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Abstract: The miscibility of phospholipids in a hydrated bilayer is an issue of fundamental im-
portance for understanding the organization of biological membranes. Despite research on lipid
miscibility, its molecular basis remains poorly understood. In this study, all-atom MD simulations
complemented by Langmuir monolayer and DSC experiments have been performed to investigate
the molecular organization and properties of lipid bilayers composed of phosphatidylcholines with
saturated (palmitoyl, DPPC) and unsaturated (oleoyl, DOPC) acyl chains. The experimental results
showed that the DOPC/DPPC bilayers are systems exhibiting a very limited miscibility (strongly
positive values of excess free energy of mixing) at temperatures below the DPPC phase transition.
The excess free energy of mixing is divided into an entropic component, related to the ordering of
the acyl chains, and an enthalpic component, resulting from the mainly electrostatic interactions
between the headgroups of lipids. MD simulations showed that the electrostatic interactions for
lipid like-pairs are much stronger than that for mixed pairs and temperature has only a slight influ-
ence on these interactions. On the contrary, the entropic component increases strongly with increas-
ing temperature, due to the freeing of rotation of acyl chains. Therefore, the miscibility of phospho-
lipids with different saturations of acyl chains is an entropy-driven process.

Keywords: lipid membranes; phase separation; MD simulations; differential scanning calorimetry;
Langmuir monolayer measurements

1. Introduction

Recent models of biological membranes assume that lipids are not homogeneously
distributed within membranes, but form domains or clusters [1,2]. Phosphatidylcholines
(PCs) are the main structural lipids in animals and fungi [3]. They constitute 30-60 mol%
of all phospholipids in all types of animal cell membranes. Therefore, the study of the
phase behavior of PCs, especially their miscibility, is important in understanding the func-
tion of biomembranes. In this context, binary mixtures of phospholipids in excess water
can be considered the simplest model membranes but, despite their simplicity, their phase
behavior can be quite complex.

The miscibility of various PCs in membranes has been extensively studied using both
experimental methods and molecular dynamics (MD) simulations. It is generally accepted
that membrane composition, temperature, length, and the degree of unsaturation of the
acyl chains are the most important factors affecting lipid miscibility. The experimental
studies mainly focused on the determination of phase diagrams describing the boundaries
between the different states of mixed PC bilayers. A number of methods have been used
to construct the phase diagrams, including magnetic resonance and fluorescence spectros-
copy, X-ray scattering, and differential scanning calorimetry (DSC) [4]. For example, X-
ray scattering was used to determine phase transitions in mixed dioleoylphosphatidyl-
choline (DOPC)/dipalmitoylphosphatidylcholine (DPPC) membranes [5]. The phase
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equilibria of DOPC/DPPC-ds2 mixtures in excess water have also been studied using 2H
NMR techniques [6]. The results of these studies show that above the chain melting tem-
perature of DPPC, fully hydrated mixtures of DOPC and DPPC are in the liquid crystal-
line phase at all compositions, which is characterized by rapid lateral diffusion of the mo-
lecular components, rapid axial diffusion of the molecules about the bilayer normal, and
rapid lipid chain isomerization [7]. As the temperature is lowered, samples rich in DPPC
enter a two-phase, gel-liquid crystalline coexistence region. The molecular motions are
much slower in the gel phases.

Molecular dynamics simulations can provide insight into the organization of lipid
membranes at the atomic scale. Several MD studies of binary systems consisting of satu-
rated and unsaturated lipids can be found in the literature [8-11]. However, most of these
present short simulations performed using coarse-grain (CG) or united-atom (UA) force
fields (FF) at temperatures above the transition temperature (Tm) values of both lipid com-
ponents. Using UA-FF, Pyrkova et al. studied membranes containing different propor-
tions of DOPC and DPPC in the liquid phase [8]. They observed non-ideal mixing at the
nanoscale. In turn, short-term MD simulations of the DOPC/DPPC membrane using the
same force field have shown that DPPC and DOPC mix with little or no excess free energy
of mixing at 298 K, which is below the Tm of DPPC [9]. The near-ideal behavior in such a
system is unexpected, given that mixtures of these two lipids are known to separate into
fluid (DOPC-enriched) and gel (DPPC-enriched) phases at the simulation temperature, as
shown experimentally [6]. Baoukina et al. used MD simulations with the MARTINI CG
FF to study membranes formed by POPG, DOPC, and DPPC [10]. At temperatures below
the Tm of DPPC, the system showed the coexistence of DPPC-rich gel domains in a liquid
crystalline membrane rich in DOPC and POPG. Using the same FF, Rosetti and Pastorino
studied the equimolar binary mixtures of DPPC with diunsaturated phospholipids of dif-
ferent chain lengths in the fluid phase [11]. These membranes showed non-ideal behavior
characterized by one mixed phase with compositional fluctuations at the nanometer scale.
In summary, there are only a few simulation studies on binary systems with saturated
and unsaturated lipids. In addition, the simulations were mostly carried out at tempera-
tures above the Tm values of both lipid components, and the results obtained show con-
tradictions.

Based on the analysis of the literature, the intermolecular interactions in the mixed
PC membranes, and thus their molecular organization, are not fully understood. In this
study, we focus on the molecular organization of mixed PC membranes. We are particu-
larly interested in the influence of the saturation of hydrocarbon chains on the miscibility
and intermolecular interactions in these membranes. For this purpose, we performed all-
atom MD simulations of several systems containing lipids with saturated and unsaturated
acyl chains. Langmuir monolayer and DSC experiments were then used to complement
the MD simulation results. Our observations showed a complex behavior of both mono-
and bilayers, which was determined by the type of hydrocarbon chains (unsaturated or
saturated) and thus the effective shape of the lipid molecule. Our research elucidates the
thermodynamic basis of domain formation in lipid membranes containing saturated li-
pids and thus may contribute to a better understanding of the lateral heterogeneity in the
lipid composition of cell plasma membranes.

