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Xanthohumol (XN) is the major prenylated flavonoid found in hop resin. It has attracted considerable atten-
tion in recent years due to its wide spectrum of biological activities and the beneficial effect on human health.
Since lipid membrane is first target for biologically active compounds, we decided to investigate the influence
of XN on the dipalmitoylphosphatidylcholine (DPPC) multibilayers. Interactions of XN with DPPC were inves-
tigated as a function of temperature and its concentration by using X-ray diffraction and the ATR-FTIR spec-
troscopy techniques. The aim of understanding the mechanisms of molecular interactions between XN and
DPPC was to indicate the localization of the XN with respect to the membrane and the type of interaction
with phospholipids. The results revealed that XN changes the physical properties of the DPPC multibilayers
in the form of dry film. A new complex formation between XN and DPPC is reported. The detailed analysis
of refraction effect indicates the changes in electron density ratio between hydrophobic and hydrophilic
zones of lipid at phase transition. This is in compliance with reported changes in FTIR spectra where at
pretransition XNmoves from interface region between polar heads to the neighborhood of phosphate groups.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The chalcone xanthohumol (2′,4′,6′,4-tetrahydroxy-3′-
prenylchalcone; XN) is the major prenylated flavonoid found in hop
resin (Humulus lupulus) [1]. In recent years, the number of studies have
revealed that XN exhibits an interesting spectrum of pharmacological ef-
fects [2–6]. XNhas attracted considerable interest because of its biological
activities, including anticancer, antiangiogenic, anti-inflammatory, and
antioxidative effects; it even inhibits HIV-1 induced cytopathic effects
[4,7–13]. The anti-cancer activity of XN may be due in part to the inhibi-
tion of cytochrome P450 enzymes that activate carcinogens such as the
heterocyclic amine 2-amino-3-methylimidazo (4,5-f) quinoline [12].
Xanthohumol (1–50 μM) suppressed tumor growth by inhibiting cell
proliferation and inducing apoptosis in various carcinoma cells [7,14].
Unfortunately, the quantities of xanthohumol found in hop are too
small to have any biological effects in normal consumption amounts
[15]. Therefore, studies should be directed toward dietary supplements
increasing xanthohumol content. Xanthohumol was first isolated by
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Power et al. [16] and its structure was later confirmed using partial syn-
thesis and X-ray diffraction [17,18]. The XNmolecule consists of two aro-
matic rings (A and B) substituted with hydroxyl and methoxyl groups,
one α, β unsaturated double bond, and the prenyl unit [18,19], see the
chemical structure in Scheme 1. The substitution of the flavonoid ring
systemwith the prenyl unit and a\OCH3 group increases the lipophilic-
ity and confers the molecule a strong affinity for biological membranes
[20]. Moreover, recent research has revealed that XN is responsible for
the CETP (cholesteryl ester transfer protein) inhibitory activity via bind-
ing to CETP and/or the CETP–lipid complex [21]. The requirement of a
3-prenyl group seems to benecessary for the hydrophobic interaction be-
tween xanthohumol and the CETP–lipid complex.

Biological membranes play an important role in biomolecule
transport, distribution, action, and selectivity. Therefore, it seems to
be crucial to understand the molecular mechanism of their interac-
tion with lipids in the model membrane. The effect of flavonoids on
cell metabolism is well known, while the mechanism of their activity
at the molecular level remains poorly elucidated and unclear. It was
suggested that two relevant interactions of flavonoids with lipids
are possible: (a) the partitioning in the non-polar core of the mem-
brane, associated with the hydrophobic nature of the flavonoid; and
(b) the interaction with the polar membrane interface depending
on hydrogen bonding of the hydroxyl groups [22–24]. There is sub-
stantial evidence for the interactions of flavonoids with the lipid
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Scheme 1. The chemical structure of xanthohumol (XN).
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membrane. The prediction of their localization in the lipid bilayer was
investigated by NMR spectroscopy [25]. Moreover, differential scan-
ning calorimetry (DSC) revealed a significant difference in the ability
of flavonoids to modify lipid melting [26,27]. The well-documented
quercetin may increase lipid viscosity because its molecules are sup-
posed to be localized at the boundary between the polar and hydro-
phobic regions of the membrane and, consequently, its influence on
the bilayer is comparable with that of cholesterol [28,29]. It was
also suggested that flavonoids can influence the appearance and de-
velopment of rafts or raft-like membrane domains in cellular mem-
branes [30].

