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The anticarcinogenic properties of catechins stand out among the great variety of biological actions
attributed to these compounds. The capacity of catechins to interact with lipids and their participation
in membrane related processes points out to the membrane as their potential site of action.
Phosphatidylethanolamine is an abundant phospholipid in mammalian membranes that has tendency
to form non lamellar phases, it is associated with important cellular processes, and it has been related
to cancer. In order to shed light into the molecular effect of the anticarcinogenic 3,4,5-
trimethoxybenzoate of catechin (TMBC) on lipid polymorphism and membrane structure and dynamics,
we present a combined experimental and computational study of the interaction between this semisyn-
thetic catechin and biomimetic membranes composed of unsaturated phosphatidylethanolamine. Our
experimental evidence reveals that TMBC is readily incorporated into unsaturated phos-
phatidylethanolamine system where it is able to shift the gel to liquid crystalline phase transition tem-
perature to lower values, decreasing the cooperativity and the enthalpy change of the transition. The
presence of TMBC is able to promote the formation of gel phase immiscibility and to block the formation
of the inverted hexagonal phase. In the bilayer liquid crystalline phase, the catechin decreases the inter-
lamellar repeat distance, it increases the fluidity of the membrane, and it alters the hydrogen bond pat-
tern of the interfacial region of the bilayer. Our molecular dynamics results concur with the experimental
data and locate TMBC forming different domains near the interfacial region of the bilayer where it mod-
ifies the lateral pressure profile of the membrane leading to a stabilization of the bilayer in the liquid
crystalline phase and to a potential alteration of the function of the membrane.
� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A considerable number of studies have established that green
tea catechins have healthful effects on many human disorders,
among other things obesity, metabolic syndrome, neurodegenera-
tive and inflammatory diseases, and also cancer [1]. Regarding the
important beneficial effects on cancer in humans, catechins exhibit
hopeful results in a considerable number of different cancers [2],
and most of the anticancer effects of catechins are performed fun-
damentally through the interaction between catechins and a vari-
ety of membrane proteins, intracellular targets, and also the
plasma membrane itself [3].

The membrane has emerged as a probable place for the anti-
cancer task of catechins and there are evidences that catechins
interact with phospholipid bilayers [4], changing the stiffness of
the membrane and affecting lipid rafts [5–7]. For that reason, the
interaction of catechins with the membrane is very important to
shed light into their mechanism of action, however, the study of
this interaction is arduous as the composition of membranes is
very complex. The existence of different kind of lipids is outstand-
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Fig. 1. Chemical structure of TMBC.
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ing because they confer the distinct membranes with special prop-
erties regarding permeability, fluidity or thickness [8].

Phosphatidylethanolamine is the second most abounding phos-
pholipid on mammalian cellular membranes, its presence reaching
nearly 30 % of total phospholipids [9], most of which is asymmet-
rically distributed in the inner leaflet of the membrane. Phos-
phatidylethanolamine has been shown to be associated with
protein biogenesis and activity, oxidative phosphorylation, autop-
hagy, membrane fusion, mitochondrial stability, and it is an impor-
tant precursor of other lipids [10]. Phosphatidylethanolamine
contains a small polar head group and when combined with the
presence of unsaturated fatty acyl chains is capable of forming
non-bilayer phases [11]. The inherent negative spontaneous curva-
ture of this cone-shaped lipid has the tendency to generate hexag-
onal inverted phases inside the membrane, which promote
different membrane events involving the generation of non-
bilayer membrane intermediates, like in fusion [12], the integra-
tion of proteins into membranes and the modulation of conforma-
tional changes in protein structure [13].

It is interesting that phosphatidylethanolamine has been shown
to increase its presence on the outer membrane of tumor vascular
endothelium cells, suggesting that it may serve as a marker for
tumor vasculature and also drug targeting [14].This feature, as well
as a high degree of expression of phosphatidylethanolamine on
endothelial cells in tumor vasculature, makes phos-
phatidylethanolamine an attractive molecular target for future
cancer interventions [15]. There are several reports which show
the relation between phosphatidylethanolamine and cancer,
among them, the demonstration that the anticancer and toxic
properties of cyclotides are dependent on phos-
phatidylethanolamine targeting [16], the conclusion that the
potent anticancer activity of the sesterterpenoid Ophioboliln A is
also targeted to phosphatidylethanolamine [17], and the evidence
that the tumor suppressor LACTB acts decreasing the presence of
phosphatidylethanolamine in the membrane [18]. It is apparent
that the study of the interaction between catechins and unsatu-
rated phosphatidylethanolamine would be crucial to understand
the effects of these compounds on the membrane.

