. Temperature dependence of half-bandwidth of amide I′ band for hydrated
ESM/Chol samples with different mole fractions of cholesterol. Each point
represents an average value from two different experiments. Estimate of the
uncertainty in the half-bandwidth is ±0.2 cm−1.



Table 2
Dependence of peak positions of the amide II mode on cholesterol in dried ESM
samples

Peak position (cm−1)

ESM 1545.8 (0.3)
ESM/Chol 0.2 1548.5 (0.5)
ESM/Chol 0.4 1549.5 (0.3)

The values in parentheses are estimates of uncertainty.

Fig. 4. Dependence of the amide I/amide II band region for dried ESM/Chol
samples on mole fraction of cholesterol: (A) ATR-FTIR spectra, (B) curves
obtained by taking the negative value of the second derivative. The amplitudes
of the spectra (curves) were set to an arbitrary value. Spectra from one experi-
ment are shown.
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ATR-FTIR spectra from different experiments for the same samples showed
similar behavior with temperature and cholesterol mole fraction. Accordingly,
the results of the peak analysis and parameters of the curve fitting procedure are
shown as averages. Where spectra are presented, spectra from one experiment
are shown.
3. Results

The temperature dependence of the methylene antisymmetric
stretching peak position, which reflects lipid conformation, is
shown in Fig. 1. Results show that a large shift in peak frequency
occurs near the temperature of the main phase transition, Tm.
This is around 41 °C for palmitoyl SM [23] and around 39 °C for
egg SM [24]. For samples with 0.2 mole fraction of cholesterol
Table 1
Peak positions of the amide I (I′) doublet in dried ESM samples and corresponding
differences Δ

Peak position (diff.) of
Low-Frequency Peak
(cm−1)

Peak position (diff.) of
High-Frequency Peak
(cm−1)

Δ (cm−1)

amide I 1640 1658 18
amide I′ 1628 1650 22
Δ(I-I′) 12 8
(ESM/Chol 0.2), the slope becomes steeper above Tm and then
less steep again for higher temperatures (Fig. 1). In contrast,
ESM/Chol 0.4 samples show a linear increase in frequency.

The temperature dependence of the amide I′ band position
for samples with different mole fractions of cholesterol is shown
in Fig. 2. For pure ESM it can be seen that a small shift of the
peak position to lower frequencies occurs near the temperature
of the main phase transition Tm, but else the frequency shows a
steady increase with temperature either below Tm or above Tm.
For ESM/Chol 0.2 samples no specific feature is seen at Tm and
the peak position shows a steady increase with temperature over
the whole temperature interval. Similarly, ESM/Chol 0.4
samples also show a linear increase of the peak position with
temperature, although more steep than in the case of ESM/Chol
0.2 samples.
Fig. 5. Dependence of the phosphate group bands region for dried ESM/Chol
samples on mole fraction of cholesterol: (A) ATR-FTIR spectra, (B) curves
obtained by taking the negative value of the second derivative. The amplitudes of
the spectra (curves) were set to an arbitrary value. Spectra from one experiment
are shown.



Table 3
Peak positions of the two major amide I′ band components obtained from FSD
and second derivatives

Peak position of LFM
component (cm−1)

Peak position of HFM
component (cm−1)

ESM ESM/Chol 0.4 ESM ESM/Chol 0.4
T=24 °C 1629.0 (0.3) 1621.0 (0.3) 1648, shoulder 1641.9 (0.3)
T=36 °C 1629.5 (0.3) 1622.0 (0.3) 1649, shoulder 1642.5 (0.4)
T=42 °C 1625.8 (0.4) 1622.5 (0.3) 1644, shoulder 1642.8 (0.4)
T=54 °C 1626.5 (0.4) 1623.7 (0.3) 1645, shoulder 1643.5 (0.5)