Despite many systematic studies about the flavonoid–lipid inter-
action, the influence of XN on the model membrane has not been
discussed yet. Therefore, it seems important to elucidate the mecha-
nisms responsible for XN–membrane interactions at the molecular
level. The results obtained could provide useful knowledge on possi-
ble pharmacological applications of XN and valuable information for
designing flavonoid-based drugs that will be important in modern
medical research. The structure and NMR data of XN are described
by Chadwick et al. [18]. However, there is no systematic X-ray study
reported on XN in lipid multibilayer.

In the present paper, X-ray diffraction technique and ATR Fourier-
transform infrared spectroscopy (ATR-FTIR) were applied to
understand the membrane-associated biological activities of XN
molecules.

The character of the mutual interactions between dipalmi-
toylphosphatidylcholine lipid (DPPC) and XNwas discussed depending
on its concentrations. The aim of the present study was to monitor the
thermotropic phase behavior of DPPC multibilayers in the presence of
XN concerning the configuration changes in different parts of the lipid
molecules simultaneously by X-ray diffraction and ATR-FTIR measure-
ments of the dry films. We have therefore been able to investigate the
XN–DPPC interactions at the levels of the acyl chains, the carbonyl,
the phosphate, and the choline groups. TheXNeffect on structural prop-
erties of DPPCmultibilayers, in particular on the lipid packing and phase
transition, can provide a much better understanding of the molecular
interaction of XN with the biological membranes.

2. Materials and methods

Xanthohumol (XN) and dipalmitoylphosphatidylcholine (DPPC)
were purchased from Sigma Chem. Co. (USA). The purity of the
chemicals was 99%. All solvents were used without further purification.

2.1. Sample preparation

Multilamellar phospholipid vesicles (MLVs) were prepared using
the standard procedure. To prepare the liposomes, 2 mg of DPPC
was first dissolved in 0.5 ml chloroform inside chemical-resistant
polypropylene centrifuge tube (Eppendorf) to obtain dry films.
Xanthohumol was dissolved in methanol at the concentration of
4.0×10−3 M. To prepare xanthohumol containing liposomes, the re-
quired amount of XN from the stock solution was placed inside the
sample tube with DPPC and mixed. The solution was then subjected
to a stream of nitrogen to remove excess solvents. The remaining sol-
vent was removed by evaporating the films in a vacuum dryer for 2 h.
After complete solvent evaporation, 0.5 ml of ultrapure water was
added and the mixture was homogenized with a sonicator (Bandelin
Sonoplus) 3× for 1 s with 60% of total power.

The ATR-FTIR infrared absorption spectra were recorded on a
670-IR Varian spectrometer. Typically, 25 scans were collected at a
resolution of 1 cm−1. The liposome suspensions with XN were pre-
pared according to the procedure described above and 200 μl of
xanthohumol in different mole ratios in DPPC (1, 5, 10, 15, 20 and
50 mol%) spread on one surface of a Ge ATR crystal (face angle: 45°,
10 reflections, PIKE Technologies). The dry DPPC/XN films were pre-
pared by evaporating the mixture under a stream of argon. The spec-
tra of XN in DPPC in different mole ratios were performed in dry
purified air (relative humidity, RHb5%, 31 °C). The spectra were
recorded in a first heating cycle from 25 to 80 °C with 2−3 °C inter-
vals and in second cycle from 39 to 102 °C. The up limit of tem-
perature in the first cycle was chosen to prevent possible XN
isomarization to isoxanthohumol [3] and DPPC decomposition. In sec-
ond cycle probably a DPPC decomposition at high temperatures
>90 °C was observed. The sample temperature was equilibrated for
2 min before acquisition of each spectrum. The RH of multibilayers
during measurements was defined with reference to the main transi-
tion [31] of pure DPPC and was in the range of RH 1%±0.3 and 4.0%±
0.5, see Fig. 1. Additionally, the amount of adsorbed water in
multibilayers was monitored in situ using the water-adsorptivity pa-
rameter Awr=(Aw /Alt) defined as the ratio of the OH absorption band
area (Aw) and the overall C\H stretching-vibration bands between
ca. 2800 and ca. 3080 cm−1 (Alt) [32].