New catechin derivatives have been developed to overcome the
restrictions of use of catechins presented by their low stability in
2

neutral solutions and their inability to readily cross cellular mem-
branes [19]. TMBC (Fig. 1) is a modified catechin that has demon-
strated to exhibit a high activity against melanoma and breast
cancer cells [20,21], and which has been shown to perturb the
structural properties of important zwitterionic [22,23] and anionic
phospholipids [24]. The main objective of this work is to study at
molecular level the effect of TMBC on lipid polymorphism, an
important question not investigated so far. In particular, we inves-
tigate the influence of TMBC on the propensity of phos-
phatidylethanolamines to form non bilayer phases. We have used
several experimental techniques, including differential scanning
calorimetry (DSC), X-ray diffraction, and Fourier transform infrared
(FTIR) spectroscopy, together with molecular dynamics simulation,
to study the interaction between TMBC and model membrane sys-
tems composed by 1,2-dielaidoyl-sn-glycero-3-
phosphoethanolamine (DEPE). We have chosen DEPE because it
is a phospholipid that undergoes transitions from gel to liquid
crystalline and from bilayer to inverted hexagonal phases in a
range of temperatures that can be studied using the appropriate
techniques. We believe that the obtained information will con-
tribute to advance on the understanding of the molecular interac-
tion between the semisynthetic catechin and the membrane.
2. Materials and methods

2.1. Materials

DEPE (>99 % TLC) was purchased from Avanti Polar Lipids Inc.
(Birmingham, AL), and phosphorous analysis was used to deter-
mine phospholipid concentration [25]. (–)-Catechin and 3,4,5-
trimethoxybenzoyl chloride were purchased from Sigma Chemical
Co. (Madrid, Spain), and TMBC was synthesized from catechin as
detailed previously [20]. All other reagents were of the highest pur-
ity obtainable.

2.2. Differential scanning calorimetry

Samples for DSC were prepared by drying organic solvent solu-
tions containing convenient quantities of DEPE and TMBC, and
forming multilamellar vesicles in 150 mM NaCl, 0.1 mM EDTA,
10 mM Hepes, pH 7.4 buffer, essentially as described in [22]. Sam-
ples were measured in a MicroCal PEAQ-DSC calorimeter (Malvern
Panalytical, Malvern, UK) at 1.5 mM final phospholipid concentra-
tion, and heating scan rate of 60 �C h�1. Data were studied using
ORIGIN v7.0383 (Northampton, MA, USA). Areas under the thermo-
grams were used to determine the enthalpy change of the transi-
tions, and onset and completion temperatures were used to
construct a partial phase diagram, after correction by the finite
width of the transitions of pure DEPE.

2.3. X-ray diffraction

Samples containing 10 lmol of DEPE and convenient amount of
TMBC, prepared similarly as those described for DSC, were cen-
trifuged 5 min at 12000 rpm. Pellets were placed in a steel holder
and were measured in a modified Kratky compact camera
(MBraum-Graz-Optical Systems, Graz, Austria). Nickel-filtered Cu
Ka X-rays were generated by a Philips PW3830 X-ray Generator
operating at 50 kV and 30 mA. The q (scattering vector) range cov-
ered (q = 4p sin h / k; where 2h is the scattering angle and k = 1.
54 Å the selected X-ray wavelength) was between 0.05 and
0.6 Å�1 for small angle X-ray diffraction (SAXD), and from 1.32 to
1.95 Å�1 for wide angle X-ray diffraction (WAXD). SAXD and
WAXD were accomplished at the same time essentially as
described previously [22].
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2.4. FTIR spectroscopy

Samples for the infrared measurements containing 10 lmol of
DEPE and convenient amount of TMBC were formed in 75 lL of
the same buffer prepared in D2O as described above. Infrared spec-
tra were collected in a Nicolet 6700 FTIR spectrometer (Thermo
Fisher Scientific, Madison, WI, USA) essentially as described previ-
ously [22]. Spectra were analyzed using the software Grams
(Galactic Industries, Salem, NH, USA).
2.5. Molecular dynamics

The molecular structure of TMBC was constructed from the
chemical structure of (-)-Catechin gallate obtained from the Pub
Chem Substance and Compound data base [26] through the identi-
fier number 6419835. All molecular dynamics simulations were
done using GROMACS 5.0.7 and 2018.1 [27] with the aid of the
Computational Service of the University of Murcia (Spain).

CHARMM36 force field parameters for
dioleoylphosphatidylethanolamine, TMBC, water, Cl- and Na+ were
obtained from CHARMM-GUI [28–30]∙. DEPE topology file was
built from dioleoylphosphatidylethanolamine force filed parame-
ters changing the dihedral restraints from the cis to the trans dou-
ble bond.

Packmol software [31]∙ was used to build the initial membrane
structures formed by 2 leaflets oriented normal to the z-axis. The
bilayer membrane was built with 128 molecules of DEPE with
and without 14 molecules of TMBC, with a water layer containing
a total of 6400 water molecules (TIP3 model), 144 sodium ions, and
144 chloride ions. DEPE and TMBC were randomly distributed in
each phospholipid layer keeping the DEPE molecules oriented nor-
mal to z-x plane, and thus in the different simulations the TMBC
molecules were at different random starting locations in the lipid
phase. All systems were simulated using the NpT-ensemble at
50 �C constant average temperature. Pressure was controlled
semi-isotropically at 1 bar of pressure and 4.5� 10�5 bar�1 of com-
pressibility. The cutoffs for van der Waals and short-range electro-
static interactions were set to 1.2 nm, and a force switch function
was applied between 1.0 and 1.2 nm. Equilibration was undertaken
for 3 ns using the V-rescale temperature coupling method, and
Berendsen pressure coupling method [32]∙. Equilibration was fol-
lowed by production runs of 300 ns using the Nose-Hoover ther-
mostat [33]∙ and the Parrinello-Rahman barostat [34]∙.

