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ABSTRACT: Interactions of the divalent cations Ca2+ and Mg2+ with the
zwitterionic lipid bilayers prepared of a fully saturated dipalmitoylphosphatidylcholine (DPPC) or a di-monounsaturated dioleoylphosphatidylcholine (DOPC) were studied by using the neutron
scattering methods and molecular dynamics simulations. The eﬀect on
the bilayer structural properties conﬁrms the direct interactions in all cases
studied. The changes are observed in the bilayer thickness and lateral area.
The extent of these structural changes, moreover, suggests various
mechanisms of the cation−lipid interactions. First, we have observed a
small diﬀerence when studying DPPC bilayers in the gel and ﬂuid phases,
with somewhat larger eﬀects in the former case. Second, the hydration
proved to be a factor in the case of DOPC bilayers, with the larger eﬀects
in the case of less hydrated systems. Most importantly, however, there was a qualitative diﬀerence between the results of the fully
hydrated DOPC bilayers and the others examined. These observations then prompt us to suggest an interaction model that is
plausibly governed by the lateral area of lipid, though aﬀected indirectly also by the hydration level. Namely, when the interlipid
distance is small enough to allow for the multiple lipid−ion interactions, the lipid−ion−lipid bridges are formed. The bridges impose
strong attractions that increase the order of lipid hydrocarbon chains, resulting in the bilayer thickening. In the other case, when the
interlipid distance extends beyond a limiting length corresponding to the area per lipid of ∼65 Å2, Mg2+ and Ca2+ continue to
interact with the lipid groups by forming the separate ion−lipid pairs. As the interactions proposed aﬀect the lipid membrane
structure in the lateral direction, they may prove to play their role in other mechanisms lying within the membrane multicomponent
systems and regulating for example the lipid−peptide−ion interactions.

■

On the other hand, an imbalance to the ﬁne relation
between the structure and function determined by the
membrane components and its closest surrounding can result
in the onset of the various disorders and diseases. The role of
membrane properties and its chemical composition is thus not
surprisingly discussed in not only a connection with supporting
the membrane biofunctions but also the various disfunctions.
Among other biological processes studied in this regard is also
an amyloid toxicity manifesting during the conformational
diseases.7 One of the many mechanisms proposed for amyloid
neurotoxicity has been suggested to result from the Ca2+ entry
evoked by the amyloid beta peptide.8 The data indicate the
destabilization of neuronal calcium homeostasis and suggest
that the molecular basis in this mechanism is lying within the

INTRODUCTION

Lipid membranes play the crucial roles in a cell activity and
thus in a vital activity of the whole organism. These range from
forming the selectively permeable barriers to being a medium
for the transfer of substances and particles that maintain the
cell metabolism. Several of the membrane properties are partly
due to its interactions with various molecules, and ions in
particular, that are contained within the membrane and/or its
surrounding environment. The ability to generate a cell action
potential and the existence of dipole potential are also due
mostly to the interaction of membranes with diﬀerent ions.1,2
The electric ﬁelds generated at membranes are large enough to
induce helix−coil transitions or other conformational changes
in the neighboring proteins and peptides.3 The role of ions has
been postulated in the nuclear pore assembly, signal transduction, and the stimulation of DNA and RNA synthesis by
endonuclear lipids or regulation of the cell’s lipid composition
during the cell division.4 In addition, the DNA−lipid−ion
aggregates attracted great interest for promising outlooks to be
utilized as nonviral delivery vectors for human gene therapy.5,6
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and Schulman29 indicated that the binding of calcium varies
with the degree of unsaturation of fatty acid residues of
diﬀerent lecithins, suggesting that the cation−lipid interaction
is dependent on the packing of the hydrocarbon chains. The
proportionality between a bound charge and the density of
polar groups on the bilayer surface resonates in the studies of
cations2+−lipid interactions.12,30−32 With the aim to shed more
light on the role of lateral area per lipid (AL) in the cation2+
binding, we selected for our study the unsaturated dioleoylphosphatidylcholine (DOPC) and the fully saturated DPPC.
The lipid selection suits our aim of tuning AL that can be
achieved conveniently by changing the thermodynamic phase
of lipids (e.g., gel vs ﬂuid phase that results in the area change
of about 10 Å2 in the case of DPPC) or the unsaturation of
lipid chains (e.g., AL for fully saturated DPPC in gel phase is
about 20 Å2 smaller than the corresponding AL for dimonounsaturated DOPC in the ﬂuid phase at the same
temperature).33−35 In addition, the parameters of resulting
structures are determined in two diﬀerent hydration
conditions. Small-angle neutron scattering (SANS) was
performed on the membranes dispersed in excess water,
while small-angle neutron diﬀraction (SAND) experiments
measured the lipid membrane structural parameters at a
slightly dehydrated condition with high accuracy.35,36 The
experimental results are supplemented by molecular dynamics
simulations providing the atomistic level examination of the
lipid−ion interaction speciﬁcities.