TheGe crystal platewas cleanedwithultra pure organic solvents from
Sigma-Aldrich. The spectral analysis was performed with Grams/AI
software from ThermoGalactic Industries (USA). The deconvolution
(Gaussian and Lorentzian) and curve fitting were analyzed by the
peak-fitting module of OriginPro 8.6. The correlation coefficients for all
fitted curves were higher than 0.998.

In the case of X-ray diffraction measurements the XN–DPPC mix-
ture was deposited on the mica plates. Afterwards samples were left
for 24 h in room temperature until complete water evaporation.
Such prepared multibilayers were a subject of X-ray investigation.
2.2. X-ray measurements

X-ray diffraction patterns were collected with a Bruker D8 Discover
system,working in the reflectionmode. A parallel beamof CuKa radiation
(line focus) was formed by Gebel mirror, and the diffracted intensity was
controlled with a scintillation counter. Sample temperature was stabi-
lized by the Anton Parr DCS350 heating stage (with accuracy 0.1 °C).
Precision sample positioningwas assured by the Eulerian cradlemounted
on the goniometer.

The peak position and layer refraction were fitted with least
square method. The errors were estimated from chi-square devia-
tions. Before fitting the data were corrected for refraction effect
according to the equation detailed presented in [33,34].

In this case the following parameters were fixed to: d1=20 Å
(thickness of hydrophilic refraction zone 1) and n1=0.999999
(refraction index of zone 1). Only the parameter n2 (refraction
index of zone 2), scale factor and layer thickness d were free during
fitting procedure. The refraction depends on this case on the ratio be-
tween refraction indices n1 and n2 thus the ratio n1/n2 is shown. The
refraction indices change on the value 1×10−6 which is expected in
the case of soft matter for X-ray diffraction.
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Fig. 1. The pure DPPC phase transitions observed in X-ray diffraction data and in shifts of 2850 cm−1 band from FTIR spectra. The main phase transition was used as a reference
point to determine the multibilayers RH. The almost 5× longer measurement time in the case of X-ray data results in more dry DPPC multibilayers which is seen as a difference
of ~3 °C between FTIR and X-ray data. The FTIR data circles and triangles present samples with the same RH=4.0 but the temperature changes in the case of circle data are 2x faster
which results in more smooth phase transition.
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3. Results and discussion

3.1. Observed phase transition

After incorporation of XN to DPPC multibilayers a more pro-
nounced transition in a gel phase is recorded in X-ray data. This ob-
served transition is related to the lipid pretransition [35]. A new
abbreviation of the gel lipid phases is introduced in LI before
pretransition and LII after it. The reference diffraction patterns for
pure DPPC multibilayers, prepared in the same way as the one with
XN are presented in reference [34]. It is well-known that the main
phase transition (measured using DSC) of the dry DPPC bilayer is al-
most 50 °C higher than for the pure lipid in the form of liposomes
in water, where it reaches 41 °C [31,36]. For almost dry films the
main lipid transition temperature should be around 95 °C [31,37]
and has characteristic diffraction pattern, see Fig. 1. Addition of
5 mol% of XN causes shift of the lipid pretransition to around 60 °C
(see, Fig. 3). At 10–20 mol% of XN this transition of LI to LII occurs
around 55 °C. At these temperatures both phases coexist together.
In all cases the precise values of the phase transitions are difficult to
determine due to relatively weak intensities of reflections.

Because after cooling the reflexes related to the LII phase do not
transform to the one of the LI phase, it suggests that XN permanently
changes the lipid multibilayers properties after heating. However the
XN–DPPC complex transforms at pretransition during cooling from CII

to CI.. In heating cycle the LI to LII phase transition occurs simulta-
neously with the CI to CII one.

The incorporation of XN molecules into the DPPC multibilayers
caused appearance of a broader phase transition under dry conditions
also in FTIR spectra. In the case of DPPC containing XN at a tempera-
ture of around 50 °C RH=1%, there is a characteristic shift of the
stretching CH2 bands in the direction of higher frequencies. This is
in compliance with the diffraction data where the observed phase
transition LI to LII occurs close to this temperature (the small differ-
ences in temperature can be related to different preparation proce-
dures between those techniques, see Materials and methods).
Analysis of the positions of the stretching CH2 bands is commonly
used as a hydrocarbon chain conformation indicator [38]. The
addition of XN to the pure DPPC multibilayer decreases the tempera-
ture of the pretransition and main phase transition.