Graphical representation and inspection of all molecular struc-
tures were done with PyMOL 2.3.0 [35]∙. The last 40 ns of the pro-
duction run were used for the analysis by using Gromacs tools.

To calculate the lateral pressure profile p(z) we used GROMACS-
LS [36–39], a custom version of GROMACS that allows the calcula-
tion of the local stress tensor in three dimensions. Rerun of the last
100 ns simulated trajectories was necessary to output the local
stress tensors using an increased cutoff distance of 2.2 nm for Cou-
lomb interactions as recommended by the software package
authors. The simulation box was divided into 1 Å thick slabs nor-
mal to the z-axis. For a slab centered at depth z, the lateral pressure
profile p(z) is defined as:
p zð Þ ¼ Pxx zð Þ � PyyðzÞ
2

� PzzðzÞ
where Pxx(z), Pyy(z) and Pzz(z) are the diagonal elements of the pres-
sure tensor, along the x, y and z axes, respectively [38]∙. All the pro-
files were smoothed by a spline function and symmetrized with
respect to the bilayer center.
3

3. Results and discussion

3.1. Differential scanning calorimetry

We used DSC to investigate the effect of TMBC on the DEPE
thermotropic behavior. Fig. 2A shows the heating thermograms
of DEPE dispersions and mixtures of DEPE and TMBC. Pure DEPE
shows two endotherms, a major peak at 37 �C and a minor peak
at 63.7 �C, which correlate with the bilayer Lb to bilayer La phase
transition and to the bilayer to HII phase transition respectively, in
agreement with previous reports [40,41]. When TMBC is incorpo-
rated into DEPE in a low catechin mole fraction like 0.02, the main
chain melting transition is already clearly affected as the tempera-
ture of the onset of the melting transition is shifted to lower values
and the transition is wider. This trend is kept when more TMBC is
present in the system, and when the mole fraction of TMBC is
higher than 0.15 the main transition is distinctly composed by
two broad components.

An interesting finding is the appearance of a cooperative
endotherm at a constant onset temperature of 22 �C, this peak is
already present at low mole faction of TMBC, and it became more
evident as the concentration of TMBC is increased, its size increas-
ing at the expenses of the main higher melting endotherm. The
presence of an additional endotherm at a lower invariable temper-
ature has been previously reported in mixtures of TMBC and
shorter saturated phosphatidylethanolamine [23]. DSC results sug-
gest that TMBC is readily incorporated into DEPE system where it
can interact with the phospholipid acyl chains, affecting their
structural properties and producing that the melting transition is
less cooperative and shifted to lower temperatures. It can be
observed in Fig. 2B that the perturbation exerted by TMBC on the
acyl chains of DEPE produces that the enthalpy change of the melt-
ing transition decreases as more TMBC is present into the system.

The presence of different broad components in the main transi-
tion may point out that different domains are present in the
bilayer, and the presence of a lower temperature component at a
fixed temperature suggests the formation of a stable component
or a different phase. As shown in Fig. 2C, the effect of TMBC on
the lamellar to HII phase transition of DEPE is also evident, the
presence of increasing concentrations of the catechin produces a
broadening and shifting of the transition endotherm to higher
temperatures.
3.2. X-ray diffraction

Information of structural characteristics of the TMBC/DEPE sys-
tem was acquired by using SAXD and WAXD. We registered the
diffractions profiles of TMBC/DEPE samples at different tempera-
tures, and the results are presented in Fig. 3. The SAXD technique
allows to designate the macroscopic structure of the system, and
also to determine the interbilayer repeat distance in the bilayer
phase and the tube diameter in the HII phase. When phospholipid
organized themselves into multilamellar structures, they give rise
to several reflections which distances relate as 1: 1/2: 1/3: 1/4 . . .

[42]. It can be seen from the SAXD patterns presented in Fig. 3A
that pure DEPE at 15 �C, i.e., below the Lb to La phase transition,
shows a first order reflection at 66.3 Å, this first order reflection
correlates with the interbilayer repeat distance, which includes
the bilayer thickness and the layer of water between bilayers,
and agrees with previous reports [43,44]. It has been previously
shown that DEPE systems in the lamellar phase do not show higher
order reflections [41,45], however, we can detect a sharp reflection
near 16.5 Å, which corresponds to the fourth order reflection
appearing at 1/4 the distance relative to the observed first order
refection. At 15 �C, the presence of TMBC does not alter the dis-



Fig. 2. (A) DSC heating thermograms for pure DEPE (left) and DEPE containing TMBC at different concentrations (right). (B) Enthalpy change for the bilayer Lb to La phase
transition. (C) Enlargement of the bilayer to HII transition region of the thermograms. TMBC mole fractions are expressed on the right side of the thermograms.
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tance of the first order reflection, but in the case of 0.07 mol frac-
tion a weak third order reflection could also be observed. The
WAXD technique supplies data correlating to the packing of the
phospholipid acyl chains. Fig. 3B shows that at 15 �C, all the sys-
tems display a symmetric sharp reflection centered at 4.2 Å, con-
clusive of the usual Lb phase, where the acyl chains adopt
regular hexagonal lattice parallel to the bilayer normal.