2. Material and Methods

Materials. Both 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-di-
oleoyl-sn-glycero-3-phosphocholine (DOPC) were purchased from Avanti Polar Lipids
Inc. (Alabaster, AL, USA) with 299% purity. Chloroform (HPLC grade, 299.9%) and phos-
phate-buffered saline (PBS, tablets) were obtained from Merck Life Science Sp.z.0.0. (Poz-
nan, Poland). The ultrapure Milli-Q water used in the experiments had a surface tension
of 72.6 mN/m (at 20 °C) and a resistivity of 18 MQ cm.

Langmuir Monolayer Experiments. The experiments were carried out using a KSV
2000 Langmuir trough (KSV Instruments Ltd., Helsinki, Finland), as previously described
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[12]. Briefly, lipids were dissolved in chloroform to form stock solutions. They were stored
at —20 °C and mixed in the required proportions in glass vials just before the experiments.
The lipid mixtures were deposited on a subphase of ultrapure water using a Hamilton
analytical syringe. After spreading, the monolayers were left for 5 min and then compres-
sion was initiated at a barrier speed of 10 mm/min. The subphase temperature was main-
tained at 22 °C using a Julabo circulating water bath. All experiments were repeated at
least twice to ensure the consistency of the results. The isotherms were analyzed as previ-
ously described [12] and two values were calculated: (i) the compression modulus (Cs™)
which provides information about the physical state of the films, their elasticity, and the
ordering of molecules during compression, and (ii) the excess free energy of mixing
(AGPx) which describes the interactions in the mixed films.

Differential Scanning Calorimetry (DSC). DSC experiments were performed using
a NanoDSC TA Instruments calorimeter (New Castle, DE, USA) with 0.3 mL capillary
cells. Lipid suspensions in PBS (2 mg/mL total lipid concentration and varying DOPC
mole fractions, Xporc) were measured from 5 to 50 °C at a scan rate of 0.5 °C/min. Ther-
mograms for the buffer were obtained under identical conditions and subtracted from the
excess heat capacity curves. Tm was defined as the temperature at the peak maximum.

MD Simulations. All-atom MD simulations of lipid bilayers consisting of DOPC,
DPPC, and DPPC/DOPC mixtures with Xoorc equal to 0.1, 0.3, 0.5, 0.7, and 0.9 were per-
formed. The chemical structures of the lipids are shown in Figure 1, while a detailed de-
scription of the components of all simulated systems is given in Table 1. All systems were
simulated at 22 °C and 50 °C (i.e., below and above the DPPC main phase transition tem-
perature Tm = 41 °C). Initial structures of lipid membranes were constructed by placing
lipids in random orientations on an 8 x 8 grid, resulting in lipid bilayers containing 128
lipids (two leaflets of 64 lipids in each). After solvation, the systems were first energy min-
imized using the steepest descent algorithm, followed by the MD simulations for 1 ps in
the isobaric-isothermic (NpT) ensemble. The representative time evolution of the thermo-
dynamic and structural parameters from MD simulations for the system DPPC/DOPC
with Xporc = 0.9 at 295 K is shown in Figure S2. The first 500 ns of the simulation was
treated as the equilibration period; thus, only the last 500 ns of each trajectory was ana-
lyzed unless otherwise stated. Each simulation was repeated three times, starting from
different initial configurations of lipids and water molecules.
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sn-1 J T \+/
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Figure 1. Chemical structures of lipids used in this study. The lipid chain vector and headgroup
vectors, used in the orientation analyses, are shown as red and blue arrows, respectively.
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Table 1. Detailed description of the compositions of the simulated systems.

System DPPC DOPC Water # of Repeats x Simulation Length
DPPC 128 0 6400 3x1us
DPPC/DOPC, Xporc = 0.1 114 14 6400 3x1us
DPPC/DOPC, Xporc = 0.3 90 38 6400 3x1us
DPPC/DOPC, Xporc = 0.5 64 64 6400 3x1us
DPPC/DOPC, Xporc = 0.7 38 90 6400 3x1us
DPPC/DOPC, Xporc = 0.9 14 114 6400 3x1us
DOPC 0 128 6400 3x1us

An all-atom optimized parameters for liquid simulations (OPLS-AA) force field
[13,14] with additional parameters developed by us was used to parametrize lipid mole-
cules [15-17]. For water, the TIP3P model was employed [18]. All MD simulations were
carried out at a constant pressure of 1 bar using the Parrinello-Rahman algorithm [19]
with a pressure constant of 1 ps. A semi-isotropic algorithm was applied for pressure. The
lipid bilayer and water temperatures were set to 295 K or 323 K and controlled inde-
pendently by the Nose-Hoover algorithm [20,21] with a temperature constant of 0.4 ps.
Periodic boundary conditions in all three directions were used. The LINCS algorithm [22]
was used to preserve covalent bonds with the simulation time step of 2 fs. For water mol-
ecules, the SETTLE method [23] was used. Long-range electrostatic interactions beyond
the cutoff of 1 nm were treated with the particle mesh Ewald algorithm [24,25]. All MD
simulations were performed using the GROMACS 2020.5 software package [26]. Visuali-
zations of the simulated systems were performed using Visual Molecular Dynamics
(VMD) software [27].

3. Results and Discussion

The miscibility of phospholipids in a hydrated bilayer is an issue of fundamental im-
portance to membrane biophysics [28]. This research aimed to investigate the impact of
the unsaturation of lipid acyl chains on the molecular organization of mixed lipid mem-
branes composed of phosphatidylcholines (PCs), and to understand the driving forces
causing the immiscibility of PCs. It has previously been shown experimentally that DOPC
and DPPC exhibit limited miscibility in a mixed bilayer [5]. Therefore, we used this lipid
pair to further explore the reason for differences in immiscibility between PC molecules.
Both lipids share the same headgroup but differ in the length and saturation of the acyl
chains. This enabled us to isolate the effect of the hydrophobic part of the lipids on their
behavior in the mixed bilayers.