lipid−peptide−ion interactions. The membrane properties,
and ﬂuidity in particular, are being scrutinized for possibly
governing the amyloid aggregation.9
It is well-known that ions penetrate into the membrane and
bind to the carbonyl and phosphate regions of the polar
phospholipid head groups aﬀecting the membrane ﬂuidity,
bending, hydration, and strength.10−15 Many mono- and
divalent metal ions such as sodium, potassium, magnesium,
and calcium are present in intra- and extracellular space at high
concentrations while, for example, cobalt, zinc, and iron are
found at lower concentrations.16 Among the wide variety of
ions, sodium, calcium, and magnesium appear to be of a
particular interest due to their large number of peculiarities. A
quantiﬁcation of their binding to the lipid bilayers of various
compositions, places of the ions binding, eﬀects on the
membrane structural organization, and processes of the lateral
diﬀusion of molecules, to name but a few, have been studied
extensively by the neutron and X-ray scattering and/or
diﬀraction, NMR and infrared spectroscopy, calorimetry,
atomic force microscopy, molecular dynamics simulations,
and other research methods.10−23
According to the previous results, calcium and magnesium
ions, both of which are divalent cations and alkaline earth
metals, demonstrated diﬀerent eﬀects on oriented phospholipid multilayers. While magnesium ions led to a strong
repulsion between the bilayers, resulting in a thickening of
water layers,24 the interaction of calcium ions with membranes
was found to enhance the attraction of oriented bilayers, even
resulting in membrane dehydration at certain concentrations.25
The latter is in accordance with the limited water penetration
of the bacterial membranes reported as a result of particular
interactions with calcium ions.26 Studies at the atomic level
revealed a diﬀerent number of lipid and water molecules in the
hydration shell of magnesium and calcium ions as well as a
strong binding of magnesium ions to the oxygen of water
molecules, in contrast to calcium ions.27 In spite of many
studies on the divalent ions adsorption on PC membranes, the
inﬂuence of cations on the lipid bilayer itself is less deﬁned. In
our previous experiments, we have observed the diﬀerent
eﬀects of zinc and calcium cations on the thickness of oriented
dipalmitoylphosphatidylcholine (DPPC) multilayers.11 A
constant thickening of the membrane was observed with an
increasing concentration of zinc ions, while the behavior of the
membrane enriched exclusively with calcium ions demonstrated a more intriguing eﬀect. The dependence of the bilayer
thickness on the concentration of calcium ions passes through
a pronounced maximum at the ratio Ca2+/DPPC ∼ 0.15 mol/
mol, and it is followed then by a decrease in the membrane
thickness down to the initial values when the calcium amount
reaches Ca2+/DPPC ∼ 0.5 mol/mol.11 This behavior was
discussed in a connection with the physical properties of the
ions, their ionic radii, and hydration coordination numbers in
particular. Other experiments have shown similar eﬀects in the
case of unilamellar DPPC vesicles.28 However, until the
detailed mechanism of such eﬀects can be revealed completely,
additional experimental and theoretical studies are required.
The understanding of the general rules of these interactions
could then extend our knowledge regarding the various
binding mechanisms.
In this study, we address the questions of whether the
divalent metal cations aﬀect the structure of lipid bilayers and
what the role is of the lateral area per lipid in the cation−
zwitterionic lipid interactions. The pioneering study of Shah

■

MATERIALS AND METHODS

Sample Preparation. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
were purchased from Avanti Polar Lipids (Alabaster, AL) and used
without further puriﬁcation. Salts of NaCl, CaCl2·2H2O, and MgCl2·
6H2O and organic solvents were obtained from Sigma-Aldrich
(Germany). Heavy water of isotopic purity (99.9%, D2O) was
purchased from Merck (Germany).
Each sample was prepared of ∼12 mg of the lipid that was
deposited to the plastic Eppendorf containers from the stock solutions
of lipids dissolved in CHCl3:CH3OH (2:1 vol:vol). The solvent was
evaporated by a gentle stream of inert gas and by placing the samples
under vacuum for at least 6 h. Lipids were then hydrated by 1.2 mL of
the mixture of water and aqueous salt solution (D2O with 5 mM
NaCl, pH ∼ 7 in the case of samples for SANS experiments) to
achieve a desired salt concentration. The dispersions were
homogenized by vigorous shaking and repeated freeze−thaw cycles
which provided a milky solution of lipid multilamellar vesicles
(MLVs).
The samples for SANS measurements were subjected to an
extended homogenization in an ultrasound bath (at a temperature
keeping the lipid in ﬂuid state) and at least 10-fold repeated freeze−
thaw cycles that provided a slightly opalescent solution typical for
dispersions of lipid vesicles. Reference samples of unilamellar vesicles
from PC and samples DOPC−ion2+ were further extruded through a
polycarbonate ﬁlter (Nuclepore, Pleasanton, CA) with pores of 50 nm
diameter by using the LiposoFast Basic extruder (Avestin, Ottawa,
Canada) ﬁtted with two gastight Hamilton syringes (Hamilton, Reno,
USA) as described elsewhere.37 The samples were subjected to 51
passes through the ﬁlter at a temperature above the main phase
transition temperature of pure phospholipid. The resulting solution
displayed only a marginal opalescence which is typical for the
dispersion of unilamellar vesicles (ULVs). The prepared samples were
placed in 2 mm quartz cells (Hellma, Müllheim, Germany), closed,
and kept at room temperature before measurement.
The samples for SAND measurements were prepared in the form
of oriented multilamellar lipid thin ﬁlms (ORI) supported by Si
wafers (25 × 50 mm2). The surface of wafers was cleaned by a
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(S1 = 150 × 6 mm2 and S2 = 25 × 6 mm2). The sample-to-detector
distance was 0.95 m, and all the samples were measured in the
reﬂection mode.
Substrates with samples were ﬁxed vertically on the goniometer
holder in the well-insulated aluminum chamber.45 The sample
alignment in the beam was attained by a laser. The temperature
inside the chamber was maintained at 25 °C throughout the
measurements, and a relative humidity of 97% was set by the
aqueous saturated solution of K2SO4 that was contained in Teﬂon
water baths on the bottom of the chamber. This setup allowed to
attain a stable condition for the sample hydration that is needed to
avoid an eﬀect termed as a vapor pressor paradox.46 The samples were
hydrated with three diﬀerent D2O/H2O contrasts (8%, 40%, and 70%
of D2O) to allow for the determination of structure factor phases
needed in the Fourier transform reconstruction. Before each
measurement, the sample was equilibrated for ∼6 h.
The intensity of neutron scattering was recorded as a function of
the scattering angle by using a position-sensitive two-dimensional 3He
detector. All measurements were performed as rocking scans at two
ﬁxed detector positions (Γ = 12° and 27°). At the ﬁrst position, the
sample was rocked in a range from ω = −1° to 12° and at the second
position from 10° to 16° with the constant angle increments of 0.05°
and 0.1°, respectively. The total measurement time for one sample at
a given contrast condition took about 2.5−3 h. The bilayer stability
was conﬁrmed by performing the scan at the ﬁrst position of the
detector repeatedly, while checking the reproducibility of the intensity
and position of each reﬂection. The analysis of neutron diﬀraction
data was performed by using the ILL’s LAMP software47 and our own
computer code48 in the rocking curve representation because of its
natural compatibility with the instrument setup. Figure 2 presents an