At 28 �C, pure DEPE is still organized in the Lb phase, but
increasing the temperature at 50 �C, i.e., above the main Lb to La
phase transition, the first order distance decreases to 53.7 Å, and
with second, third and fourth order reflections being also weakly
detected (Fig. 3A). This dramatic reduction in the first order repeat
distance is due to the decrease in the effective acyl chain length
which goes with the transition to the La phase, and it is corrobo-
rated by the broad diffuse dispersion characteristic of this phase
found in the WAXD region at 50 �C (Fig. 3B). However, at 28 �C,
in the presence of 0.07 mol fraction of TMBC weak additional
reflections appear at 51.9 and 25.4 Å, reflections which are sharper
and more apparent in the presence of 0.20 mol fraction of TMBC
(Fig. 3A). These additional reflections correspond to the first and
second reflections of a La phase, which is present simultaneously
with the more abundant Lb phase. The sharp reflection correspond-
ing to the Lb phase is the only one detected in the WAXD region
(Fig. 3B), as the La phase produces diffuse scattering pattern. The
La phase detected a 28 �C corresponds to the phospholipids that
in the presence of TMBC undergo the Lb to La phase transition at
lower temperatures, which gave rise to the invariable low temper-
ature endotherm detected by DSC (Fig. 2A).
4

At 50 �C, pure DEPE and TMBC/DEPE systems are organized in
the bilayer La phase, as seen by the diffuse scattering pattern
observed by WAXD (Fig. 3B) and the four reflections relating as
1: 1/2: 1/3: 1/4 characteristic of the bilayer organization
(Fig. 3A). Nevertheless, it is interesting to note that the first order
distance in the La phase observed at 53.7 Å for pure DEPE,
decreases to 52.9 Å in the presence of 0.07 mol fraction of TMBC,
and to 51.2 Å in the presence of 0.20 mol fraction of TMBC. The lat-
ter indicates that the incorporation of TMBC in the La phase of
DEPE decreases the interlamellar repeat distance of the system,
which is congruent with the reduction in the bilayer thickness
reported previously for the presence of TMBC in zwitterionic and
anionic phospholipid membranes [22–24].

When phospholipids organize themselves in hexagonal HII

structures they generate SAXD reflections which distances relate
as 1: 1/

p
3: 1/

p
4: 1/

p
7 . . . [42]. Pure DEPE at 66 �C produces a first

order reflection at a distance of 64.1 Å and the corresponding sec-
ond, third and fourth reflections with distances characteristic of
the HII phase (Fig. 3A). The characteristic WAXD diffuse pattern
of DEPE at 66 �C indicates the fluid nature of the HII phase
(Fig. 3B). In the presence of 0.07 mol fraction of TMBC, the system
presents the characteristic reflections of the HII phase, but a weak
reflection at a distance of 50.8 Å is also present (Fig. 3A) which
indicates the presence of a minor portion of the phospholipid that
are still organized in the bilayer La phase. Interestingly, in the
presence of 0.20 mol fraction of TMBC the reflection pattern char-
acteristic of the HII phase is not found and it is replaced by three
order reflections related as 1: 1/2: 1/3 characteristic of the La



Fig. 3. (A) Intensity (log scale arbitrary units) vs scattering vector (q) for SAXD profiles of pure DEPE (top black), DEPE containing TMBC 0.07 (middle red) and 0.20 mol
fraction (bottom blue) at different temperatures. The asterisks indicate reflections arising from a bilayer La phase in mixture with another phase. (B) Intensity (arbitrary
units) vs scattering vector (q) for WAXD profiles of pure DEPE (top black), DEPE containing TMBC 0.07 (middle red) and 0.20 mol fraction (bottom blue) at different
temperatures.

Fig. 4. Partial phase diagram for DEPE in DEPE/TMBC mixtures. Open and solid
symbols were obtained from the onset and completion temperatures of the bilayer
Lb to La (squares and circles) and the bilayer to HII phase transitions (diamonds),
after correction by the finite width of the transitions of pure DEPE.
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phase, with a further decreased interbilayer repeat distance of
49 Å. The latter reveals the role or TMBC as an important stabilizer
of this phase. The diameter of the tubules which form the hexago-
nal array of the HII phase can be determined by multiplying by two
the distance of the second order reflection of the hexagonal HII

SAXD pattern [46], in the case of pure DEPE we found a tube diam-
eter of 73.6 Å, and this value did not change by the presence of
TMBC.