3.2. XRD XN–DPPC complex observation

Fig. 2 shows X-ray scans of DPPC containing XN at different temper-
atures. The new structure of XN–DPPC complex indicated by reflection
around 2θ=2.3° is not related to crystalline formof XN. Close to this po-
sition several substances show specific reflection that is related to the
complex formation in lipid multibilayers [39]. The new reflections
from DPPC–XN complex are marked with CI and CII in the figures
where index I and II denotes two forms in a gel phase before and after
pretransition. Intensity of the new reflection increase with XN concen-
tration and its maximum measured value was observed for 20 mol% of
XN (see Fig. 2 reflections CI and CII). Almost in all cases only the first
order reflection form DPPC–XN complex was observed except
20 mol% of XN where second order reflection was recorded. For this
XN concentration the lamellar structure of DPPC–XN complex is the
most pronounced. The lamellar gel complex (CI) has a repeat spacing
of 39.8±0.1 Å and in CII phase 40.7±0.1 Å at 63 °C. The complex thick-
ness in the gel phase remains constant until the pretransition; however
the complex in the CII phase changes from 40.7±0.1 to 40.2±0.1 Å at
70 °C. This can be related to the water evaporation from multibilayers.
The intensity of a complex reflection changes in the same fashion as
the first order lipid reflection during heating, see Fig. 3. These suggest
that periodic complex structure is formed during preparation not in
the heating cycle. In case of 1,3,4-tiadiazole the complex formation oc-
curs only after heating [34]. It was impossible to determine complex
stoichiometry in this experiment.

3.3. Fluorescence microscopy

The fluorescence microscopy reveals precipitations in the lipid
matrix after preparation. This indicates for the phase separation of
the LI and the CI at room temperature. Area of light zones (DPPC
containing significant amount of XN) increases with XN concentra-
tion (see Fig. 2). Probably the light zones contain also XN in its aggre-
gated form.



Fig. 2. Selected X-ray diffraction profiles obtained from aqueous dispersion of 1, 5, 10 and 20 mol% XN in DPPC recorded at different temperatures after drying. S stands for reflection
frommica substrate, C for complex phases and L for lipid phases. In all cases a transition between 55 and 62 °C, related to the lipid pretransition, is observed. Indices I and II stand for
two gel phases before and after this phase transition respectively. In case where it is impossible to distinguish reflection from lipid in gel and liquid crystal phase the L notation is
used. The last two scans for 20 mol% XN are recorded on the glass plate therefore no substrate reflection is observed and the background is slightly changed. On the right is micro-
scopic photography of the measured dry DPPC multibilayers containing XN. The pictures were taken with the Leica DM4000 fluorescence microscope in a visible light. The picture
dimensions are 200 μm×200 μm.
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Fig. 3. The interlayer thickness and n1/n2 ratio in a function of temperature for concentrations: 1, 5, 10, and 20 mol% of XN. The lines are added only as guidance.
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3.4. ATR-FTIR spectroscopic studies of XN−DPPC mixtures

The ATR-FTIR technique was applied with the aim of understand-
ing the mechanisms of the molecular interactions between XN and
DPPC. Fig. 4 presents ATR-FTIR spectra of the dry XN film (panel A),
pure DPPC and 1, 5, 10, 20 and 50 mol% of XN in DPPC multibilayers
(panel B). The most important frequencies of XN are collected in
Table 1. The assignment of the fundamental vibrational bands of
XN is based on literature data concerning other similar compounds
Fig. 4. The ATR-FTIR spectra of XN dissolved in methanol in the form of the dry film (panel A
room temperature (panel B). Spectra in panel B were offset on the vertical scale for clarity an
C\H stretching vibration bands between 2800 and 3050 cm−1. The multibilayers were equ
[40–43]. Vibrations that have been assigned to the mutual interac-
tion between chalcone and phospholipid are only marked in the in-
frared absorption spectrum of XN. In a dry XN film, the νOH band is
broad and centered at around 3305 cm−1 as a consequence of
H-bond formation by the OH groups of the chalcone molecules
(also intramolecular); see Fig. 4A. After incorporation of XN into
DPPC, the absorbance of this band gradually decreases except for
50 mol% of XN in DPPC (because of additional OH groups coming
from XN). This effect can be related to hydrogen bonds breaking
), from the top for 50, 20, 10, 5 and 1 mol% XN in DPPC, and pure DPPC (dashed line) at
d normalized by dividing by the surface beneath the bands corresponding to the overall
ilibrated at 1% RH.

image of Fig.�3
image of Fig.�4


Table 1
Representative bands of FTIR absorbance spectra for xanthohumol and their assignment.