Hellmanex III (Hellma, Müllheim, Germany) followed by the
organics removal in an ozone cleaner (Novascan, Boone, IA). The
wafers were placed levelly on the hot plate and preheated to 50 °C in
the case of DPPC samples preparation or kept at room temperature in
the case of DOPC samples. The lipid MLV solution (diluted to 1.5
mL) was spread onto Si wafer to cover its entire surface and kept at
the appropriate temperature until the excess water evaporated. Care
was taken to form the multilayers with the lipid in its ﬂuid phase. A
few unsuccessful samples (neat DPPC, Ca 2+ :DOPC = 0.5,
Mg2+:DOPC = 0.2, 0.4, and 0.5) were redone by adapting a
rock‘n’roll procedure,38 in which the multilayered lipid ﬁlm is formed
from an organic solvent (CHCl3, CH3OH, TFE). The two approaches
were shown previously to provide equivalent structural results.11
Small-Angle Neutron Scattering (SANS). SANS experiments of
the PC + Mg2+ systems were performed on the PAXE spectrometer
located at the G5 cold neutron guide of the Orphée reactor
(Laboratoire Léon Brillouin, Saclay, France). Two distances of the
sample to detector (S−D) 5.05 and 1.30 m and the neutron
wavelength set to λ = 6 Å (Δλ/λ = 10%) covered the scattering vector
q range ∼0.008−0.280 Å−1. The temperature of the sample was set to
20 or 50 °C, controlled electronically within an accuracy of ±0.1 °C.
The acquisition time for one sample at one S-D position was 20 min.
The normalized SANS intensity I(q) as a function of the scattering
vector modulus q was obtained as described previously.39
SANS experiments of the DOPC + Ca2+ systems were performed
on the small-angle time-of-ﬂight axially symmetric neutron scattering
spectrometer YuMO at the IBR-2 fast pulsed reactor (Frank
Laboratory of Neutron Physics, JINR, Dubna, Russia). The YuMO
is equipped with a two-detector system, covering the scattering vector
range ∼0.007−0.392 Å−1. The temperature of the sample was set to
20 °C and controlled electronically within an accuracy of ±0.1 °C.
The acquisition time for one sample was 30 min. The absolute
calibration of coherent scattering intensity was performed by using a
vanadium standard scatterer.40 The scattering patterns were corrected
for background eﬀects and incoherent scattering. Figure 1 shows an

Figure 2. Experimental data for DOPC with Ca2+ at 1:0.1 (mol/mol)
measured at 25 °C and 97% RH while using 70% D2O contrast
condition. The rocking curves are characteristic by the sharp peaks
sitting atop the wider peaks that are best modeled by the combination
of Lorentz and Gauss functions, respectively (demonstrated for the
ﬁrst order). The equidistant positions of the peak maxima
4π sin ωh
) indicate the lamellar structure and make it possible
(qh =
λ
to determine the repeat distance D (see the inset).

Figure 1. SANS experimental curves measured at T = 20 °C for some
of the samples (points) and best-ﬁt results of their model analyses
(lines). The SANS curves were analyzed by using the model of
polydisperse unilamellar vesicles with the lipid bilayer thickness DL
and constant scattering contrast.42 The ideal model scattering curves
were smeared by the instrumental resolution, Δq/q ≅ 10%.

example of the rocking curves. In our case, the width of the ﬁrst-order
peaks is for most of the samples in the range 0.07°−0.08° which
conﬁrms the well-oriented samples.49 In addition, the high quality of
the samples is demonstrated by the detection of 5 orders of reﬂection
for DOPC samples and up to 7 orders for DPPC samples. The data
obtained from ﬁtting the rocking curves comprise the peak position
(qh) and its amplitude (Ih) necessary for the further analysis and
bilayer structure reconstruction, in particular for the reconstruction of
neutron scattering length density (NSLD) proﬁles (see the
Supporting Information for more details).48
Molecular Dynamics (MD) Simulations. The all-atom MD
simulations were performed by using the Gromacs package.50 Our
base membrane system consisted of 128 lipid molecules solvated with
6400 TIP3 water molecules (i.e., 50 water molecules per lipid). The