DSC Measurements. DSC measurements were used to determine the phase diagram
for the mixed DPPC/DOPC bilayers. DSC thermograms for systems with various Xoorc
are depicted in Figure S1. The thermogram for the pure DPPC membrane displays two
endothermic peaks at Tp = 35 °C and Tm = 41.2 °C. The first peak corresponds to the pre-
transition from the gel phase (Lg, also called the solid-ordered phase) to the ripple phase
(Pg). In the Ly state, the lipids are arranged on a two-dimensional triangular lattice in the
plane of the membrane [1]. DPPC chains are predominantly ordered into the all-frans con-
figurations and tilted with respect to the membrane normal. For fully hydrated DPPC bi-
layers at 19-25 °C, the tilt angle is about 30° [29]. The Py phase is characterized by periodic
one-dimensional ripples on the membrane surface. The ripples are probably formed by
periodic arrangements of the linear gel (Lg) and fluid (L«) lipid domains [30,31]. The sec-
ond peak corresponds to the main transition (membrane melting) from the Pg phase to
the liquid phase (Ls, also known as the liquid-disordered or liquid-crystalline phase). The
main transition peak is narrow, which indicates that the melting is strongly cooperative.
DPPC molecules melt simultaneously in large clusters of # lipids (these n lipids are con-
sidered as the size of the cooperative unit) [1]. The larger the size of the cooperative unit,
the narrower the transition peak. In the La phase, the acyl chains are mostly disordered
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with many trans- and gauche configurations along the chain, and the lattice order is lost
[1]. In turn, the DOPC membrane has a main transition temperature of -16.5 °C [32]. This
means that the DOPC bilayer is in the liquid phase over the whole temperature range
studied here.

The admixture of DOPC into the DPPC bilayer resulted in alterations in the gel-to-
liquid state transition. The pre-transition peak disappeared, while the main transition
peak became broader, and the Tm value decreased with increasing DOPC content in the
membrane. This shows that the various lipid species in mixtures do not melt inde-
pendently but rather influence each other in the melting process, and that the presence of
DOPC affects the DPPC melting process. The addition of DOPC to the DPPC membrane
leads to a broadening of the heat capacity profiles and thus a reduction in the DPPC co-
operative unit size.

A pseudo-binary phase diagram was constructed from the thermograms by plotting
the transition temperatures from a single-phase state to the coexistence of two phases as
a function of the sample composition. The transition onset and completion temperatures
were determined by analyzing the heat capacity curves using the tangent method [33].
Figure 2A shows the phase boundaries among the gel phase, liquid-crystalline phase, and
their coexistence region for the DPPC/DOPC membrane. The phase diagram indicates that
at 50 °C, the DPPC/DOPC membranes of any composition were in the liquid phase. In
contrast, at 22 °C, the systems containing Xoorc < 0.1 were in the gel phase and those with
Xporc 2 0.8 were in the liquid-crystalline state, while the coexistence of both phases was
observed within these limits.
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Figure 2. (A) Phase diagram of the DPPC/DOPC membrane determined using DSC. The melting
temperature of pure DOPC was taken from ref. [32]. (B) Surface pressure (1) — area (A) isotherms
for DPPC/DOPC mixed monolayers measured at 22 °C. Water was used as the subphase. (C) Com-
pression modulus versus 7 for the DPPC/DOPC mixed monolayers at 22 °C. (D) Values of excess
free energy of mixing (AGFx) as a function of the DOPC mole fraction (Xporc) at 7@ = 30 mN/m and
22 °C.

The DPPC/DOPC phase diagram. Our phase diagram determined for multilamellar
vesicles shows that at 22 °C, the DPPC/DOPC membranes with Xporc < 0.1 are in the gel
phase, and those containing Xporc > 0.8 are in the liquid phase, while the coexistence of
liquid-gel phases is observed within these limits. As expected, for temperatures higher
than 41 °C, the mixed DPPC/DOPC bilayers are solely in the liquid state. Due to the nature
of DSC measurements, we were only able to determine a part of the phase diagram (for
temperatures higher than 5 °C). A more detailed phase diagram for DOPC/DPPC-de2 mix-
tures was previously determined using 2H NMR experiments [6]. According to this phase
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diagram, two-phase systems at 22 °C for large multilamellar DOPC/DPPC-de: liposomes
at pH 7.0 were observed in the range of 0.3 < Xoorc < 0.65. Using X-ray scattering, Furuya
and Mitsui determined the phase diagram for DPPC/DOPC multilamellar vesicles [5],
which indicated that the liquid—gel phase coexistence occurs within 0.1 < Xporc < 0.7. In
turn, the fluorescence measurement revealed that this range could change depending on
the method of liposome preparation [34]. Therefore, the observed difference in phase di-
agrams for mixed lipid membranes may be due to the difference in the method of lipo-
some preparation, as well as due to the experimental method used in the measurements.
The DSC experiments used in this study clearly showed that at Xoorc = 0.7, there are still
DPPC domains that melt with increasing temperature, so the DPPC/DOPC membranes
with this composition undergo phase separation at lower temperatures.

Langmuir Monolayer Experiments. The measured nmi—A isotherms and the values of
the compression modulus (Cs™) calculated on their basis are shown in Figure 2B,C, re-
spectively. The isotherms for the pure DPPC and DOPC monolayers are consistent with
those previously published [12,35]. The shape of the —A isotherm for the DOPC film and
its Cs! - t dependency (Figure 2C) indicate that this monolayer is in the liquid (L) phase.
For DPPC, an inflection region in the isotherm and a minimum in the Cs' vs. 7t plot indi-
cate that this monolayer changes its physical state during compression. The phase transi-
tion corresponds to a change from the liquid-expanded (Le) to the liquid-condensed (Lc)
state. The addition of DOPC to the DPPC monolayer shifts the Le-Lc phase transition to-
wards higher surface pressures (mte-Lc = 9.6, 12.8, 19.6, and ~30 mN/m for Xporc = 0.0, 0.1,
0.3, and 0.5, respectively), indicating that the mixed DOPC/DPPC films are less condensed
than the pure DPPC monolayer. For Xporc 2 0.7, the inflections resulting from the Le-Lc
phase transition vanished in the isotherms—indicating that at 22 °C, the monolayers of
these compositions are in the L phase, similar to the pure DOPC film.

It has been shown that the properties of lipid monolayers at surface pressures in the
range of 30-35 mN/m correspond to the properties of bilayers [36]. Therefore, to shed
more light on the miscibility of monolayer components, the A values at a surface pressure
of 30 mN/m were determined from the isotherms, and the values of AGEx[37] were calcu-
lated and plotted versus the DOPC mole fraction (Figure 2D) to compare the magnitude
of interactions between components in the DPPC/DOPC monolayers. The excess mixing
free energy values were positive for all the DPPC/DOPC monolayers, showing that the
intermolecular interactions in the mixed films were unfavorable compared to those in the
one-component films. The strongest repulsion between lipid molecules was observed for
an Xporc in the range of 0.3-0.5. The maximum of AGFx was about 1.3 kJ/mol.