Wavenumber [cm−1] Vibrational assignment

974 trans \CH_CH\
1027 Substituted benzene
1103
1145 ν(C\C) aromatic ring, ν(\OH)
1171
1203
1228 δν(\OH)
1292 ν(C\C) aromatic ring
1346 δ(\OH)
1440
1470 δ(C\C)
1515
1545 trans CH_CH\
1594
1606 νC_O
1626
2854 νs(\OCH3)
2919
2967 νas (\OCH3)
3189 ν(\OH), ν(C\H) in aromatic ring
3393

⁎ν— stretching mode, δ— bending in plane, s— symmetric vibrations, as— asymmetric
vibrations,
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between both lipid molecules and the lipid–XN mixture or water
evaporation [44]. As can be seen from Fig. 4B, the main differences
between the FTIR spectra of pure DPPC and XN−DPPC in different
mole ratios involve the bands in the region characteristic for the
polar head vibrations: the antisymmetric stretching of the PO2

−

groups (1246 cm−1), symmetric PO2
− stretching (1090 cm−1) par-

tially overlapping with the band representing the C\O\P\O\C
stretching modes (1064 cm−1) and the CH2 scissoring mode
(1467 cm−1). The shape and position of these bands are especially
changed at high concentration of XN in DPPC. The observed changes
indicate the localization of the XNwith respect to the membrane and
the type of interaction with phospholipids. After incorporation of XN
molecules into the lipid multibilayers no significant spectral shift of
lipid main bands was observed at room temperature. The spectral
shift of the shoulder centered at 1626 cm−1 assigned to the C_O
stretching mode (coming from XN) towards lower frequencies (to
1619 cm−1) indicate that XN binds to the polar part of the model
membrane via hydrogen bonding between the carbonyl groups of
DPPC and hydroxyl groups of XN, see Fig. 4. The weak bands at
1545 and 1514 cm−1 might be assigned to the \C_C\ vibrations
in phenol and hydroxybenzoyl moieties of XN. Interestingly, the
first band mentioned is shifted towards higher frequencies by
13 cm−1 in DPPC. This suggests that after dispersion of XN in DPPC
the Van derWaals interactions between aromatic rings in XNmolecules
are reduced. On the other hand, themethylene groups in the prenyl unit
of XN show a possibility of rotation relative to the aromatic A-ring [18].
This part of the XNmolecules could be localized in the polar–apolar in-
terface in the lipidmultibilayers in the case of high concentration of XN.
The spectral shift of the band at 1440 cm−1 towards higher frequencies
(to 1446 cm−1) after incorporation of 50 mol% XN into themembranes
supports the concept of chalcone localization in the membrane at the
polar–nonpolar interface (after multibilayer preparation at room tem-
perature), see Fig. 4. This can be rationalized by limited space in the
polar zone of lipid bilayer. This band indicates the presence of an anti-
symmetric ethylenic double bond and the vibrations of choline \CH3

group [42].
The gradual spectral shift of the band at 1346 cm−1 representing

the C\OH deformation vibrations in XN towards lower frequencies
(to 1338 cm−1) suggests involvement of hydroxyl groups of the
chalcone in binding via the H-bond to the lipid membrane. This effect
is pronounced by the increase in the intensity of the band centered at
1144 cm−1 corresponding to C\OH stretching vibrations especially
in the case of 20 and 50 mol% XN in DPPC.