example of experimentally measured SANS curves and best ﬁts
resulting from the vesicle model analysis using the SasView software
(see the Supporting Information for more details).41
Small-Angle Neutron Diﬀraction (SAND). SAND data were
collected at the Institute Laue-Langevin (ILL) in Grenoble, France,
on the D1643 small momentum transfer diﬀractometer with a variable
vertical focusing.44 The wavelength of the neutrons (λ = 4.518 Å) was
achieved by the reﬂection from a highly ordered pyrolytic graphite
monochromator. The incoming beam was formed by the set of slits
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hydration level was increased (compared to the standardly used 30
required for a fully hydrated lipid in its ﬂuid phase)34 to ensue
achieving the properties of bulk water in the case of ion-loaded
systems (see Figure S5 in the Supporting Information). The metal
cations (Me2+) were added by replacing 18 and 64 water molecules
(i.e., Me2+:PC ratios of 1:7 and 1:2, respectively), while additional
water was replaced with the Cl− counterion in twice the amount. All
the added ions were distributed evenly through the volume of
aqueous phase. The original topology was taken from CHARMMGUI_v1.7, and MD modeling was performed in three stages: the
energy minimization, NVT, and NPT relaxation procedures. All the
MD calculations were performed with the previously validated
CHARMM36 force ﬁeld in a full atomic interaction approach.51
The consistency of the results of our simulations was evaluated based
on a mutual comparison with the experimental results.
All covalent bonds in the water−lipid system were limited by the
LINCS algorithm. The Lennard-Jones interaction calculations were
processed by using a switching algorithm started at 10 Å with a cutoﬀ
at 12 Å. The electrostatics calculations were performed by using the
Ewald method with a cutoﬀ radius of 12 Å. The periodic boundary
conditions were used in all three dimensions. The integration of the
equations of motion was done by using a modiﬁed Verlet algorithm
with a time step of 1 fs under a radius of 12 Å. The preparation stage
(energy minimization, NVT, and NPT equilibration) was performed
for 10 ns. In the system balancing, we have used a Berendsen
thermostat at temperatures 298 and 323 K (DPPC in gel and ﬂuid
phase, respectively) and 303 K (DOPC) for the NVT and NPT
ensembles as well as a semi-isotropic Berendsen barostat for a
pressure balancing at 1 bar for the NPT ensemble. The production
simulations were performed in the NPT ensemble with a Nosé−
Hoover thermostat and a Parrinello−Rahman barostat at 1 bar for
100 ns, while validating their equilibration via calculating the rootmean-square deviation throughout the entire system (Figure S6). The
molecular systems with DOPC and DPPC have proven to stabilize
after 40 and 50 ns, respectively. The temperature and pressure of the
entire system (membrane and water solvent) were connected
independently to each other.
The parameters determining the lipid membrane structure in the
models under consideration were calculated by using the Gromacs
package utilities. These parameters include the area per lipid (AL)
deﬁned as the area of entire simulation box divided by the number of
lipid molecules and the thickness of the lipid bilayer determined from
the phosphate−phosphate distance (DPP). The AL was calculated by
using the vector elements of the Gromacs utilities, and DPP was
calculated by using the P−P length distribution density during the
computer modeling. Additionally, we have calculated the physical
parameters that provide the relative thermodynamic properties of
simulated systems. These parameters include the order parameter
(SCH), which is a measure of the motor anisotropy of the C−H bond,
yielding its time-averaged orientation. The SIMtoEXP utility was also
used to visualize the MD simulation results (see Figure 3 and Figure
S7), thereby reconstructing the NSLD proﬁles from the simulated
results and calculating the total bilayer thickness (DB) as determined
from the central position of the water distribution.52
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Figure 3. MD simulations snapshot of the DOPC:Mg2+ = 1:0.5
system hydrated by 50 water molecules (T = 30 °C). The snapshot is
overlaid with the calculated NSLD distributions for cations (blue
color; multiplied by a factor of 50 for the clarity of presentation), total
lipid (green color), and water (red color). The latter distribution was
used to evaluate the DB.

Figure 4. Bilayer structural parameters obtained for DPPC bilayers in
the gel phase as a function of added Mg2+ concentration. (a) SANS
measurements on the ULVs (T = 20 °C) provide the bilayer thickness
parameter DL. (b) SAND measurements on the ORI samples (T = 25
°C) provide the thickness of the repeat spacing D, bilayer thickness
DB, and area per lipid AL. (c) MD simulation results (T = 25 °C) are
showing the phosphate−phosphate distance DPP, DB, and AL. The
continuous lines ﬁt the data (when allowed by the number of points)
according to the functional form of Langmuir isotherm as discussed in
the text.

RESULTS AND DISCUSSION

Saturated Lipid. We have extended the investigations
performed previously that examined the eﬀect of divalent metal
cations (Ca2+, Zn2+) on the lipid bilayers prepared of fully
saturated DPPC11 by including the Mg2+. Notwithstanding the
similarities between the structural characteristics of Mg2+ and
Ca2+, our further SANS experiments provide results very
similar to the previous observations in the case of Zn2+.5 The
Mg2+ increases the bilayer thickness at the very small
concentrations and ensues a fairly constant thickness at its
higher concentrations (Figure 4a).
The simplicity of the SANS data analysis mitigates some
systematic artifacts in the results extracted, though the

parameters obtained are correct, for the most part, in their
relative changes only and may not necessarily fall on an
absolute scale.53 The lipid bilayer thickness parameter DL is
obtained via ﬁtting the experimental data with the theoretically
calculated scattering based on the vesicle model (see the
Supporting Information). In addition, the lipid bilayers in the
form of ULVs are dispersed in excess water, without the
knowledge of exact number of ions interacting with lipids as
opposed to those just dissolved in the solution. We have
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dependencies in both of the phases, though its extent is about
1.5 Å smaller in the ﬂuid phase (Figure 5). We have observed