The excess free energy of mixing. Our experiments showed a significant influence
of the saturation of the lipid chains on the mutual miscibility between PCs. A comparison
of one-component DPPC and DOPC monolayers showed that DPPC molecules are more
densely packed in the monolayer, and thus more ordered than DOPC molecules in their
films, due to the bending of the hydrocarbon chains in the latter lipid. Miscibility between
DPPC and DOPC lipids is thermodynamically unfavorable in all mixed membrane com-
positions, as the values of the excess free energy of mixing are positive and reach a maxi-
mum of 1.3 kJ/mol at an Xporc of about 0.3-0.5.

We previously investigated miscibility in mixed phosphatidylcholine (PC)—-phospha-
tidic acid (PA) bilayers in which the lipids differed in their degree of unsaturation [12,35].
In the case of the DPPC-DPPA system, the maximal value of the excess free energy of
mixing was about —0.5 kJ/mol, indicating that the interactions between the components
are more attractive than for the pure DPPC and DPPA monolayers. BAM images for se-
lected DPPC-DPPA film compositions, showing monolayer morphology, demonstrated
that the film components are miscible over the entire range of monolayer compositions.
For DOPC-DOPA mixtures, the AGFx values were only slightly positive (<0.08 k]/mol),
and the monolayers were completely homogeneous for all film compositions. This indi-
cates an ideal mixing between DOPC and DOPA. In contrast, the mixture of DOPC with
DPPA showed large positive deviations from the ideal, and the maximal AGFx value was
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ca. 1.7 kJ/mol, indicating that the mixing of DOPC and DPPA molecules is thermodynam-
ically unfavorable. Phase separation resulting from the immiscibility of the monolayer
components was clearly visible in the BAM images, where, regardless of the monolayer
composition, bright condensed DPPA domains dispersed in the fluid DOPC matrix were
visible. More complicated behavior was observed for the DPPC/DOPA mixed monolayers
[12]. The positive AGEx values for films containing higher amounts of DOPA (about 0.4
kJ/mol) indicated that lipid miscibility was not thermodynamically favorable. However,
the BAM images showed no signs of phase separation. This means that the repulsive in-
teractions between the mixed pairs were rather weak to cause the immiscibility of the
DPPC/DOPA membrane. At a low DOPA content (Xpora < 0.3), the mixing of DPPC and
DOPA lipids in monolayers was thermodynamically favorable due to the strong attractive
electrostatic interactions between their headgroups, resulting in monolayer condensation.
The maximal AGFx value for the DPPC/DOPC system is comparable to that for the
DOPC/DPPA system. This indicates that the structure of the acyl chains of individual li-
pids has a much greater impact on their miscibility compared to possible interactions
within the headgroups. In conclusion, phase separation is observed when AGFx exceeds a
certain limit. Based on the aforementioned values, we suppose that this limit is in the
range of 0.8-1.2 kJ/mol. For positive AGEx values which remain below this limit, small
lipid aggregates may form, but these are too small to be observed by BAM methods. How-
ever, this hypothesis requires further experimental studies.

MD Simulations. We performed MD simulations of mixed DPPC/DOPC bilayers
with different lipid compositions at 22 °C (295 K) and 50 °C (323 K). Figures 3 and S2
present typical snapshots showing the organization of the DPPC/DOPC membranes at the
end of the simulation at 295 K and 323 K, respectively. At the higher temperature, all the
bilayers exhibit a pronounced disorder of the acyl chains with a large number of gauche
configurations, which is characteristic of membranes in the liquid phase. The lipid mole-
cules are evenly distributed in the mixed bilayer, which indicates a good miscibility of the
lipids at temperatures above the phase transition. On the contrary, at the lower tempera-
ture (Figure 3), the DPPC membrane shows a structure that resembles the ripple phase
(Pp). The presence of two regions with different molecular ordering patterns can be ob-
served. In one region, the DPPC molecules are stretched and tightly packed in a manner
characteristic of the gel phase. The two leaflets are well separated, resulting in increased
membrane thickness. In the other region, the acyl chains are disordered, and the leaflets
are partially interdigitated, which reduces the thickness of the bilayer.
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Figure 3. Representative snapshots from MD simulations showing the organization of lipid mem-
branes with different lipid compositions at 295 K. Lipids are shown in the licorice representation.
DOPC is shown in orange (hydrocarbon chains) and red (headgroups), while DPPC is shown in
blue (hydrocarbon chains) and yellow (headgroups). Water molecules are not shown for clarity.

For the mixed DPPC/DOPC bilayers at 295 K, containing 50 mol% or more DPPC,
two regions with very distinctive molecular ordering patterns were observed. The first
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region contains tightly packed lipid molecules (mainly DPPC) with stretched chains ar-
ranged similarly to the pure DPPC bilayer described above. The second region contains
loosely packed lipid molecules (mostly DOPC) with partially interdigitated hydrocarbon
chains. This molecular arrangement changes for the bilayers with a lower DPPC content
(Xporc =0.7 and 0.9). In these cases, there is no clear phase separation between DPPC and
DOPC lipids, although DPPC molecules seem to adhere to each other to form small ag-
gregates. The lipid bilayers are much more disordered and there is no clear separation
between lipid leaflets.

Area per lipid. In order to gain more insight into the lipid organization in the
DPPC/DOPC bilayers, the average area per lipid (APL), the average area per DPPC (APP),
and the average area per DOPC (APO) were calculated (Table 2). APL was computed by
dividing the area of the simulation box by the number of lipids in one leaflet, while the
APP and APO in each membrane were calculated using the Voronoi tessellation method
implemented in the APL@VORO software [38].