The interaction between XN and the head group of DPPC was
monitored by the PO2

− antisymmetric stretching band, which is locat-
ed at 1246 cm−1, see Fig. 5A. The difference spectra obtained by sub-
traction of the spectrum of the dry DPPC film from the spectrum of
the dry XN in the DPPC film reveal changes in the region of the lipid
νasPO2

−; see Fig. 5B. As can be seen from the subtracted spectra, a new
band centered around 1260 cm−1 appears. This band is probably relat-
ed to the formation of a complex betweenXNand the lipid. To get better
insight into themolecular interaction between XN and DPPCmolecules,
infrared spectra of XN dissolved in polar and non-polar solvents are
presented in Fig. 5B (dotted lines). The spectrum of the dry XN film
dissolved earlier in non-polar tetrachloromethane displays three
bands centered at 1261, 1210 and 1191 cm−1 corresponding to the
C\OH (non-hydrogen bonded) and C\C\H deformation vibrations
in the aromatic ring [45]. In contrast, in the dry XNfilm dissolved earlier
inmethanol, two bands centered at 1227 and 1203 cm−1were ascribed
to the hydrogen bonded \OH groups. Interestingly, in the case of the
subtracted spectra of XN in DPPC, appearance of two bands centered
around 1225 and 1212 cm−1, respectively, similar to hydrogen bonded
XN molecules (like in methanol) and non-hydrogen bonded (like in
tetrachloromethane) is gradually observed. The spectral shift of the
first above-mentioned band from ~1235 to 1227 cm−1 is dependent
on the XN concentration and involves the interaction via the H-bond
between XN and the PO2

− group in DPPC. The second band can be relat-
ed to non-hydrogen bonded interactions and the possibility of organiza-
tion of XN in the hydrophobic part of the model membrane.

3.5. Thermotropic phase behavior — XRD and FTIR study

Fig. 3 presents the dependence of thickness layer and refraction
indices ratio n1/n2 as a function of temperature for DPPC mixture
with 1, 5, 10 and with 20 mol% of XN. The behavior of the system dur-
ing heating and cooling is different. During heating a clear transition
from LI to LII in the case of lipid is observed. During cooling no
phase transition indicated by X-ray diffraction is noted. This can be
related to the lipid multibilayer dehydration or strong interaction be-
tween XN and DPPC or XN aggregation.

The layer thickness of LI with 1% XN is almost the same as for pure
DPPC. With the increase of the XN concentration the lipid multilayer
thickness clearly decreases with minimum at 20 mol%, see Fig. 3.
After heating–cooling cycle the lipid layer thickness returns in all
cases to the same value of ~56 Å (the small deviations can be an
effect of diffractometer alignment and/or water evaporation from
multibilayers). For small concentrations of XN the repeat lipid spacing
is similar to the one observed by Lenne at al. [46] but at high concen-
trations the situation is opposite and the lipid repeat spacing de-
creases with increasing XN concentration. Small dehydration was
observed in FTIR spectra where after heating the band related to vi-
brations of hydroxyl group (3381 cm−1, data not shown) decreases
with temperature. This effect is well-known and widely described
by reference [47]. The interlayer thickness differences after cooling
are very small and cannot be correlated with the XN concentration
due to small alignment differences between samples.

The multilayer thickness changes are accompanied by clear refrac-
tion changes. The n1/n2 ratio for 1 mol% during heating has higher
value than during cooling. After 45 °C the electron density increases
in lipid hydrophilic zones or decreases in hydrophilic zone but the
source of these changes can be related not only to the XN but also
to the carbohydrate chain ordering. In the case of 5 mol% the situation
is opposite. During heating the ratio has lower value than during
cooling cycle but the difference is not that pronounced. The refraction
changes have hysteresis behavior with temperature. This can be
explained by three possible mechanisms. In the first one, the electron



Fig. 5. (A) The region of the νPO2
− vibrations in a dry film of XN−DPPC mixtures, from the top for, 50, 20, 10, 5 and 1 mol% XN in DPPC, and pure DPPC (dashed line). The spectra