therefore investigated the same systems employing the SAND
experiments, in which the bilayers are prepared in a form of
ORIs with salt added directly to them and hydrated via water
vapor (at 97% RH).
The tendencies in SANS results are nicely corroborated by
those extracted from SAND measurements, regardless of the
experimental diﬀerences (i.e., proportion of the ions
interacting with lipids, bilayer curvature, and hydration
level). Similarly to the results reported previously for other
cations,11 the two experimental approaches imply a comparable behavior of DPPC bilayer response to the increasing
concentration of Mg2+ cations (Figure 4b). The analysis of
SAND data provides the thickness of the repeating layers D,
which includes the thickness of water layer and that of the lipid
bilayer DB. Because the parameters are obtained in a modelfree approach based directly on the Fourier transformation and
on the absolute scale, one can easily calculate also an area per
lipid in the lateral direction (AL) from the DB and lipid volume
(assuming it does not change with the ion concentration).54 It
shows predictably a concentration dependence that is inverse
to that of DB (Figure 4b).
The D-spacing and DB thickness parameters increase with
the increasing Mg2+ concentration similarly, suggesting the
constant interlipid water layer (within the uncertainty of 1 Å).
More noticeable appears to be a diﬀerence in a pace of
parameter changes between the SANS and SAND results
(compare Figures 4a and 4b). While the former reach a
saturation at around 10 mM concentration of the ions in
solution, the latter saturate at a ratio of the ions per lipid of
around 0.3 mol/mol. Obviously, these two scales characterize
the amount of ions in the system diﬀerently, and the
diﬀerences in sample nature do not allow to transform one
to another easily. The closely similar trends in the two cases
could, however, suggest a simple scaling transform as will be
discussed later.
In addition, we compare the structural results of our
experimental studies to the approach of MD calculations. The
all-atom simulations performed on the same gel phase DPPC
bilayers at a few concentration points suggest the same trends
as seen in our experimental results, though the amplitudes may
diﬀer (Figure 4c). The DPP is extracted from the simulations
directly as a distance between the phosphate atoms in the
opposing bilayer leaﬂets and is assumed a good measure of the
bilayer thickness in theoretical approaches.55 The extent of its
changes seems slightly larger than that obtained in the
experiment. The changes of DB evaluated from the position
of a bilayer/water interface employing the SIMtoEXP
software52 are, on the other hand, much lower than the
experimental ones. In these, the former parameter is closely
related to some central position of the lipid headgroup, while
the latter is related faithfully to the extension of overall lipid
bilayer. According to these MD results, the lipid headgroups
get extended deeper into water phase upon the addition of
Mg2+. This would be consistent with the reorientation of a lipid
P−N dipole to be more parallel with the membrane normal
and tightening of headgroup conformations as a result of
cations bridging the lipids in this region.10,32,56
It is interesting to follow a hypothesis according to which a
scale of the ions impact depends on the membrane lateral area
per lipid, i.e., a surface density of the lipid bound ions. We
scrutinize this ﬁrst by comparing the structural changes of
DPPC bilayers in the gel (20 °C) and ﬂuid (50 °C) phases that
diﬀer in AL by almost 10 Å2. The eﬀect of Mg2+ displays similar

Figure 5. DPPC bilayer thickness changes as a function of an
increasing amount of Mg2+ cations in the gel and ﬂuid phases shown
with respect to the results of neat DPPC bilayers. Results obtained
from the SANS experiment (T = 20 and 50 °C) are displayed in the
top panel wherein the continuous lines ﬁt the data according to the
functional form of Langmuir isotherm as discussed in the text. The
data resulting from the MD simulations (T = 25 and 50 °C) are
shown in the bottom panel with the solid lines for guiding the eyes
only.

the very same results recently in a system prepared of
dimyristoylphosphatidylcholine (DMPC), which diﬀers from
the DPPC by two-carbon shorter acyl chains only.57 We also
receive further conﬁrmation of Mg2+ impacting the saturated
lipid bilayers with a small variation in the gel and ﬂuid phases
from the MD simulation results. The bottom panel of Figure 5
shows the thickness changes in the DPPC ﬂuid bilayers being
even less pronounced compared to those in the case of the gel
phase, though the number of points in the theoretical
calculations does not allow us to ﬁt the same curves as in
the case of experimental investigations.
Unsaturated Lipid. An unsaturated bond in the lipid
chains increases their disorder by introducing kink conformations, thus enlarging the lipid in a lateral direction. The
enlargement of lipid dimensions at the same time results to the
decrease of the ionic surface density, considering the ﬁxed
number of the cation binding sites per lipid. Our experimental
results for the gel phase DPPC discussed above provided AL =
54.0 ± 1.1 Å2 (which is slightly above the published value of
47.9 ± 0.2 Å2),58 in contrast to the further presented ﬂuid
phase DOPC results with AL = 68.9 ± 1.6 Å2 (in agreement
with the published value of 67.4 Å2)59 which corresponds to
the increase by a factor of almost 1.3 (at the same T = 25 °C).
It is clearly seen in Figure 6 that Mg2+ ions aﬀect the DOPC
structural properties radically diﬀerent from those observed in
the case of DPPC (and DMPC)57 bilayers. The bilayer
thickness change ΔDL obtained from SANS experiments on
the ULVs dispersed in excess water starts to decrease with
adding the salt to solution (Figure 6a). This decrease takes
place in a range of salt concentrations up to about 10 mM. The
tendencies then revert to the increasing bilayer thickness with
concentrations increasing further, though the considerably
larger experimental uncertainties in this region may also
suggest a plateau-like behavior.
The results obtained in the SAND measurements are yet
diﬀerent. As opposed to DOPC bilayers dispersed in the excess
water, the thickness of bilayers hydrated via water vapor shows
a little dependence at the low salt concentrations. The Mg2+
ions start to impact the bilayer structure at their ratio to lipids
282
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Figure 7. Bilayer thickness parameter DPP extracted from the MD
simulations of DOPC + Mg2+ ﬂuid bilayers (T = 30 °C) hydrated
with 15 or 50 water molecules per lipid.

Intriguingly, the tendencies of the bilayer thickness changes
in response to the increasing concentration of ions observed
for the systems at the two diﬀerent hydrations shown in Figure
7 resemble somewhat the tendencies from Figure 6. The
system with 50 water molecules, which corresponds closely to
the experimental conditions of SANS measurements with the
ULV samples, is a little sensitive to the addition of ions, with a
U-like shape of dependency. On the other hand, the system
with 15 water molecules, which corresponds closely to the
experimental conditions of SAND measurements with the ORI
samples, responds to the incremental addition of ions by the
monotonous bilayer thickening. Despite the onset of the
changes being shifted, the results are not too dissimilar to the
case of gel phase DPPC bilayers (Figure 4). DOPC bilayers are
most likely too getting more compact in the lateral direction as
a response to the increased ion concentration. This is
supported clearly by Figure 8 which displays the values of
order parameters extracted from MD simulations.