From the DSC thermograms showed in Fig. 2A, we determined
the onset and completion temperatures of the different endother-
mic transitions. When these data were put together with the struc-
tural information obtained from the X-ray experiments, they
allowed us to construct the partial phase diagram for DEPE in mix-
tures with TMBC presented in Fig. 4. It can be observed that the
temperature of the solidus and fluidus lines, that is, the boundary
lines formed with the onset and completion temperatures of the
main Lb to La phase transition (circles in Fig. 4), decreases as more
TMBC is present in the system, and this indicates a near ideal mix-
ing behaviour, that is, good miscibility in both phases. However, as
commented above (Fig. 2A), as soon as the TMBC concentration is
increased, the phase diagram is dominated by a clear gel phase
immiscibility. Below 22 �C, there are two different Lb phases: a
minor Lb1 phase, which appears to have a fixed stoichiometry
5



Fig. 5. Temperature dependence of the position of the maximum of the symmetric
methylene stretching vibration band, msCH2, exhibited by pure DEPE (black circles)
and DEPE containing TMBC at 0.07 (red squares) and 0.20 (green triangles) mole
fraction.
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and a transition temperature that does not change as more TMBC is
present in the membrane; and a major Lb2 phase, in which TMBC is
miscible with DEPE, and which shows a transition temperature
that is higher than that of Lb1, and decreases as more TMBC is pre-
sent in the membrane. The system then evolves from an immisci-
ble gel phase to a phase in which there is a coexistence of a Lb2
phase, and a La phase from the melting of the Lb1 phase, and then
to a region of La phase in which all the phospholipids are orga-
nized in the bilayer liquid crystalline phase. Finally, the hexagonal
boundary lines show good miscibility as their temperatures
increase as more TMCB is present in the membrane, and the phos-
pholipid evolves from the La phase to the HII phase through a
region of coexistence which is wider as more TMBC is present.
Interestingly, the increase of the temperature of the hexagonal
boundaries conduces to a stabilization of the region of liquid crys-
talline bilayer which occupy a wider region in the phase diagram.

It is interesting to note that, in our DEPE system, this immisci-
bility appears at a very low concentration of TMBC (0.05 mol frac-
tion), but in the case of dimyristoylphosphatidylethanolamine it
was shown to require the presence of considerable higher amounts
of TMBC (0.20 mol fraction) to be observable [23]. The latter might
be due to a higher miscibility of TMBC in the shorter phos-
phatidylethanolamine acyl chain homologue. For the antitumor
compound paclitaxel, it has been shown that the lipid chain length
influences drug membrane interactions. Phospholipids of shorter
chain length have a higher ability to incorporate the antitumor
compound, while longer chains prevent the incorporation process
due to stronger van der Waals forces and higher packing [47]. This
is in line with the general observation that the incorporation of
amphiphilic molecules into the interior of membranes decreases
as a function of the chain length [48].

3.3. FTIR spectroscopy

We carried out FTIR spectroscopy experiments to sense the per-
turbation exerted by TMBC on different part of DEPE molecule. The
two most informative absorption regions are the methylene and
the carbonyl stretching bands, which account respectively for the
properties of the acyl chains and the interfacial regions of the phos-
pholipid molecule.

Fig. 5 presents the position of the maximum of the infrared
symmetric methylene stretching band, msCH2, which corresponds
to pure DEPE and DEPE/TMBC mixtures as a function of the tem-
perature. Pure DEPE in the Lb phase shows absorbance maximum
near 2848.5 cm�1, this value increases to around 2850 cm�1 after
the transition to the La phase. This shift of the band maximum
to higher values comes from the increment in the conformational
disorder of the acyl chain that takes place during the melting phase
transition due to the presence of higher proportion of gauche con-
formers [49]. A second less pronounced increase of the band max-
imum takes place when the phospholipid undergoes the bilayer to
HII phase transition, which implies that additional conformational
disorder is introduced by this transition, in accordance to previous
works [43,50]. The presence of TMBC has two clear consequences
on the methylene absorption band of DEPE, first it produces that
the Lb to La phase transition is shifted to lower temperatures, this
is in accordance with the DSC experiments (Fig. 2A), and second,
the values of the wavenumber of the maximum of the band in
the La phase appears at higher values when the concentration of
TMBC is increased. The latter indicates that the acyl chains of DEPE
are more disordered in the presence of TMBC, probably due to an
increment of the proportion of gauche conformers. This increase
in the acyl chain disorder is at difference to what has been reported
for TMBC in dimyristoylphosphatidylserine bilayer where no effect
in the maximum of the methylene band was observed in the La
phase [24]. The stronger effect of TMBC on DEPE bilayers when
6

compared with that of dimyristoylphosphatidylserine might be
due to a different location of the catechin in each phospholipid
bilayer. It seems that in DEPE bilayers TMBC should be located in
a place that enables it to exert a stronger perturbation on the acyl
chains. This will be further discussed later, when mass density pro-
files along the bilayer normal are presented.