The values in parentheses are estimates of uncertainty.
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It was observed that the shape of the amide I′ band for ESM
sample shows significant broadening with temperature. This
pattern becomes evident if we report the change of the overall
half-bandwidth of the amide I′ band with temperature (Fig. 3).
Moreover, the main phase transition is detected through the
sharp increase of the half-bandwidth at Tm for pure ESM
(Fig. 3). In addition, the influence of cholesterol could also be
appreciated. For ESM/Chol 0.2 the slope changes its steepness
above Tm, while for ESM/Chol 0.4 the half-bandwidth stays
almost constant (Fig. 3). It has to be emphasized that the amide I′
band is a composite band, as shown below, and consequently the
half-bandwidth can only be used as an empirical parameter. Its
value depends on the half-bandwidth, positions and intensities of
particular components comprising the band. Nevertheless, the
overall bandwidth is relevant, because it conveys valuable in-
formation about molecular properties of the sample without the
need of further spectra manipulation.

In Fig. 4A the amide I/amide II region of the ATR-FTIR
spectra of dried samples is shown. It can be seen that the amide I
doublet, around 1650 cm−1 for pure ESM, is smeared by the
presence of cholesterol for Chol 0.2 samples. The peak posi-
tions for the amide I and the amide I′ doublet in dried ESM
samples and their differences are summarized in Table 1. The
Fig. 6. Dependence of the amide I′ band shape on mole fraction of cholesterol
and corresponding subtraction curves for hydrated ESM/Chol samples: (A) at
temperature 24 °C (below the temperature of the main phase transition Tm),
(B) at temperature 54 °C (above Tm). Absorption bands were normalized to the same
area. The subtraction curves (shown at the bottom) were obtained by subtraction of
the amide I′ band of pure sample from the amide I′ band of cholesterol containing
samples. Spectra from one experiment are shown.
corresponding second derivative curves in Fig. 4B show that
also the amide II band around 1550 cm−1 is influenced by the
presence of cholesterol (Fig. 4). The peak position as well as the
width increase with cholesterol concentration (Table 2, Fig. 4).
The same effects on the amide II band are observed also for
samples prepared in excess H2O (data not shown).

The effect of cholesterol in dried samples can also be ap-
preciated in the spectral region of phosphate group vibra-
tions (Fig. 5). The shape of the band at around 1230 cm−1

associated with the antisymmetric phosphate group stretching
shows significant change with cholesterol. On the contrary,
there is only a slight effect of cholesterol on the symme-
tric phosphate group stretching band at around 1090 cm−1

(Fig. 5). A very clear effect of cholesterol was seen also for
the diester phosphate stretching band at around 1060 cm−1.
For pure ESM this band is split, while the splitting is smeared in
the case of cholesterol containing samples (Fig. 5A). Choles-
terol also has an absorption band in this region, around
1055 cm−1, which is assigned to the stretch of the cholesterol
C–O group [25]. Nonetheless, subtracting the spectrum of pure
cholesterol does not change the above conclusions (data not
shown).

Fig. 6 presents overlaid spectra normalized to the same area
to highlight differences in the shape of the amide I′ band for
samples of ESM with different amounts of cholesterol prepared
in excess D2O. The difference is much more obvious for the
temperature below Tm (Fig. 6A). The asymmetry in the shape of
the amide I′ band (Fig. 6A) as well the bandwidth (Figs. 6A, 3)
increases for samples with cholesterol. In addition, the curve for
ESM/Chol 0.4 is strongly downshifted (Figs. 6A, 2). Subtrac-
tion curves shown at the bottom of Fig. 6, obtained after
subtraction of the amide I′ band of the pure samples from the
amide I′ band of the samples containing cholesterol, clearly
show the effect of cholesterol.