The calculated APL value for the pure DPPC membrane is 0.664 nm? at 323 K. This
value is very close to experimental results (ca. 0.629 [39], 0.64 [40], 0.681 [41], and 0.68 [42]
nm?) determined at the same temperature. Similarly, the calculated APLs for the pure
DOPC bilayer are 0.744 nm? and 0.722 nm? for 323 K and 295 K, respectively, and are also
in good agreement with the experimental values of 0.721 nm? [41] and 0.722 nm? [43] meas-
ured at 298 K and 303 K, respectively. As expected, an increase in DOPC content in the
mixed membrane leads to a gradual increase in APL. The average values of AP and APO
also increase with the increasing DOPC concentration in the bilayer. At lower tempera-
ture, APPs are much smaller compared to APOs for Xporc < 0.5, but for higher unsaturated
lipid content both values become similar. This shows that in the membranes with Xoorc >
0.5, the palmitoyl chains of DPPC become more disordered, which increases the surface
area occupied by this lipid. At a higher temperature, the differences between APL and
APP or APO are insignificant.

Table 2. Calculated average values of the area per lipid (APL) in the lipid membranes at 295 K and
323 K. Errors, estimated as the standard deviation of the averages, are smaller than 0.02 nm?. Calcu-
lated averaged values of surface area per DPPC (APP) and area per DOPC (APC) in the lipid mem-
branes at 295 K and 323 K. Errors, estimated as the standard deviation of the averages, are smaller
than 0.045 nm?.

S APL (nm?) APP (nm?) APO (nm?)
ystem 295 K 323K 295 K 323K 295 K 323K
DPPC 0.567 0.664 0.569 0.665 - -

DPPC/DOPC, Xporc = 0.1 0.576 0.677 0.572 0.676 0.608 0.676
DPPC/DOPC, Xoorc = 0.3 0.594 0.693 0.586 0.693 0.603 0.694
DPPC/DOPC, Xporc = 0.5 0.668 0.710 0.664 0.707 0.670 0.710
DPPC/DOPC, Xporc = 0.7 0.700 0.725 0.701 0.723 0.700 0.726
DPPC/DOPC, Xporc = 0.9 0.715 0.738 0.712 0.736 0.714 0.737

DOPC

0.722 0.744 - - 0.723 0.744
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It should be noted that the average value of area per DPPC (APP) in the pure DPPC
bilayer at 323 K is lower than the average value of the area per lipid (APL). The same is
true for the APO and APL values for the pure DOPC bilayer. This difference is because
the Voronoi tessellation method does not take into account voids between lipids when
reporting the area per lipid (APO and APP), while the average APL values include them.
At the higher temperature, the differences between APL and APP or APO are greater than
those at the lower temperature, confirming that at the higher temperature the lipids are
further apart, making the structure much looser.

Membrane thickness. The mass density profiles for selected lipid groups for the sys-
tems simulated at 295 K are depicted in Figure 4. These profiles show the distributions of
the various lipid groups along the normal to the bilayer. The distributions of DOPC phos-
phorus atoms are shifted towards the center of the mixed bilayer compared to the distri-
butions of DPPC phosphorus atoms (Figure 4). This is particularly evident for Xporc < 0.7
and suggests that DOPC lipids are, on average, located deeper in the mixed lipid bilayer
compared to DPPC molecules. At 323 K (Figure S3, Supplementary Materials), this effect
is much weaker, showing that at the higher temperature the headgroups of both lipids are
in similar positions in the membrane. The distributions of DPPC phosphorus atoms at 295
K are much more asymmetric compared to the distributions of the DOPC phosphorus
atoms. This trend disappears at 323 K, where the distributions of DPPC phosphorus atoms
become fully symmetric. Interestingly, the water-mass-density profiles (Figure 4) show
that the depth of the water penetration deep into the lipid bilayer increases with decreas-
ing DOPC content in the mixed membranes. This effect is more pronounced at lower tem-
peratures.
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Figure 4. Mass-density profiles of lipids and selected chemical groups in lipid membranes at 295 K
for DOPC (A), DPPC/DOPC with Xporc = 0.9 (B), DPPC/DOPC with Xporc = 0.7 (C), DPPC/DOPC
with Xporc = 0.5 (D), DPPC/DOPC with Xporc = 0.3 (E), DPPC/DOPC with Xporc = 0.1 (F), and DPPC
(G). The density profiles of water (cyan curve), phosphorus atoms (green and black curves for DOPC
and DPPC, respectively) and the terminal methyl group of hydrocarbon chains (red and yellow
curves for DOPC and DPPC, respectively) are shown.

The bilayer thickness (dr) was calculated as an average distance between the phos-
phorus atoms in the opposite leaflets for each type of lipid separately (Table S1). The cal-
culated dr values for pure DPPC and DOPC membranes are in good agreement with the
experimental results. The bilayer thickness of DPPC, DOPC, and an equimolar mixture of
these two phospholipids at 50 °C was determined experimentally (using X-ray diffraction
measurements) to be 4.02, 3.64, and 3.74 nm, respectively [44]. It follows that the thickness
of the bilayer formed by the equimolar mixture is intermediate between the two pure
phospholipid bilayers. The thickness of mica-supported DPPC and DOPC bilayers was
previously determined using atomic-force microscopy (AFM) [45]. For DOPC, the AFM
measurements revealed a membrane thickness of about 4.1 nm at 22 °C. In the case of
DPPC, AFM topography images showed a bilayer thickness of 4.8 + 0.3 nm at 22 °C (gel
phase), and this value decreased to 3.3 + 0.3 nm when the temperature was increased to
52 °C. The authors noted that the membrane thicknesses obtained from the cross-section
of AFM images at room temperature were larger than the values determined by other
experimental methods. As an explanation, they stated that AFM can overestimate the
thickness of the lipid membrane at lower temperatures due to the reduced mobility of
both lipids and water molecules associated with the bilayer interface.