Fig. 6 presents the infrared spectra of the carbonyl stretching
absorption band, mC = O, of DEPE and DEPE/TMBC mixtures at dif-
ferent temperatures. Pure DEPE in the Lb phase (Fig. 6A) shows the
maximum of the band near 1738 cm�1, this wavenumber
decreases to near 1732 cm�1 in the La phase (Fig. 6B), and then
increases again to 1734 cm�1 in the HII phase (Fig. 6C). As seen
in Fig. 6, the contour of the carbonyl stretching band is broad
and asymmetric, suggesting that the band is composed of several
components. It is known that this band is probably a composite
of at least three components with maxima appearing at 1742,
1728, and 1714 cm�1. It has been suggested that the band near
1742 cm�1 emerges from a population of non-hydrogen bonded
ester carbonyl groups, and that the bands near 1728 and
1714 cm�1 emerge from carbonyl groups populations hydrogen
bonded to water and amine group respectively [51,52]. In this
way, when DEPE undergoes its Lb to La phase transition, the
observed decrease in the wavenumber is due to the enlargement
of the lower wavenumber components at the expenses of the
higher wavenumber component, and it is coherent with the
increase in hydration that distinguish the bilayer La phase [50].
As it has been previously shown, the increase in wavenumber of
the maximum of the carbonyl band observed when DEPE under-
goes the bilayer to HII phase transition, indicates that during the
formation of the HII phase a partial dehydration is produced
[53,54]. In the presence of TMBC, the hydrogen bond availability
may expand as there is the possibility of new hydrogen bonds
between the carbonyl group of DEPE and the hydroxyl groups of
TMBC, and also between the carbonyl group of TMBC and water.
As seen in Fig. 6, in the presence of TMBC, the maximum of the car-
bonyl absorption band is shifted to lower wavenumbers, and this
suggests, that at all the temperatures studied, the catechin affects
the interfacial portion of the phospholipid and alters the hydrogen
bond pattern of this region.
3.4. Molecular dynamics

We used computer molecular dynamics simulation to obtain
atomic detail of the DEPE/TMBC system. The area per lipid at the
membrane aqueous interface was calculated from the lateral



Fig. 6. FTIR ester carbonyl absorption band, mC = O, for pure DEPE (solid black lines), and DEPE containing TMBC at 0.07 (dotted red lines) and 0.20 (dashed green lines) mole
fraction, at different temperatures: (A) 20 �C, (B) 50 �C, and (C) 72 �C.
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dimensions of the simulation box (the area of the x y plane) divided
by the number of lipids in each leaflet. We found that the area per
lipid of the DEPE system in the bilayer La phase was 0.59 nm2, and
that this value increased to 0.64 nm2 in the presence of TMBC.

To obtain information regarding the fluidity of the bilayer we
measured the gauche/trans conformer ratio. We found that this
ratio increased from 0.54 for pure DEPE to 0.56 in the presence
of TMBC. We also determined the order parameter of the bilayer,
and we detected that this parameter decreased from 0.18 for pure
DEPE to 0.16 in the presence of TMBC. These data indicate that the
presence of TMBC increases the fluidity and decreases the order of
the bilayer La phase of DEPE, and this is in agreement with the
increase in fluidity as determined by the analysis of the infrared
methylene absorption band of the system (Fig. 5).

Membrane thickness was determined from the distance
between the averaged z-position of the phosphorous atoms of
opposing leaflets. The membrane thickness obtained for the pure
DEPE bilayer was 42.6 Å, and this distance decreased to 40.9 Å in
the presence of TMBC. This measurement is in agreement with
the decrease in the interlamellar repeat distance detected by SAXD
in the presence of TMBC (Fig. 3B). This reduction of the membrane
thickness exerted by TMBC is of significance because it might affect
the hydrophobic mismatch between the hydrophobic length of
integral proteins and the hydrophobic part of the bilayer [55], and
it could cause alteration in the structure and function of proteins
[56].

In order to include both strong and moderate hydrogen bonds
we assumed hydrogen bond formation when the distance between
hydrogen donor and the DEPE carbonyl was shorter or equal to 3 Å
and the H-bond angle was less than or equal to 30�. The analysis of
the carbonyl interactions gave us some interesting clues. In our
system, the total of DEPE intermolecular hydrogen bonds between
the carbonyl and the amine group of the phospholipids decreased
from 0.13 per phospholipid in the pure DEPE bilayer to 0.11 per
phospholipid in the presence of TMBC. This is interesting because
it shows how the catechin alter the intermolecular hydrogen bond-
ing of DEPE bilayer, probably as a consequence of the increase of
the area per lipid commented above. In the presence of TMBC,
we found that 0.06 new hydrogen bonds per phospholipid were
formed between the carbonyl of DEPE and the hydroxyl groups
of TMBC, and also 0.05 new hydrogen bonds were formed between
the carbonyl group of TMBC and the surrounding water. The total
number of hydrogen bonds formed by all the carbonyls groups pre-
sent in our system did not change in the presence of TMBC, but
when we determined the sum of hydrogen bonds plus the total
of electrostatic pairs formed at distances shorter than 3 Å, we
found that they increased from 2.40 per phospholipid for pure
DEPE to 2.54 per phospholipid in the presence of TMBC. The
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appearance of new hydrogen bonds mediated by TMBC and the
increase in the electrostatic interactions with the carbonyl groups
of the phospholipid clearly alter the interfacial region of the
bilayer, and it might be responsible for the shift of the infrared car-
bonyl absorption band to lower frequencies as shown above
(Fig. 6).