FSD and second derivative curves were used to check how
the addition of cholesterol affects the peak positions of the
components making up the amide I′ band. Three compo-
nents, one minor at higher frequency, denoted as the HFm
component, and two major at higher and lower frequency
denoted as the HFM and LFM components, respectively, were
resolved (see the subsection Analysis of IR spectra in the
Materials and methods for details). The results for the two
major components for ESM and ESM/Chol 0.4 are summa-
rized in Table 3. For all temperatures the peak positions for



Fig. 8. Temperature dependence of the amide I′ band region for hydrated
(A) ESM and (B) ESM/Chol 0.4 samples. Inset shows corresponding curves
obtained by taking the negative value of the second derivative. Absorption bands
were normalized to the same intensity (amplitude). Spectra from one experiment
are shown.
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both components significantly decrease with the addition of
cholesterol.

We tested how well we can describe the shape of spectra of
the ESM/Chol 0.2 samples with superposition of the corre-
sponding spectra for pure ESM and for ESM/Chol 0.4, since
ESM/Chol 0.2 samples are expected to display spectral contri-
butions from both coexisting lipid phases. ESM/Chol 0.2 spec-
tra can be nicely described by a superposition of spectra for
ESM and ESM/Chol 0.4. The result for T=24 °C is shown in
Fig. 7. A similarly good agreement was obtained also for all
other temperatures (data not shown). The weight of ESM
spectra was around 60−70%, while the weight of ESM/Chol 0.4
spectra was around 30−40%.

The temperature dependence of the shape of the amide I′
band region for ESM and ESM/Chol 0.4 is shown in Fig. 8A
and B, respectively. In addition, the corresponding second
derivative curves are presented as insets of Fig. 8. The band-
width for ESM samples increases for temperatures above Tm

(Fig. 8A), mainly due to the downshift of the LFM compo-
nent and the increase of the intensity of the HFM compo-
nent (see inset of Fig. 8A). In the case of ESM/Chol 0.4
samples, the spectra are very similar to each other except
that the whole band gradually moves to higher frequencies
(Fig. 8B). As seen from comparison of Fig. 8A and B the
larger asymmetry in the shape of the amide I′ band for ESM/
Chol 0.4 compared to ESM for temperature below Tm,
discernible also in Fig. 6A, is a consequence of a relatively
large intensity of the HFM component for ESM/Chol 0.4.

The amide I′ band was fitted with four components (see the
subsection Analysis of IR spectra in the Materials and methods
for details). The results of the curve fitting for the two major
HFM and LFM components are summarized in Table 4. The
following parameters are shown for each component: peak
position (Peak), intensity (Intens.), width (Width), relative
integrated areas (Rel. Integr.). Table 4 lists fitting parameters and
differences in peak positions of the two components (Δ(Peak)),
Fig. 7. Comparison of the amide I′ band region of an experimental ATR-FTIR
spectrum for hydrated ESM/Chol 0.2 sample at temperature 24 °C and a curve
obtained by superposition of corresponding experimental spectra for ESM
(curve 0) and ESM/Chol 0.4 (curve 0.4). For the weights used and other details
see text.
as well as differences in peak positions of the same component
for ESM or ESM/Chol 0.4 samples (Δ(ESM–ESM/Ch)). The
relative integrated areas of the HFm component at 1673 cm−1

(1672 cm−1) were around 0.02 for ESM and around 0.03
for ESM/Chol 0.4. The relative integrated area of the LFm
component at 1590 cm−1 was on average around 0.05 for ESM
and around 0.07 for ESM/Chol 0.4. For both components these
values did not change significantly with temperature.

In Fig. 9 the amide I′ band and fit components are shown
for temperature below Tm and for temperature above Tm

for hydrated ESM (Fig. 9A) and ESM/Chol 0.4 (Fig. 9B)
samples. In the case of ESM the most significant change going
from the gel phase S to the liquid-disordered phase Ld is
an increase in the intensity of the HFM component (Fig. 9A,
Table 4). In the case of ESM/Chol 0.4 samples, which are in
the liquid-ordered phase Lo for all temperatures, only mode-
rate changes occur (Fig. 9B, Table 4). It is interesting to note
that the difference in the peak positions between the HFM