Figure 6. Bilayer structural parameters obtained for DOPC bilayers in
the ﬂuid phase as a function of added Mg2+ (solid lines and ﬁlled
symbols) and Ca2+ (broken lines and empty symbols). The SANS (T
= 20 °C) measured ΔDL is shown in (a) and the SAND (T = 25 °C)
measured ΔD, ΔDB, and ΔAL in (b). The parameter changes are
shown with respect to the results of the neat DOPC bilayers. The
continuous lines are to guide the eye only, without conforming to a
speciﬁc functional form.

higher than 0.3 mol/mol only, wherein both the interlayer
spacing D and bilayer thickness DB increase. Commensurately,
the AL changes inversely, in a direction of decreasing. The
results suggest the tightening and condensing of lipid structure
in the lateral direction, while it is lengthening in the direction
along the membrane normal.
Noteworthy are the similarities of the above results with
those obtained in the case of DOPC bilayers interacting with
Ca2+ cations (broken lines in Figure 6). They prove the same
mechanism of interactions in both sample types (i.e., ULVs in
excess water and ORIs hydrated via vapor). The bilayer
thickness decreases at low salt concentrations for the ULVs
and increases at high ion:lipid ratios for the ORIs, though the
onset of a plateau in the former case and that of changes in the
latter case appear to be shifted slightly to the higher Ca2+
concentrations when compared to the eﬀect of Mg2+ ions. It is
nevertheless clear that the diﬀerences observed are unlikely to
be caused by the ions. Rather, the distinctions should be
sought in the type of samples employed.
The foremost diﬀerence between the samples utilized in our
SANS and SAND experiments is in their level of hydration,
which has been shown repeatedly to impact the membrane
structure.51 A plausible mechanism of action in the case of
many membrane additives seems to be in shifting the water
encroachment the way that bilayers absorb more or less water
molecules and in changing their orientation and ordering.60,61
In the former case, the ULVs are prepared in water at the
typical ratios of 10 mg lipid per 1 mL water (i.e., 1 wt % or 15
mM lipid concentration), which corresponds to an excess
water condition (several thousand water molecules per lipid,
while a fully hydrated DOPC lipid in its ﬂuid phase requires
about 30 water molecules34). In the latter case, the ORI
samples kept in the 97% RH atmosphere adsorb about 15
water molecules per lipid, as we evaluate from our
experimental data. We therefore examine the possible
structural diﬀerences via MD simulations performed at the
diﬀerent hydration levels, namely at 15 and 50 water molecules
per lipid (Figure 7).

Figure 8. Order parameters calculated from the results of MD
simulations for the DOPC bilayers loaded at various concentrations
with Mg2+ and hydrated with (a) 15 or (b) 50 water molecules per
lipid (T = 30 °C). The average over sn-1 and sn-2 chains is displayed.

The DOPC order parameter proﬁles suggest the abrupt
decrease of ordering in the vicinity of a double bond (carbons
7−10) and a little sensitivity to the hydration at the levels
examined (compare the curves in Figures 8a and 8b) as has
been reported previously.62,63 More importantly, however, the
order parameter changes conﬁrm the lipid chain order
increasing as a function of increasing ion/lipid ratio in the
case of 15 water molecules hydration level (Figure 8a). This
corroborates the condensing eﬀect observed in the experimental data of Figure 6b. The little changes to the order
parameter in the case of system simulated with 50 water
molecules per lipid suggest rather a small sensitivity of the lipid
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SAND results that utilized the samples with a regulated
hydration. The absence of a bulk water phase may skew the
meaning of the K parameter whose interpretation then diﬀers
from that above. We can nevertheless apply the same approach
formally and use the results to estimate the scaling factor
between the ion concentration in solution (horizontal axis in
Figure 4a) and the ion/lipid ratio in ORI samples (horizontal
axis in Figure 4b). According to these results it appears, for
example, that number of the ions adsorbed per lipid reaches
0.93 (i.e., the lipid bilayer thickness increases by 3.3 Å out of
its total change of 3.5 Å) at the nominal concentration of ions
in solution of 10 mM (corresponding to 0.8 ions per lipid
when 13 mM lipid concentration is considered) or when about
1.6 ions per lipid are mixed together in no-bulk water
conditions. Despite a signiﬁcant variation in our two results,
most likely due to diﬀerences in the hydration conditions, they
both suggest the high aﬃnity of Mg2+ toward DPPC, similarly
to the recently reported fast and strong adsorption of Ca2+ ions
to the zwitterionic PCs.64
It is worth noting here the diﬀerences between the various
ions which have been reported previously.10,24,56 In the case of
our comparative study for Ca2+ and Zn2+ eﬀects on the DPPC
gel phase bilayers, the diﬀerences in the interaction speciﬁcity
appeared to be well correlated to the hydration properties of
the two cations.11 The hydrogen bonding of water molecules
beyond the ion’s primary hydration shell was proposed as an
important determination for the more speciﬁc contacts of Ca2+
with the lipid headgroup. The crystal arrangements of the three
biologically most relevant cations in bulk water have been
proposed to be Zn[H2 O]62+·[H2O]12, Mg[H2O]62+·[H2O]12,
and Ca[H2O]6.12+·[H2O]5.29.69,70 While the overall hydration
of ions may consist of several hydration shells, the power of
their binding weakens rather quickly. The weakly bound water
molecules from the secondary shell are then easily replaced by
the lipid atoms if they appear in the close vicinity. In fact, both
the ions and lipids were concluded to reduce their hydration
shells by up to 50% in the case of ion−lipid complex
formations.10 The primary shell, however, remains mostly
intact.
The close inspection of the primary hydration shells of the
ions discussed reveals some diﬀerences. First, its radius is
smaller for Mg2+ than Ca2+ as seen from the radial distribution
functions (RDF)71 of water molecules calculated around the
given cations in Figure 9 (see also Figures S8 and S9). This
suggests a relatively loose packing of water around Ca2+ that
ensues a high dynamics of water molecules binding to the
cation. The water around Mg2+, on the other hand, forms the
most compact and very regular crystal lattice consisting of six
water molecules. Second, our MD simulation results pointed
out an occasional occurrence of the seventh water molecule in
the primary hydration shells (∼2 Å) of Mg2+ ions without
violating the symmetry of a previously formed lattice. The
increased hydration is documented by an about 10% larger
area underneath the RDF curve in Figure 9. Intriguingly, these
observations may suggest the justiﬁcation for a weaker
shielding of Ca2+ by water and in turn its more speciﬁc
interactions with the lipids.11
The small diﬀerences among the various ions may aﬀect the
peculiarities of their interactions with environment. The size of
ions themselves and perhaps even more importantly their size
when hydrated govern their ﬁne impact on the surroundings.
How deep the ions can penetrate the membrane, how close
they can approach their lipid counterparts, and most