At the lower temperature, the membrane thickness with respect to DOPC is almost
constant in all simulated bilayers and is significantly smaller than that for DPPC. For
DPPC, the dr value changed with the composition of the mixed bilayer. It first increases to
a value of about 4.3 nm at Xporc = 0.3 and then decreases to a constant value of about 3.9
nm. Such a non-linear relationship is probably related to the fact that in our simulations
the pure DPPC bilayer has a ripple phase structure (see Figure 2), where the membrane
thickness varies periodically. Therefore, the averaged dr value is underestimated. The in-
troduction of DOPC leads to the gradual disappearance of the ripple structure, so the re-
sulting average value reaches a value characteristic of the thickness of the DPPC mem-
brane in the solid phase. At 323 K, the thickness of the mixed membrane is constant for
both lipids, with the dr value for DPPC tending to be larger compared to DOPC, indicating
that the unsaturated lipid molecules are located slightly deeper in the membrane. Despite
the good agreement between the experimental and calculated values of the bilayer thick-
ness, it is worth noting that the choice of the force field and the method of calculating
bilayer thickness (phosphorus-to-phosphorus distance vs. hydrophobic thickness) affect
the calculation outcome.

Ordering of lipid acyl chains. The profiles of the hydrogen order parameters (Scu)
along the sn-1 chains of DPPC lipids were then calculated as previously described [35].
Figure 5 shows that, at the higher temperature, the presence of DOPC mainly reduces the
ordering of the deeper segments of the DPPC chains (C10-C14 carbons). The effect of the
unsaturated lipid on Scu in the upper regions of the mixed bilayer (i.e., the most ordered
part of the bilayer) is negligible. On the contrary, at 295 K, the addition of DOPC has a
significant impact on the ordering of DPPC hydrocarbon chains. The Scu value strongly
decreases as the mole fraction of DOPC increases. The greatest decrease in the ordering of
the mixed DPPC/DOPC membrane is observed when Xporc = 0.3 is exceeded. Interest-
ingly, the addition of 10 mol% DOPC increases the ordering of the DPPC hydrocarbon
chains relative to the pure bilayer. This can be explained by the fact that the pure DPPC
membrane in our simulations is in the ripple phase (Figure 2), in which some of the lipids
show high disorder. The introduction of DOPC causes a partial disappearance of the rip-
ple, and thus an increase in the ordering of the DPPC alkyl chains.
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Figure 5. The hydrogen order parameters (Scu) profiles of the sn-1 chain of the DPPC lipid in the
DPPC/DOPC bilayer as a function of the DOPC mole fraction (Xporc) at 293 K (top panel) and 323

K (bottom panel).

Orientation of lipids in the mixed membrane. In order to describe the arrangement
of the lipid molecules inside the mixed membranes, we calculated the tilt angle (6c) be-
tween the acyl chains (both sn-1 and sn-2) and the normal to the membrane, and the tilt
angle (6n) between the headgroups of DPPC and DOPC lipids and the bilayer normal (see
vector definitions in Figure 1). The normalized probability distributions of the angles are

shown in Figures 6 and S5 for 295 K and 323 K, respectively.
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Figure 6. Probability distributions of the tilt angles 0. between the sn-1 lipid chain vector (shown in
Figure 1) and the bilayer normal for DOPC (A) and DPPC (B), and probability distributions of the
angle On between the headgroup vector and the bilayer normal for DOPC (C) and DPPC (D) at 295
K. The probabilities were averaged over the time and number of repeats.

In all membranes at the lower temperature, the 0. distributions for DOPC are wider
than the corresponding distributions for DPPC, and the maxima are shifted toward larger
angles (Figure 6A,B). This is probably due to the bending of the hydrophobic chain caused
by the presence of the double bond. The exception is the membrane with Xporc = 0.1, in
which the DOPC molecules adopt an orientation similar to DPPC. In turn, in the lipid
bilayers containing more DOPC (Xporc > 0.5), the average tilt angle of DPPC acyl chains
becomes similar to that for DOPC. Interestingly, the DOPC acyl chains can adopt a nearly
perpendicular orientation with respect to the bilayer normal (non-zero probability for an-
gles above 80°, Figure 6A), while the DPPC acyl chains do not exhibit such behavior. The
On distributions (Figure 6C,D) suggest that the most probable orientation of the head-
groups of both DPPC and DOPC is their alignment almost parallel to the membrane sur-
face, but the wide width of the distributions indicates a large degree of freedom in the
arrangement of these groups.

Orientation of headgroups in the mixed membrane. We then focused on the ar-
rangement of the headgroups relative to the entire lipid molecule. Two conformations
with different headgroup orientations have been identified in the crystal structure of 1,2-
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dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) by X-ray scattering [46]. Confor-
mation A shows the headgroup pointing away from the rest of the molecule, while the
headgroup in conformation B is folded back, resulting in a more compact structure. These
conformations correspond to different orientations of the glycerol moiety in the lipid mol-
ecule. The situations where the CG-CG-CG-O dihedral angles (CG stands for carbon from
the glycerol moiety) are in gauche and trans configurations are described by the structures
A and B, respectively. Figure 7 shows the two conformations adopted by the DPPC mol-
ecules in the gel state taken from the MD simulations of the DPPC system. The head-
groups can be oriented either above or outside the lipid molecule; however, in both cases,
they are arranged almost parallel to the membrane surface. The distributions of the gauche
and trans configurations in the equimolar mixture of DPPC and DOPC at 295 K and 323 K
are shown in Figure 8. All distributions have three maxima; those at -60° and 60° corre-
spond to the gauche configurations of the CG-CG-CG-O dihedral angles (conformation A),
while the maximum at about 180° is associated with the trans configuration (conformation
B). Our results show that both lipids have a lot of freedom to change the arrangement of
the headgroups, but the trans configuration (with the choline group located above the li-
pid molecule shielding the hydrophobic part from contact with water) dominates. The
contribution of the trans configuration decreases with temperature for both lipids, but this
effect is stronger for DPPC.

4
gauche &

[e]
. ce
_ GG

CG

Figure 7. Two DPPC conformations taken from the simulation of the DPPC membrane in the gel
phase (295 K). Structure (A) corresponds to the situation where the CG-CG-CG-O angle is the gauche
configuration and structure (B) is the situation where the CG-CG-CG-O angle is in the trans config-
uration (CG = glycerol carbon). On the right side of each panel is a schematic representation of the
gauche or trans conformation.
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Figure 8. Distributions of gauche and trans configurations of the glycerol moieties in the equimolar
mixture (Xporc = 0.5) of DOPC (A) and DPPC (B) at 295 K and 323 K.