were normalized in the maximum of band centered at 1246 cm−1. (B) The spectra obtained by subtraction of the spectrum of the dry DPPC film from the spectrum of the dry XN−
DPPC film. Dashed lines represent infrared spectra of the dry XN film dissolved earlier in methanol (black-short dashed line) and tetrachloromethane (red-long dashed line).
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density (most probably coming from XN molecules) moves to the
first zone or moves in it and the ratio n1/n2 increases, see Fig. 5. In
the second XN leaves the second zone and cumulates in aperiodic
structures (invisible by X-ray diffraction e.g. XN water microphases
[48] or aggregates) and in the third one XN moves between lipid
zones or to the border between them. This can be rationalized as
better XN dissolution in the hydrophilic lipid zones at higher temper-
atures for this concentration. In the case of 10 mol% the situation is
similar to the one observed for 5 mol% but the phase transition is ac-
companied by drastic decrease of n1/n2 ratio during heating. It is im-
portant to mention that at pretransition the layer thickness d shrinks
which is accompanied by a strong decrease of n1/n2 ratio. This ob-
served effect can be partly related to the lipid zone 2 shrinking at
phase transition [49], which changes the most and increase of elec-
tron density in it. The in-plane packing can follow these changes but
slower, which can partly explain the changes at phase transition
[50]. After pretransition the n1/n2 ratio and thus electron density in
both layers return to the previous value which suggest that XN can in-
corporate/move again into zone 2 and do not change even after
cooling. It is also possible that after sample heating–cooling cycle,
XN molecules form associated forms (e.g. dimers, trimers and
N-aggregates) which interact differently with lipid layers. At
20 mol% of XN the peaks were so broad that it was impossible to mea-
sure refraction changes from the sample. Important information
about XN interaction with different lipid groups in a function of tem-
perature provides FTIR study.

3.6. Symmetric stretching in the CH2 vibrations

The intensive bands between 2800 and 3000 cm−1 represent the
C\H stretching modes with the maxima of peaks at 2850 cm−1 and
at 2917 cm−1, corresponding to the symmetric and antisymmetric
stretching in the CH2 groups of alkyl chains, respectively. The vibra-
tions of theCH2 groups are commonlyused tomonitor the order–disorder
state of the lipid system and consequently, to observe the lipid phase
transitions [38]. The νasCH2 and νsCH2 vibration modes in DPPC are diag-
nostic of conformational and alkyl chain packing changes [51,52]. Fig. 7
shows evaluation of frequency of the νsCH2 stretching band during two
subsequent heating processes with different RH. The pretransition is
seen as a weak shift up of frequency around 30 °C for RH=4% and
47 °C for RH=1%. In this band no significant changes concerning XN
lipid interactions for both presented RH values were observed except
main melting transition broadening and shifting. This suggests that XN
does not significantly interact with the hydrophobic part of lipid
membrane.

3.7. CH2 scissoring vibrations

Lipid hydrocarbon phase transitions can also be monitored by ex-
amining the CH2 scissoring centered near 1467 cm−1, see Fig. 7. The
changes in the region corresponding to this mode are diagnostic of
alkyl chain packing arrangements, as they reflect concomitant in-
creases in hydrocarbon chain mobility and gauche rotamer proportion
[53,54]. Position of the δCH2 vibration is sensitive to the type of lateral
alkyl chain packing [55,56]. An examination of the contours of this
band at the onset of the hydrocarbon chain-melting process can pro-
vide useful information about the intermolecular interaction. In a gel
phase, this band is relatively sharp and intensive, indicating hexago-
nal packing. With increasing temperature the intensity of the δCH2

band decreases, becomes broader and the center of the band shifts
in the direction of lower frequencies, see Fig. 7. These mentioned ob-
servations indicate for a loss of hexagonal chain order. Additionally
the band initially observed at frequencies near 1467 cm−1 begins to
be shifted to a lower-frequency region after main phase transition
for both 1% and 4% RH. The small changes around 33 °C and 48 °C
for RH=4 and 1% respectively, can indicate for in-plane reorganiza-
tion of hydrocarbon chains close to the lipid pretransition which
can be correlated with interlayer spacing changes observed in X-ray
measurements. For all concentrations of XN the changes in this
band are similar for both RH values.
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3.8. PO2
− antisymmetric vibrations

The most important bands for probing directly the head group of
DPPC interactions with XN is the PO2

− antisymmetric stretching
mode, which is located around 1246 cm−1 and symmetric stretching
mode which is located around 1090 cm−1. Both bands show the
same behavior with temperature therefore only the second one will
be presented. This band is the most sensitive to the formation of
H-bonds, shifting to lower frequencies with increased H-bonding
[57]. In a dry DPPC film, it is centered at 1092 cm−1. However, in
comparison to multibilayer containing XN observed changes in the
band position in the investigated temperature range are minor, see
Fig. 7. Increase of the temperature close to the pretransition for
RH=4% causes shift of this band position towards lower frequencies
which indicates a strong interaction via hydrogen bonds between the
PO2