hydrocarbon chains to the ion addition when the system is
fully hydrated (Figure 8b). This likely relates to the diﬀerence
in the initial constraints in the lateral direction of the two
systems and thus the surface density of lipid bound ions, as will
be discussed further in a plausible model we propose.
Ion Binding. It is clearly seen in our data that both Ca2+
and Mg2+ cations interact with the DPPC and DOPC bilayers
that represent in our study saturated and unsaturated
zwitterionic lipids, respectively. These interactions are
documented directly by the changes to the bilayer global
structural properties such as its thickness and/or lateral area. In
addition, we can determine the precise place of the interactions
from our MD simulation results. Similar to previous
observations,11 the radial distribution functions calculated for
systems at hand reveal that ions form the contact pairs
foremost with the lipid phosphate groups (see Figures S8 and
S9). The phosphate oxygens with their partial negative charge
are indeed to be expected a native target for the interactions
with cations (together with carbonyl oxygens), independent of
the hydrocarbon chains saturation.10,24,64
The lipids with saturated hydrocarbon chains, including the
present results shown in Figure 4, reveal structural changes
conforming to a typical Langmuir adsorption isotherm. The
latter expresses a number of adsorbed ions per lipid (mol/mol)
as65
Xb =

Kc
1 + nKc

Article

(1)

where K is an apparent binding constant (emphasizing that
electrostatic interactions are not speciﬁcally taken into
account), n is the number of lipids bound by one ion, and c
is the total ion concentration in solution. We then ﬁt this
equation to the structural changes obtained in our experiments
and rescaled to a normalized scale (i.e., Dnorm(c) = (D(c) −
D(0))/ΔD, where D(c) is an original dependence of the
bilayer thickness on the ion concentration, while D(0) and ΔD
are a thickness value at the origin and a total extent of the
thickness change, respectively), assuming a direct relation
between the Xb and relative structural changes ΔD/D. The
latter needs to be divided further by n, accounting thus for the
multilipid interactions of one ion. Fitting the experimental data
to eq 1 then shows that parameters n and K are not
independent. Depending on the binding stoichiometry
assumed, we achieve the best ﬁt curve presented in Figure
4a with n = 1 and K = 1.36 × 103 M−1, n = 2 and K = 679 M−1,
n = 3 and K = 453 M−1, or n = 4 and K = 338 M−1. The result
for 1:1 stoichiometry (n = 1) appears to be 1 order of
magnitude higher when comparing to the upper bound of
binding constants reported for Ca2+ in zwitterionic lipids (∼1−
100 M−1).66,67 Our results, however, become more reasonable
when considering some higher stoichiometries, as suggested
also by our MD results (up to four lipids bound by one ion as
shown in Figure S10) and concluded from other experiments
and computer simulations.32,56,64,68
The experimental determination of K has proven some
diﬃculties. The regime of low ion concentrations (bound ions
≪ lipid concentration) is particularly challenging, as K appears
to vary there signiﬁcantly.3,17 In our case additionally, it is
important to stress the assumption of a direct relation between
the bilayer structural changes and the number of adsorbed
ions. The relation may nevertheless not be linear, which would
change the meaning of the K parameter as obtained from our
analysis. This is perhaps even more evident in the case of our
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enforcing its extension in a transversal direction. At the same
time, the extent of chain lengthening is smaller in the ﬂuid
phase due to the smaller surface density of ions as the area per
lipid is larger. However, the range of an area diﬀerence in the
two cases discussed (i.e., DPPC bilayers in the gel and ﬂuid
phases) does not seem to warrant the qualitative change in the
proposed mechanism of interactions.
According to our MD results, the area per DPPC in the gel
and ﬂuid phase takes 52 and 61 Å2, respectively (and 54 Å2
observed experimentally for the gel phase DPPC bilayers),
corresponding to the estimated distances between the
neighboring phosphates to be 7.2 and 7.8 Å, respectively.
This should indeed allow for an ion to interact with two or
more phosphates at the same time (see Figure S10),
considering the ion−lipid interaction cutoﬀ length of ∼4
Å.73 The average distance between the neighboring phosphates
of less than ∼8 Å then appears to be a prerequisite to the
strong condensation of lipids due to the ion bridging. It is
worth noting that the lateral dimension parameters (i.e., the
interlipid distance or area per lipid), although inferred from the
scattering results by assuming a constant volume of lipid
molecule itself, is a direct result of the simulations. In this
regime where the ion-bridging interaction mode prevails (i.e.,
interlipid distance <8 Å), the bridges should form
independently of the ion concentration. The level of an
impact on the lipid bilayer structural parameters relates then
directly to the number of lipids being aﬀected and thus to Xb
(eq 1). This supports the assumption we have made when
applying the functional form of Langmuir isotherm to the
bilayer thickness changes obtained experimentally.
The bridging mode of interactions, however, appears to be
moderated by the ion type, which may then introduce a
dependence on the ion concentration. We have observed this
previously in the case of DPPC-based systems with the
addition of Ca2+ (see Figure 4 in Kučerka et al.11). The
prevailing of the bridging mode at low ion concentrations is