Energy of interactions between lipids. In order to quantify local interactions be-
tween lipids in the mixed DPPC/DOPC bilayers, we calculated the interaction energy be-
tween lipid molecules, distinguishing between electrostatic and dispersive components
(Figure 9). The dispersion energies, calculated from MD simulations, contain all the terms
from the Lennard—Jones interaction potential, which includes both dispersive energy (al-
ways attractive) and Pauli repulsion (acting at much shorter interatomic distances). All
energies were calculated as averages over time and the number of repeats.

Several conclusions can be drawn about the interactions between lipids in the mixed
DOPC/DPPC membrane from Figure 9: (i) the most important outcome is that tempera-
ture has only a slight influence on the value of both dispersive and Coulomb interactions;
(if) the dispersive interactions are much weaker compared to electrostatic interactions (as
much as six times as in the case of the pure DOPC membrane); (iii) for the membrane with
Xporc = 0.5, the energy of dispersion interactions between all lipid molecules is similar,
while the Coulomb interactions for lipid like-pairs are more than 75 times stronger than
for mixed-pairs.
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Figure 9. The electrostatic and dispersive components of the interaction energy in the DPPC/DOPC
bilayer as a function of the DOPC mole fraction (Xporc) at 293 K (panels (A,B)) and 323 K (panels
(C,D)). All energies were calculated as averages over time and the number of repeats.

The molecular organization of mixed DPPC/DOPC membrane. Our simulation re-
sults are consistent with experimental findings. The exception is the DPPC pure mem-
brane simulated at 22 °C, which the simulations show is in the ripple phase, which is not
in line with the DSC findings. All mixed DPPC/DOPC membranes simulated at tempera-
tures above the DPPC phase transition were in the liquid phase; this means that the acyl
chains of both lipids were highly disordered, as indicated by the order parameters (Figure
5). In addition, the distributions of individual lipids in the bilayer were uniform, so the
DPPC/DOPC membranes were single-phase systems.

At the lower temperature, for Xporc = 0.1, a densely packed membrane was observed
with DOPC molecules dispersed evenly among DPPC lipids (Figure 3), showing that this
mixed membrane is a single-phase system. Importantly, the DOPC molecules adopt the
orientation of the surrounding DPPC membrane (Figure 6A), but their headgroups are
located deeper compared to those of the saturated lipid. The APO value is much smaller
compared to that in the pure DOPC membrane, showing that DOPC molecules adopt a
more compact conformation in the mixed membrane. Interestingly, the introduction of a
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small amount of DOPC results in the disappearance of the ripple structure of the DPPC
membrane. This is in good agreement with the DSC measurements, in which no pretran-
sition was observed for all mixed systems, showing that no ripple phase is formed. In-
creasing the content of unsaturated lipid to Xporc = 0.3 causes its molecules to cluster to-
gether to form domains. Their thickness is much smaller compared to the membrane frag-
ments composed mainly of DPPC. This indicates that a mixed membrane of this compo-
sition is a biphasic system, which is consistent with our DSC measurements. The intro-
duction of DOPC into the DPPC membrane results in a significant broadening of the main
transition peak, indicating a decrease in the size of cooperative units. DPPC-rich mem-
brane fragments show high ordering, as demonstrated by the Scu values; thus, they are in
the gel state.

In the case of the bilayer with Xporc = 0.5, our simulations show a clear phase separa-
tion that leads to DPPC-rich domains suspended in a DOPC-rich phase. Interestingly,
these domains are in register, which means that the domains in one leaflet are coupled to
the same domains in the other leaflet. The image of the DPPC/DOPC membrane with
Xporc = 0.5 obtained in our simulations (Figure 3) is strongly supported by experimental
results. X-ray diffraction measurements of an equimolar mixture of DOPC and DPPC at
30 °C showed that the two phospholipids are completely separated within the bilayer [44].
In addition, the bilayers are completely in register, so that DPPC domains in one leaflet
are invariably aligned with DPPC in the opposing leaflet and likewise with DOPC. The
DPPC domains are in the gel phase, while the DOPC domains are characterized by the
presence of disordered chains. The formation of domains in the DOPC/DPPC (1:1) mem-
brane at room temperature has also been demonstrated directly by AFM visualizations
[47,48]. AFM measures the lateral organization of lipid bilayers deposited on a substrate
by imaging the topographical details of the membrane in the form of domain lateral size
and height relative to surrounding lipids in the liquid state. However, AFM images
showed that the substrate affects the domain organization. Micrometer-sized domains
with rounded boundaries were formed in the DOPC/DPPC (1:1) bilayers on mica [47]. In
contrast, domains with irregular shape and sizes between 100 and 200 nm were observed
for the DOPC/DPPC (1:1) bilayer prepared on glass [48].

In the DPPC/DOPC membranes with a predominance of DOPCs (Xporc = 7), the
phase separation gradually disappears. For the system with 70 mol% of the unsaturated
lipid, we observed the formation of small aggregates, which is strongly supported by the
DSC measurements. However, the properties of both lipids such as surface area per lipid
(APP and APO) are comparable. This indicates that the boundary between the system be-
ing monophasic or biphasic is quite blurred. This can be the reason for the discrepancies
in the phase diagrams determined by different experimental methods.

We also focused on the arrangement of the headgroups of both lipids in the mixed
membranes. The results show that the phosphocholine groups have a lot of freedom in
orientation but mainly make an angle in the range of 60-90° to the bilayer normal, which
means that they are aligned almost parallel to the membrane surface. This orientation of
the headgroups is almost independent of temperature and membrane composition. This
agrees with neutron-scattering experiments, which report that the average orientation of
the phosphocholine group of DPPC in the gel state, as well as in the liquid-crystalline
state, is almost parallel to the membrane surface [49]. Semchyschyn and Macdonald re-
ported that for 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), the headgroup vec-
tor is about 0.45 nm in length and oriented at an angle of about 30° above the bilayer
surface [50]. The parallel alignment of the PC headgroup to the membrane surface can be
achieved by two different conformations within the glycerol group. The gauche configura-
tion of the CG-CG-CG-O dihedral angle forces the phosphocholine group to point away
from the rest of the molecule (conformer A), while in the trans configurations the head-
group is located above the lipid molecule (conformer B). Our simulations indicate that in
the gel phase, the contribution of conformer B is about 70% and decreases slightly when
the membrane is in the liquid phase. Our simulation results are in line with experimental
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findings. Using two-dimensional *C-'H chemical shift correlation spectroscopy, it was
shown that the arrangement of the DMPC molecule, in which its headgroup and the be-
ginning of the sn-2 chain bend toward each other, is significantly populated in the liquid
bilayer, suggesting that conformer B dominates in the liquid-crystalline phase [51].