Table 4
Parameters of the amide I′ band curve fitting (for the two major components)

LFM component HFM component

Peak (cm−1) Intens. (a.u.) Width (cm−1) Rel. Integr. Peak (cm−1) Intens. (a.u.) Width (cm−1) Rel. Integr. Δ(Peak) (cm−1)

T=24 °C ESM 1629.0 (0.3) 1.04 (0.01) 32.6 (0.5) 0.75 (0.02) 1649.0 (0.6) 0.30 (0.02) 28.0 (1.3) 0.18 (0.01) 20.0 (0.9)
ESM/ Chol 0.4 1621.0 (0.3) 0.85 (0.02) 28.1 (0.3) 0.53 (0.02) 1641.9 (0.3) 0.60 (0.01) 28.6 (0.9) 0.36 (0.01) 20.9 (0.6)
Δ(ESM- ESM/Ch) 8.0 (0.6) 7.0 (0.9)

T=36 °C ESM 1629.5 (0.3) 1.03 (0.01) 33.1 (0.7) 0.75 (0.02) 1649.4 (0.6) 0.31 (0.02) 28.2 (1.1) 0.18 (0.01) 19.9 (0.9)
ESM/ Chol 0.4 1622.0 (0.3) 0.83 (0.02) 29.0 (0.6) 0.53 (0.02) 1642.5 (0.4) 0.59 (0.02) 29.2 (0.9) 0.36 (0.01) 20.5 (0.7)
Δ(ESM–ESM/Ch) 7.5 (0.6) 7.0 (1.0)

T=42 °C ESM 1625.8 (0.4) 0.83 (0.02) 31.4 (0.7) 0.58 (0.02) 1645.3 (0.6) 0.54 (0.03) 30.6 (1.2) 0.35 (0.01) 19.5 (1.0)
ESM/Chol 0.4 1622.5 (0.3) 0.82 (0.02) 29.3 (0.5) 0.53 (0.02) 1642.8 (0.4) 0.59 (0.02) 29.5 (0.9) 0.37 (0.01) 20.3 (0.7)
Δ(ESM–ESM/Ch) 3.3 (0.7) 2.5 (1.0)

T=54 °C ESM 1626.5 (0.4) 0.82 (0.02) 31.9 (0.8) 0.58 (0.02) 1646.1 (0.6) 0.54 (0.03) 31.1 (1.3) 0.36 (0.02) 19.5 (1.0)
ESM/Chol 0.4 1623.7 (0.3) 0.81 (0.03) 30.3 (0.7) 0.54 (0.02) 1643.5 (0.5) 0.59 (0.03) 30.0 (1.0) 0.37 (0.01) 19.9 (0.8)
Δ(ESM–ESM/Ch) 2.9 (0.7) 2.5 (1.1)

The values in parentheses are estimates of uncertainty of a particular parameter.
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and LFM components is around 20 cm−1 for all samples and
temperatures (see Table 4).