Fig. 7A presents the mass density profile of the simulated
bilayer. Some fundamental positions of the DEPE molecule along
z-axis are comprised. The terminal methyl groups to indicate the
center of the bilayer (C18 atoms), the position of the double bond
in the center of the bilayer (C9 atoms), the carbonyl groups (C1
atoms), the amine group, and the phosphate atoms in the polar
head region. TMBCwas treated as an all-atomparticle, and themass
density profile of TMBC corresponds to the mass distribution of all
atoms of the molecule along the z axis of the membrane. It can be
observed that TMBC molecules are mainly located near the car-
bonyl groups of the phospholipid, extending toward the polar
region near the phosphate and amine groups, and also toward the
region of the double bond of the phospholipid inside the bilayer,
but they almost do not reach the center of the bilayer. This location
is interesting because it has been shown that the presence of double
bond in the phospholipid acyl chain slowed the trans-gauche inter-
conversion, and it produced a pronounced stiffness of the acyl chain
near de double bond [57]. The presence of TMBC in this region
might be able to perturb this methylene segment and to produce
an increase of the gauche conformers, in agreement with the
increase in the wavenumber of the infrared methylene absorption
band shown in Fig. 5. This location is different from that of TMBC
in dimyristoylphosphatidylserine bilayers, where TMBC molecules
were mainly located in the center of the lipid hydrocarbon chains
between the phosphorous atoms and the terminal methyl groups
[24]. For saturated phospholipids, the chain conformation and
trans-gauche isomerism display a characteristic flexibility gradient,
with increasingmotion towards the terminalmethyl end of the acyl
chain [58]. A lack of effect on the maximum of the methylene infra-
red band in this anionic phospholipid was observed [24]. This could
be due to the fact that the number of gauche isomers in the methy-
lene segments, where TMBC is found, is already high enough not to
be altered by the presence of the catechin.

Snapshot of the simulation box of the DEPE/TMBC system is
presented in Fig. 7B. It can be seen how TMBC is located in the
upper part of the bilayer near the interfacial region of the mem-
brane. This location is in agreement with the experimental and
simulated data presented above, TMBC is able to perturb the inter-
molecular interaction in the polar head of the phospholipid, to
increase the area per lipid, to affect the interfacial region of the
bilayer, and to disrupt the upper region of the acyl chain palisade
increasing the fluidity and decreasing the order of the bilayer.



Fig. 7. (A) Mass density profiles along the z-axis of the simulation box of DEPE/TMBCmembranes at 50 �C. TMBC molecule in dashed black line, and DEPE groups in solid lines
marked as follows: P, phosphorus (red); C@O, carbonyl group (dark blue); C@C, double bond (light blue); N, amine group (purple); and CH3, terminals methyl carbon atoms
(green). (B) Final snapshot of the simulation box of DEPE/TMBCmembranes. Water molecules are shown in red lines, TMBC in orange sticks, DEPE in green lines, lipid carbonyl
groups in blue spheres, and phosphorous atoms in red spheres.
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Fig. 8A shows the propensity of TMBC to aggregate in the
bilayer as calculated by the average size of TMBC clusters within
a cutoff distance of 3 Å. Less than 10 % of TMBC is found as mono-
mers, the majority of the catechin forms cluster of 2–5 molecules.
This is in contrast to the behavior of the molecule in dimyris-
toylphosphatidylserine bilayers where near 50 % of the catechin
molecules were found as monomers [24]. As commented above,
this difference might be due to the lower solubility of TMBC in
DEPE bilayers when compared to the shorter chain anionic phos-
pholipid. Fig. 8B presents the density map of TMBC in the x y plane
of the bilayer which exhibits the formation of different cluster
along the plane of the bilayer. The presence of these different clus-
ters may reveal the different broad phase transitions observed by
DSC (Fig. 2A).

The tendency of DEPE, and other unsaturated phos-
phatidylethanolamines, to form inverted HII phase was early
rationalized by the so-called shape-structure concept of lipid poly-
morphism. A dimensionless number known as the packing param-
eter was defined as the ratio between the hydrocarbon chain
volume and the optimal surface area and the critical acyl chain
length [59,60]. The absence of headmethyl groups, when compared
to phosphatidylcholine, and the strong electrostatic and hydrogen
bonding interactions that exist between phosphatidylethanolamine
headgroups, both in the plane of the bilayer and between adjacent
bilayers, makes the optimal surface area to be small, and then, the
packing parameter to be higher than 1. It is this cone-shaped mole-
cule of DEPE which makes it compatible with aggregate structures
with a negative curvature like the inverted HII phase. We have
shown that the presence of TMBC stabilizes the bilayer La phase
blocking the formation of the HII phase. The catechin molecule
located in the interfacial region of the bilayer, disrupts the inter-
molecular hydrogen bonding of DEPE, forms new hydrogen bonds
with the phospholipid, and increases the area per lipid. These
effects would increase the optimal surface area and would decrease
the value of the packing parameter. All together, these effects
would decrease the negative curvature of the system, and then they
would make harder to form the inverted HII phase.

Anotably intriguingpropertyof themembrane is thedistribution
of local pressure inside a bilayer, the termed lateral pressure profile.
This property is connected to other physical properties of the mem-
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brane like the spontaneous curvature and it is distinctive of the dif-
ferent phospholipid species [61].