The driving forces for phase separation in the DPPC/DOPC systems. The driving
forces for phase separation between different lipids in the bilayer have long been identi-
fied as resulting from adverse interactions between lipid molecules. It is assumed that the
miscibility of lipids depends mainly on the difference in the interaction energies among
the like-pairs and mixed-pairs formed in the mixed membrane [12,28]. Lateral phase sep-
aration and domain formation can occur when like-pair interactions are stronger than
those of the mixed-pairs. Interactions between lipid molecules occur both in their hydro-
phobic part and between their headgroups. The hydrophobic part consists of hydrocarbon
chains, which can vary in length and degree of unsaturation. The forces acting in the hy-
drocarbon region of the bilayer are dominated by van der Waals attractions between the
acyl chains. In contrast, lipid headgroups interact with each other through electrostatic
and van der Waals interactions.

Our experimental results show that the free excess energy of mixing of DPPC and
DOPC is positive at 22 °C, indicating that the miscibility of these lipids is thermodynami-
cally unfavorable. The Gibbs-Helmholtz equation for the free excess Gibbs energy of mix-
ing is giving by the following equation:

AGExc = AHExc — T ASExc (1)

where AHFx, AS¥x, and T are the enthalpy and entropy of mixing and the temperature,
respectively. Thus, the free excess energy of mixing is divided into an entropic component,
mainly due to the loss of order of the hydrocarbon chains, and the enthalpic component,
resulting mainly from interactions between lipid molecules. Our simulations showed that
the electrostatic and dispersive components of the interaction energy in the DPPC/DOPC
bilayer are almost constant with temperature change. In addition, the interaction energies
for lipid like-pairs are more than 75 times stronger than for mixed-pairs. Therefore, we
believe that the change in miscibility of these two lipids with increasing temperature is
related to the entropic component. The entropy gain arises due to an increase in the dis-
order of the acyl chains above the transition temperature Tm. As a result, the value of the
T ASEx term increases with increasing temperature, causing a decrease in AGFx, and mak-
ing the miscibility in the DPPC/DOPC system thermodynamically favorable.

4. Conclusions

In this work, we investigated the molecular organization of lipid bilayers composed
of PC with oleoyl and palmitoyl chains. The experimental results showed that
DOPC/DPPC mixed systems exhibit very limited miscibility (strongly positive values of
the excess free energy of mixing) at temperatures below the DPPC phase transition. After
melting the saturated lipid, the DPPC/DOPC membranes are single-phase systems. This
indicates that the presence of DPPC above 10 mol% in the membrane (e.g., DPPC is the
main phospholipid in pulmonary surfactant composition) will result in the spontaneous
formation of domains of this lipid at physiological temperatures. The MD simulations
show that although the two lipids share the same headgroup, electrostatic interactions for
lipid like-pairs are much stronger than for mixed-pairs, and temperature has only a small
effect on these interactions. The reason for this may be the different depth of localization
of the polar groups of the two lipids; the DOPC headgroups are located much deeper in
the mixed bilayer compared to the saturated lipid, both in the gel and liquid states. There-
fore, the explanation for the change in solubility in the saturated—unsaturated lipid system
with increasing temperature should be traced to the entropic component of the excess free
energy of mixing. As a result of the melting of the palmitoyl chains of DPPC, the disor-
dering of the hydrophobic region of the membrane increases significantly, and therefore
the entropy of the system increases. Consequently, the entropic component increases
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strongly with increasing temperature, resulting in a decrease in the value of the excess
free energy of mixing. Thus, the miscibility of phospholipids with different saturations of
acyl chains is an entropy-driven process.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/membranes13040411/s1. Figure S1: DSC heating thermo-
grams for the DPPC/DOPC aqueous dispersions as a function of the DOPC mole fraction. Figure 52:
Time evolution of thermodynamic and structural parameters from a 1-us long MD simulation of
system DPPC/DOPC with Xporc = 0.9 at 295 K. Representative plots of total energy (A), system
volume (B), system density (C), and area per lipid (D) depicting the convergence of the simulations
are shown. Area per lipid was calculated as the area of the simulation box divided by the number
of lipids in one leaflet. The running average of the data is shown as a dark green line, while the
original data are presented in light green. Figure S3: Representative snapshots from the MD simu-
lations showing the organization of lipid membranes with different lipid compositions at 323 K from
the side (left) and top (right). Lipids are shown in the licorice representation. DOPC lipids are shown
in orange (hydrocarbon chains) and red (headgroups), while DPPC lipids are shown in blue (hy-
drocarbon chains) and yellow (headgroups). Water is not shown for clarity. Figure S4: Probability
distributions of the tilt angles Oc between the sn-1 lipid chain vector (shown in Figure 1) and the
bilayer normal for DOPC (A) and DPPC (B) and probability distributions of the angle On between
the headgroup vector and the bilayer normal for DOPC (C) and DPPC (D) at 310 K. The probabilities
were averaged over the last 500 ns of the trajectories. Figure S5: Mass density profiles of selected
chemical groups in DPPC/DOPC bilayers at 323 K. The density profiles of water (cyan curve), phos-
phorus atoms (green and black curves, for DOPC and DPPC, respectively) and the terminal methyl
group of hydrocarbon chains (red and yellow curves, for DOPC and DPPC, respectively) are shown.
Figure S6: Averaged position of the terminal methyl group of the lipid sn-1 and sn-2 chain along the
bilayer normal at 295 K. Figure S7: Averaged position of the terminal methyl group of the lipid sn-1
and sn-2 chain along the bilayer normal at 323 K. Table S1: The thickness (dr) of bilayers calculated
as an average distance between of the phosphorus atoms of the opposite leaflets for each type of
lipid at 295 K and 323 K. Errors are estimated as the standard deviation of the averages.
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