− group of the lipid and the OH groups of XN, see Fig. 6. After that
the band frequency shifts to higher values. This effect is observed for
all investigated XN concentrations. After second heating the band
does not change at pretransition and at main transition goes down.
This suggests that after first heating XN molecules changed or formed
different forms that do not interact with DPPC like the XN from newly
prepared samples. This is with accordance with X-ray data where
after cooling for all concentrations of XN no changes are observed.
3.9. C_O stretching vibrations

The temperature dependence of the frequency of the C_O
stretching modes of DPPC multibilayers in the XN is shown in Fig. 7.
In the DPPC film with RH=4%, the band of ν C_O is centered around
1737.5 cm−1 and is stable in the 25 to 70 °C temperature range. In
the presence of XN molecules, a minor lower frequency shift of the
ν C_O group vibrations is observed at pretransition. These changes
are similar to the one observed in the case of PO2

− group but with
much smaller amplitude which suggests that XN at this temperature
interacts more selectively with PO2

− groups and only partly with the
C_O one, see Fig. 5. The hydrogen bonding may occur between oxy-
gen atoms in the C_O groups of lipid and hydrogen in the OH group
of XN. At temperature above the main melting transition, a shift to a
higher-frequency region (see, Fig. 7) is observed and the contour of
this band broadens (spectra not shown). In the second heating cycle
the band behaves differently than for pure DPPC. Above 90 °C this
band goes down which suggests that at this temperature XN–DPPC
system becomes unstable. This is with compliance with X-ray data
where the lipid layers at this temperature are partly damaged.
Fig. 6. The most probable mechanism which explains the thermotropic changes observed in
DPPC. At pretransition XN moves close to the interfacial part of lipid. This is seen in X-ray
pretransition the lipid interlayer spacing is smaller and the interaction with PO2− becom
with this group. Subsequent cooling and heating do not bring any significant changes to th
3.10. N+(CH3)3 asymmetric vibration

A study of the asymmetric N+(CH3)3 stretching mode shows more
pronounced changes for RH=4% for all measured multibilayers
containing XN than for the pure DPPC at pretransition, see Fig. 7.
This is with accordance with presented model in Fig. 5 where firstly
XN moves in the direction of PO2

− at pretransition and than the inter-
actions in hydrophilic lipid zone after layer shrinking becomes more
pronounced. The band frequency goes faster down than the one of
pure DPPC for all measured XN–DPPC multibilayers. This can be relat-
ed to the layer shrinking and stronger interaction between groups in
hydrophilic zone of lipid. In a second heating cycle a permanent
lowering of this band frequency is observed which suggests that the
XN–DPPC system is irreversibly changed.
4. Conclusions

We have presented the interaction of the major prenylated
chalcone xanthohumol with DPPC in the form of dry multibilayers.
The incorporation of XN inside such a lipid systemmodel has an influ-
ence on the molecular organization and the structural properties in a
polar part of lipid bilayers. It was found that XN is located in interface
region between polar heads of lipids and at pretransition moves close
to the PO2

− groups. After that XN cumulates outside of periodic lipid
structure which is seen in permanent change of lipid layer thickness
and permanent change of FTIR frequency position in second heating
cycle for phosphate groups. These changes are even more pro-
nounced at higher concentrations of XN. The effect of XN on
multibilayer net is to decrease interlayer spacing and the decrease
of the temperature of the main lipid transition for RH=1 and 4%.
It was found that DPPC multibilayers decompose/change above
~75 °C at RH=1%. The results obtained show the possibility of
forming the XN−DPPC complex. Already at 1 mol% of XN, a complex
XN−DPPC is observed, which has also lamellar structure like lipids.
It is noteworthy that for the first time we have presented X-ray dif-
fraction and spectroscopic of pure xanthohumol and xanthohumol
in DPPC multibilayers at different concentrations and RH values of
1% and 4%.
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Fig. 7. Temperature-dependent FTIR changes in the DPPC multibilayers containing XN for the first heating (RH=4%±0.5) and second heating cycle (RH=1%±0.3). In the second
cycle the area above 75 °C shows data with high error bars related to the peak broadening and partial DPPC decomposition. The vertical lines show phase transitions for DPPC.
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