Fig. 9 presents the lateral pressure profile across the bilayer for
systems composed by pure DEPE and DEPE containing TMBC. The
profile corresponding to pure DEPE shows the three different
regimes that have been identified in phospholipid bilayers: a repul-
sive input resulting from hydrophilic head groups as a result of
electrostatic and steric interactions and hydration repulsion; and
attractive input as a result of the interfacial energy between the
water and the hydrocarbon phase, attempting to minimize the sur-
face area; and a repulsive input as a result of the hydrophobic
chains due to steric interactions [62]. The presence of an additional
peak in the center of the bilayer has been suggested to emerge from
interdigitation of the two monolayers [63]. As it has been proposed
previously, conical-shaped nonbilayer lipids like DEPE show an
increase in the lateral pressure in the acyl chain region, and a
decrease in the lateral pressure among the lipid headgroups [64].

As can be seen in Fig. 9, the presence of TMBC alters the lateral
pressure profile appreciably, the catechin reduces the magnitude of
the pressure of all the peaks. We showed above that TMBC
decreases the thickness of the bilayer, and this might be the reason
why the profile in the presence of TMBC is moderately narrower
and accordingly the peaks relocate toward the center of the bilayer.
The prominent positive peak at the membrane water interface is
markedly decreased, and this can be related to the observed break-
ing of the intermolecular hydrogen bonds between the carbonyl
and amino groups of DEPE and the screening of the electrostatic
interactions between the head groups. This influence is comple-
mented by the detected increase in area per lipid in the presence
of TMBC. The decrease of the evident negative peak closer to the
membrane interior around the carbonyl region can be attributed
to the location of TMBC at the border between the hydrophobic
and hydrophilic regions of the bilayer, the presence of TMBC in this
part of the bilayer could reduce the hydrophobic effect. This behav-
ior is similar to the one previously described for alcohols on lipid
membranes, the alterations due to alcohols were plainly localized
to the area under the lipid head groups, which is the region where
alcohols are located [65]. These effects on the interfacial region of
the bilayer contribute to the stabilization of the La phase toward
the inverted phase formation in DEPE system, which is an already



Fig. 8. (A) Cluster size distribution of TMBC molecules in the DEPE membrane. (B) Density map of TMBC molecules of the DEPE/TMBC membrane corresponding to the x y
plane of the simulation box. TMBC density increases from blue to red color.

Fig. 9. Lateral pressure profiles, P(z), across the membrane for pure DEPE (solid
black line) and DEPE/TMBC (dashed red line) bilayers. The membrane center is at
z = 0 along the membrane normal direction.

E. Aranda, José A. Teruel, A. Ortiz et al. Journal of Molecular Liquids 368 (2022) 120774
known effect of alcohols [66,67]. However, the location of TMBC in
the bilayer extends to the acyl chain palisade, and then the effect of
TMBC is more extensive than that of the alcohols; while the alco-
hols had almost no effect in the central part of the membrane
[68], it is clear from Fig. 9 that TMBC also decreases the positive
peak due to the repulsion between the hydrocarbon chains in the
center region of the bilayer. This considerable alteration of the lat-
eral pressure profile is important as it has been implicated in the
modulation of biological phenomena, including binding and prop-
erties of membrane protein [69–71].
4. Conclusions

Catechins show a wide variety of beneficial effects for health,
highlighting among them their anticancer effects. The biological
activity of catechins is known to affect membrane-dependent cel-
lular processes, and an important strategy to enhance their mem-
brane interaction is the structural modification of the catechin
9

molecule. There is significant evidence that the physical properties
of lipids contribute to membrane function by modulating the orga-
nization and distribution of membrane proteins. In this context, it
is crucial to know how semisynthetic catechin TMBC affects these
membrane properties. In this work we have studied in detail the
molecular interaction between TMBC and biomimetic membranes
formed by DEPE. Through the use of various biophysical techniques
(DSC, FTIR, X-ray diffraction) and molecular dynamics simulation,
we have obtained information about the effect of TMBC on impor-
tant physical properties of the lipid bilayer such as fluidity, bilayer
thickness, hydrogen bonding, domain formation, and lateral pres-
sure profile across the lipid bilayer. The information obtained has
allowed us to know the effect of TMBC on lipid polymorphism,
an important aspect of membrane properties that until now had
not been studied. TMBC is easily incorporated into the DEPE bilay-
ers where it considerably alters the physical properties of the phos-
pholipid. In some cases, this alteration is different from those
exerted on bilayers composed of another class of phospholipids.
TMBC shifts the phase transition from Lb to La to lower tempera-
tures and produces immiscibility in this gel phase. In the liquid
crystalline phase, TMBC decreases the thickness of the bilayer
and alters the interfacial region of the membrane. An important
effect is that TMBC is able to prevent the formation of the HII phase
and stabilize the La phase. Computer simulation data were sup-
ported by those obtained experimentally. Molecular dynamics
simulations showed that TMBC forms clusters at the top of the
phospholipid palisade that modify the lateral pressure profile of
the bilayer, and it explains the ability of TMBC to stabilize the
lamellar La phase. The ability of this modified catechin to prevent
the formation of the inverted hexagonal phase is relevant because
it is known that lipids with a tendency to form non-lamellar phases
are very important in the modulation of protein activity and there-
fore in the regulation of membrane function. We believe that these
results might help to understand the mechanism of the interaction
of TMBC with the membrane in its anrticarcinogenic role and also
in other membrane related biological actions of catechins.
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