4. Discussion

The temperature-composition phase diagram for binary
mixtures of palmitoyl SM (PSM) or egg SM (ESM) with
Fig. 9. Comparison of the amide I′ band region of ATR-FTIR spectra for
hydrated ESM/Chol samples at temperatures above and below the temperature
of the main phase transition Tm: (A) ESM, (B) ESM/Chol 0.4. The thick and the
thin solid lines represent experimental spectra normalized to the same area. The
corresponding dashed and dotted lines represent our estimates of the underlying
components obtained by curve fitting. For fit parameters see Table 4. Spectra
from one experiment are shown.
cholesterol has a similar shape than the phase diagram for mix-
tures of phosphatidylcholines and cholesterol (Fig. 10). The
most obvious difference is a much higher temperature of disap-
pearance of the coexistence region of the liquid phases, which
was already pointed out before for the case of bovine brain
sphingomyelin [26]. The phase diagram presented in Fig. 10 was
constructed from previous experimental data and from data
obtained in the current experiment. Joint presentation of data for
PSM and ESM is justified by a high content of palmitoyl chains
in ESM (see the Materials and methods for details). Published
data were obtained by differential scanning calorimetry [27–29],
fluorescence spectroscopy [30], nuclear magnetic resonance
spectroscopy [31], and electron paramagnetic resonance spec-
troscopy [32,33]. Approximate schematic lines representing
Fig. 10. Schematic temperature-composition phase diagram for binary mixture
palmitoyl (egg) SM/Chol. Data points were obtained from literature and from
the current experiment (exp.). Lines represent schematic phase boundaries. At
the horizontal line (temperature Tm) the main phase transition occurs. Lipid
phases and phase coexistence regions are denoted as: gel phase S, liquid-ordered
phase Lo, liquid-disordered phase Ld and coexistence regions of the S and Lo
phases (S+Lo) and of the Ld and Lo phases (Ld+Lo). Mole fraction of
cholesterol is denoted by xChol.
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phase boundaries were drawn with the purpose of highlighting
the different phase regions (Fig. 10).

It is expected that infrared spectra will reflect the presence of
different lipid phases, phase coexistence regions, and transitions
between them. The temperature dependence of the peak
position of the methylene antisymmetric stretching mode
(Fig. 1) shows a phase-specific behavior, while it reflects both
the main phase transition for pure ESM as well as the transition
between the two phase coexistence regions for ESM/Chol 0.2.
In addition, the peak exhibits a steady shift for ESM/Chol 0.4
(Fig. 1), in agreement with the presence of the single Lo phase
for all temperatures (Fig. 10). Similar behavior can also be seen
for the temperature dependence of the half-bandwidth of the
amide I′ band (Fig. 3), while the amide I′ band peak position
seems much less susceptible to phase transitions (Fig. 2).
Results presented in Figs. 2 and 3 show that beside other factors
the amide I′ band is influenced also by the change in the lipid
conformation. The point obtained from our experimental data in
Fig. 10 was determined as the temperature at which the curves
for ESM/Chol 0.2 samples in Figs. 1 and 3 change their slopes.
In addition, the phase coexistence for ESM/Chol 0.2 samples
was directly detected from the shape of the amide I′ band, as it
could be described as a superposition of the amide I′ band for
pure ESM and ESM/Chol 0.4 (Fig. 7).

The effect of the addition of cholesterol on the shape of ATR-
FTIR spectra was first studied for dried samples. The amide I
band is split into two peaks in dried sphingomyelin samples
(Fig. 4) presumably due to intermolecular interactions between
neighboring SM molecules [34]. The reported values of the
peak positions 1656 cm−1 and 1639 cm−1 for ESM [34], and
1658 cm−1 and 1641 cm−1 for bovine brain SM [22] are close
to the values obtained in the current experiment (see Table 1).
For the amide I′ band we determined values 1650 cm−1 and
1628 cm−1, respectively, in accordance with the previously
established values for bovine brain SM [35]. The peak at lower
frequency of amide I band has been assigned to the population
of SM molecules whose carbonyl oxygen is involved in
hydrogen bonding. The peak at higher frequency represents the
population of nonhydrogen- or weakly hydrogen-bonded ESM
molecules. The latter is supported also by data reported for
amide I frequency of around 1657 cm−1 for ceramides dissolved
in chloroform [36].

Intermolecular interactions cause a difference of around
20 cm−1 in the frequency of the doublet peaks of the amide I (I′)
band (Table 1). This number is close to the values reported for
N-methylacetamide [37]. In addition, if the N–H group in
N-methylacetamide is hydrogen-bonded (either to the CfO
group or to water), this has a comparable effect on the amide
I frequency as a direct hydrogen bond to the CfO group
[37,38]. Due to this coupling it is possible that the ESM–ESM
intermolecular hydrogen bond involving the oxygen of the
hydroxyl group and the hydrogen of the N–H group might also
downshift the amide I band frequency.