Figure 9. RDF of water molecules surrounding Mg2+ and Ca2+ as
determined from the MD simulations (Me2+:DPPC = 0.5 mol/mol at
T = 50 °C). The peak positions correspond to the primary hydration
shell radii, and areas under the peaks reﬂect the number of water
molecules present in the shell (Mg2+ to Ca2+ ratio of ∼6.8:6). The
water (red color) forms a regular crystal lattice of six molecules, which
is dynamically accompanied by a seventh molecule in the case of Mg2+
(inset).

importantly how far apart they reside from each other,
however, determine the mode of the electrostatic interactions
that play the leading role in these systems. Our results obtained
for the Mg2+ and Ca2+ cations interacting with the DOPC
bilayers in Figure 6 as opposed to the interactions with the
DPPC in Figure 4 clearly point out a diﬀerent mode of the
ion−lipid interactions all together.
Surface Density of Lipid Bound Ions. A little diﬀerence
between the thickness changes of DPPC bilayers in the gel and
ﬂuid phases is to be expected. Because of the main site for
Mg2+ and Ca2+ incorporation being the lipid headgroups, the
adjacent lipid groups with a partially negative charge pair with
each other via an ion bridging that brings the lipids closer
together (Figure 10a). It has been shown previously that the
ions dehydrate the headgroups by reducing the structures in a
lateral direction and by reducing their mobilities.10,56,72 The
area decrease then transfers to the lipid chain region by

Figure 10. Schematic representation of lipid−ion interactions as extracted from the MD simulation snapshots. The divalent cation binds to the
lipid group with a partial negative charge, and the lipid−ion−lipid bridge forms if the interlipid distance is smaller than twice the interaction cutoﬀ
length of 4 Å (a); otherwise, the lipid−ion pairs remain isolated (b).
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sponding to the area per lipid of ∼65 Å2, the Mg2+ and Ca2+
continue to interact with the lipid groups by forming the
separate ion−lipid pairs.
It is worth to point out that the above-discussed interactions
become increasingly important when linking the membranes to
speciﬁc functions and applications. The role of additive
molecules moderating the interplay of such interactions can
thus be seen as a certain link between the structure and
function of biomembranes. A particular interest lies within the
ions, as they exert strong electrostatic forces toward often
charged components such as DNA, proteins, or peptides. In
addition to the direct interactions, though, we have shown that
the ions may impact the biomembrane components indirectly
via changing the structural properties of the biomembrane
itself.

suggested by the decreasing AL. The RDFs conﬁrm there a
dominance of Ca2+−PO4− pairing, the same as detected for the
DPPC + Mg2+ systems in this work. While the situation does
not change in the case of Mg2+ (and Zn2+),11 a looser packing
of water around Ca2+ causes an increased number of
nonbridging interactions at the increased ion concentrations,
as captured in Figure 10b and corroborated by RDFs (Figures
S8 and S9). We speculate the most likely scenario in the case
of the Ca2+ loaded DPPC bilayers being a mixture of bridging
and nonbridging interactions whose ratio changes toward those
of the nonbridging (i.e., cations penetrate deeper and interact
with both the phosphate and carbonyl oxygens of the same
lipid) with an increasing ion concentration.
Our model proposes the qualitative change in the interaction
regime when the interlipid distance prevents the formation of
lipid−ion−lipid bridges. Mg2+ and Ca2+ continue to interact
with the lipid groups with a partially negative charge (i.e., PO4−
and CO2−); however, it is forming now prevailingly the
separate ion−lipid pairs (Figure 10b). The charge distribution
in this mode results in an increased repulsion between the lipid
molecules which causes the enlargement in the lateral and
shrinkage in transversal directions. The area per DOPC
systems simulated with 50 water molecules per lipid ranges
from 66 to 68 Å2, which appears to ensure distances adequate
for the nonbridging interaction mode. The simulations
performed with DOPC at the hydration level of 15 waters
then identify the limiting area per lipid between 66 and 64 Å2,
at which we start to observe the area condensation due to ions
(presented above). Intriguingly, our result relates closely to the
conclusion of the limiting area appearing between those
produced by DOPC and POPC (AL ∼ 63 Å2 at T = 20 °C),33
as the eﬀect of salt on their diﬀusion was either very small or
largely reducing a diﬀusion, respectively.68,72
Our interaction model proposed based on the MD results
discussed above is further corroborated also by our
experimental results, though they suggest the limiting area in
experiment being about 68 Å 2 (reached at the ion
concentration of 0.4 mol/mol in Figure 6), beyond which
the condensation occurs. Notwithstanding the observed
quantitative disagreement of 4 Å2 (well within the conﬁdence
interval when it comes to the direct comparison between the
MD and experiment), both the experimental and simulation
results suggest plausibly the lipid−divalent cation interactions
being governed by the lipid size in the lateral direction.
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analyze small-angle neutron scattering from unilamellar lipid vesicles.
Phys. Rev. E Stat Nonlin Soft Matter Phys. 2004, 69, 051903.
(43) Cristiglio, V.; Giroud, B.; Didier, L.; Demé, B. D16 is back to
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Lelièvre-Berna, E.; Perkins, A.; Wallacher, D. BerILL: The ultimate
humidity chamber for neutron scattering. J. Neutron Res. 2019, 21,
65−76.
(46) Katsaras, J. Adsorbed to a rigid substrate, dimyristoylphosphatidylcholine multibilayers attain full hydration in all mesophases.
Biophys. J. 1998, 75 (5), 2157−62.
(47) Richard, D.; Ferrand, M.; Kearley, G. J. Analysis and
Visualisation of Neutron-Scattering Data. J. Neutron Res. 1996, 4,
33−39.
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