The addition of cholesterol has a strong effect on the amide I
band in dried samples (Fig. 4A). The amide I band is still
asymmetric, although the splitting is unresolved (Fig. 4B). The
reason for this is probably that beside ESM–ESM intermolecular
interactions also interaction with cholesterol is possible,
increasing the heterogeneity of the environment surrounding
the amide group. Even though our dried samples are not
anhydrous, the amount of water molecules in the samples is very
low as judged from the shape of the band from approximately
3700 to 3100 cm−1 corresponding to the O–H and N–H
stretching modes and is not higher in the cholesterol containing
samples (data not shown). Therefore, it is reasonable to expect
that the observed effect of cholesterol is primarily due to the
interaction between ESM and cholesterol and not due to the
putative presence of water molecules. Cholesterol has a strong
effect also on the amide II band, perturbing both the peak
position and the bandwidth (Fig. 4). The increase in the
frequency of the amide II band suggests an increased level of
hydrogen bonding [17]. Either hydrogen bonds are formed with
cholesterol or the pattern of ESM–ESM intermolecular hydro-
gen bonding is affected.

In addition to the amide region, also the phosphate group region
of the spectra was inspected. In accordance with previous studies
for dry [22] and hydrated samples [21], the antisymmetric phos-
phate group stretching band is asymmetric (Fig. 5A) and composed
of at least two components (Fig. 5B). The component at lower
frequencies is thought to represent a population of phosphate
groups involved in inter- or intramolecular interactions [21]. It can
be seen that the addition of cholesterol diminishes the component
representing interacting molecules. It has to be said here that the
studied samples were not anhydrous. Therefore, it is possible that
also water molecules that are still present after drying affect the
phosphate band shape. This effect might be different, if cholesterol
influences the amount of the trapped water. In contrast, the
symmetric phosphate group stretching band is much less sensitive
to the addition of cholesterol (Fig. 5). Similar results were also
obtained from hydration studies [39], indicating that the phosphate
symmetric stretching band is less sensitive to hydrogen bonding
than the antisymmetric stretching band. Furthermore, the splitting
of phosphate diester stretching band was resolved for the first time
(Fig. 5A). This splitting might be indicative of intramolecular
interaction involving phosphate ester oxygen, whose existence was
shown in hydrated samples by molecular dynamics simulation
[40–43].

In addition to the dried samples, also the influence of
cholesterol on the shape of the amide I′ band for hydrated
samples was demonstrated (Fig. 6). Subtraction curves in Fig. 6
confirm that the amide I′ band region of infrared spectrum
reflects an interaction between cholesterol and sphingomyelin.

The data obtained by FSD and second derivatives show that
the amide I′ band in hydrated samples is composed of two major
components (see Fig. 8A, B and Table 3). The LFM component
of the amide I′ band is ascribed to the population of molecules
forming hydrogen bonds. In addition to hydrogen bonds due to
intermolecular ESM–ESM interaction, the possibility of
hydrogen bonding to water molecules has to be taken into
account in hydrated samples. The presence of only one low-
frequency major component indicates that the effect of
hydrogen bonding to water molecules is comparable to the
effect of ESM–ESM intermolecular hydrogen bond. This is in
accordance with the findings for N-methylacetamide, where in
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both cases the shift was comparable and was around 20 cm−1

[37,38]. The case of ESM/Chol 0.4 samples is more complex,
because hydrogen bonding to cholesterol is also possible.

It can be observed from the second derivative curves (see
inset of Fig. 8A) that the peak position of the LFM component
downshifts at the main phase transition. The downshift is about
4 cm−1 (Table 3), close to the previously determined value [19].
In the work by Veiga et al. [19] the asymmetry of amide I′ band
was not taken into account and no observation was made of the
change of the peak position of the HFM component with
temperature. We report a downshift of the HFM component of
around 4 cm−1 at Tm (Table 4). Since the downshifts of both
major components of the amide I′ band are comparable, the
difference in their peak positions remains the same, i.e. around
20 cm−1, below and above Tm (Table 4). The origin of these
downshifts are either conformational effects or changed
proportions of different types of hydrogen bonds, e.g. changed
ratio between the number of ESM–ESM intermolecular hydro-
gen bonds and the number of hydrogen bonds with (deuterated)
water.

This behavior is markedly different than in the case of the
carbonyl band in saturated phosphatidylcholines, where the
peak positions of the components comprising the carbonyl band
only slightly increase for temperatures above Tm [16].

It can be seen from the second derivative curves (inset of
Fig. 8A) and from the curve fitting parameters (Table 4) that the
increase in the intensity of the HFM component is the most
pronounced change with temperature for pure ESM. A similar
effect was already seen for gangliosides, where it was suggested
that this could be an indication of lower hydration level in the
Ld phase [44]. In addition, D2O quadrupolar splittings indicate
that the sphingomyelin lipid–water interface is less polar above
the main phase transition temperature [45]. On the other hand,
another possible explanation would be a decrease in the number
of ESM–ESM intermolecular hydrogen bonds. In principle it
would be possible to deduce the variation in the ratio between
the number of hydrogen bonds with water and the number of
ESM–ESM intermolecular hydrogen bonds when going
through the main phase transition from molecular dynamics
simulation studies. Unfortunately, such studies are only reported
for temperature values above Tm [43,46].

The observed behavior of the amide I′ band in ESM is just the
opposite of the one found for carbonyl band in phosphatidy-
lcholines, where the main phase transition is accompanied by the
increase of the intensity of the low-frequency component of the
carbonyl band reflecting the increased level of hydration [16,34].

Curve fitting analysis was used to quantify differences bet-
ween pure ESM and ESM/Chol 0.4 samples (Fig. 9). In ac-
cordance with previous results [19], the peak position of the
LFM component of the amide I′ band for ESM/Chol 0.4 is
significantly decreased both below and above Tm compared to
pure ESM. This decrease was attributed to the formation of
hydrogen bonds between cholesterol and sphingomyelin [19].
In contrast, our work shows that both components of the amide I′
band are downshifted by a similar amount. Therefore, it is not
possible to interpret the observed shift of the LFM component as
simply due to hydrogen-bond formation involving cholesterol
and the CfO group. For example, a conformational change of
the SM molecules induced by cholesterol could be responsible
for this downshift.

In addition, curve fitting also shows that a large decrease in
the width of the LFM component by about 4 cm−1 for ESM/
Chol 0.4 as compared to ESM is present below Tm (Table 4),
even though the number of possible different hydrogen bonds
increases. The reason for this might be the disruption of ESM–
ESM intermolecular hydrogen bonds by cholesterol as sug-
gested by molecular dynamics simulations [42,46]. This pos-
sibility has been proposed already before for mixtures of
cerebrosides and cholesterol [47].

In conclusion, lipid phase properties in ESM/Chol samples as
well as the interaction between cholesterol and ESM were
studied by the use of ATR-FTIR spectroscopy over a tempe-
rature range. Spectroscopic data confirmed the structure of the
phase diagram for ESM/Chol mixtures. It was also shown that
addition of cholesterol to ESM induces a series of perturbations
in the vibrational properties on ESM. We show that, in the case
of dried mixtures, hydrogen bonding between ESM and
cholesterol appears to be important in defining intermolecular
interactions. In the presence of bulk water, addition of
cholesterol also perturbs ESM. However, in contrast to the
dried systems, the complexity of the hydrogen bonding network
prevents us from isolating one specific interaction between
cholesterol and ESM. Our work clearly shows that intermole-
cular interactions play a role in defining the molecular properties
of ESM/Chol mixtures. By extension, it is possible that similar
interactions could be involved in defining the thermodynamic
stability and molecular properties of cholesterol-rich lipid
domains and related mixed lipid systems.
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