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ABSTRACT: The cellular membranes are composed of hundreds of components
such as lipids, proteins, and sterols that are chemically and physically distinct from
each other. The lipid−lipid and lipid−protein interactions form domains in this
membrane, which play vital roles in membrane physiology. The hybrid lipids
(HLs) with one saturated and one unsaturated chain can control the shape and
size of these domains, ensuring the thermodynamic stability of a membrane. In this
study, the thermodynamics of mixing of a HL and its structural effects on the phase
separated domains in a model membrane composed of a saturated and an
unsaturated lipid have been investigated. The HL is observed to mix into an
unsaturated lipid reducing the Gibbs free energy, whereas the mixing is
unfavorable in a saturated lipid. The presence of an HL in an unsaturated lipid
tends to increase its area fraction, which is reflected in the enhanced correlation
length across the bilayers in a multilayered sample. There is a feeble effect on the domain structure of the saturated lipid due to the
presence of the HLs at the phase boundary. This study concludes that the HLs preferentially participate in the unsaturated lipid
regions compared to that of a saturated lipid.
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1. INTRODUCTION

The modern research in the cellular membrane started with the
″fluid mosaic model″ assuming it as a homogeneous matrix of
various lipids in which different proteins and the lipids float
and diffuse freely in two dimensions.1 Further development
and research considered the concept of heterogeneity,
proposing the ″mattress model″ in 1984.2 In 1997, Simons
and Ikonen first coined the term ″rafts″ to define the lateral
heterogeneity in the lipid membranes.3 These rafts are highly
dynamic small liquid-ordered (Lo) domains formed in the
plasma membrane with a high concentration of cholesterol and
glycosphingolipids compared to the rest portion of the
membrane.4−6 These rafts ensure a favorable and selective
environment for various biological phenomena, such as signal
processing, active sites for lipid−lipid interactions, a platform
for lipid−protein interactions, pathogen binding, and genet-
ically modified diseases7,8 They also protect the membrane
against adverse environmental conditions.9

Over the last three decades, there have been immense
theoretical works in understanding the thermodynamics of raft
formation and its stability in a cellular membrane. The
domains in a model membrane can be understood as the phase
separation of saturated and unsaturated lipids when they are
allowed to form a self-assembled structure. The domains
appear due to positive line tension at the interfaces of lipids
because of hydrophobic mismatch between the hydrocarbon
chains of varying lengths.10 The shape of a domain is governed

by a competition between line tension favoring a compact
circular shape and the long-range electrostatic dipolar
repulsion preferring a noncircular shape.11 While for a
relatively weaker line tension, the system entropy dominates
to form nanodomains, a stronger line tension decreases the
length of total phase boundary to form a microdomain.12

Theoretical models have also predicted the line tension to
drive a budding process in a flat or weakly curved domain.13

A hybrid lipid (HL) with one saturated and one unsaturated
chain can act as a line-active molecule to control the strength
of line tension at the interface of a saturated and an
unsaturated lipid to stabilize a domain. In the absence of
such an HL or any other stabilizing agent, smaller domains
may coalesce to form a larger one.14,15 For example, the 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) is
such an HL that can assemble in a preferred orientation at
the interface of saturated 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC) and unsaturated 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) to form a domain of a smaller size.
However, in the case of the DPPC/DOPC/cholesterol system,
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domain size is reported to increase with cholesterol
concentration to a much larger size.16 Note that the higher
the degree of unsaturation in an HL is, the greater is the
reduction in the interfacial line tension.17 The domain
formation in mixed lipid monolayers at the air−water
interface11 and vesicles are studied extensively using various
microscopic8,18−23 and NMR techniques24,25 Even electron
paramagnetic resonance26 and X-ray and neutron scattering
techniques have been employed for the purpose.27 The effect
of compression rate, pressure, and time on the shape of
domains formed in monolayer at the air−water interface has
been studied using a Brewster angle microscope.28,29 A detailed
review in the field can be found in ref 30. All these studies
hypothesize that a model membrane with a saturated lipid,
cholesterol, and hybrid lipid could be a better system to mimic
a biological membrane, as they form nanodomains. This would
be a preferred membrane compared to the one with a saturated
lipid, cholesterol, and unsaturated lipid that form a micro-
domain.
As mentioned above, there are numerous theoretical studies

on the role of an HL in controlling the size of a domain in a
multicomponent lipid membrane. Though there are a few
experimental studies, the results require considerable clar-
ifications. While Szekely et al. quantified the linactant nature of
an HL in a mixture of saturated and unsaturated lipid,31

Shimokawa et al. explained that POPC does not behave as a
linactant in a four-component system composed of DPPC,
DOPC, POPC, and cholesterol.32 Further, the comprehension
of preferential distribution of the HLs in and around a
saturated and an unsaturated domain demands a more careful
experimental study. Therefore, in the present paper, two
approaches, namely, the measurements of the area−pressure
isotherm of the lipid monolayer and the X-ray reflectivity study
of lipid multilayers, have been utilized to figure out the
thermodynamics of mixing and structural effects of HL in a
model cellular membrane composed of a saturated and an
unsaturated lipid.

2. MATERIALS AND METHODS

2.1. Materials. Zwitterionic lipids 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), and 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) were purchased from Avanti Polar
Lipids (Alabaster, AL) in powder form and were used without
further purification. The molecular structures of the lipids used
in the study are shown in Figure 1. The spectroscopic grade
chloroform was purchased from Sigma Aldrich (USA), and
2,2,2-trifluoroethanol (TFE) was from Tokyo Chemical
Industry (Japan). Deionized (DI) (Milli-Q, Millipore) water
with resistivity ∼18 MΩ·cm and pH ∼8.5 was used throughout
the experiment. The silicon (100) wafer with one side having a
polished surface was purchased from Waferpro.
2.2. Methods. 2.2.1. Surface Pressure−Area Isotherms of

Lipid Monolayers. A Langmuir trough of size 56 × 15 × 0.25
cm3 (Apex, India) with two symmetric Teflon barriers and a
Wilhelmy balance has been used for experiments on a lipid
monolayer formed at the air−water interface. To study the
physical and thermodynamic properties of a monolayer, surface
pressure−area isotherms were recorded at room temperature
(∼25 °C) for various lipid mixtures. Measured quantities of
powder lipids were dissolved in chloroform to obtain the
certain mole percent (mol %) of a component following the

expression = ×
+ +

X 100%A

X
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X
MA

Y
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Z
MC

, where XA is the mol

% of lipid component A. Here, X, Y, and Z are the measured
quantities of components A, B, and C with their respective
molecular weights MA, MB, and MC. A 100 μL solution of final
concentration of 0.5 mg/mL was spread over the water surface
using a Hamilton micro syringe. Then, we waited for 20 min to
allow the complete evaporation of the solvent. Monolayers
were compressed at a constant rate of 6 mm/min until the
collapse pressure was reached.

2.2.2. X-ray Reflectivity Measurements of Lipid Multi-
layers. For depositing lipid multilayers, polished Si substrates
(100) of size 10 × 15 mm2 were used after cleaning by bath
sonication using two alternate cycles, each of 15 min, in
methanol and DI water. Then, the substrates were dried under
gentle N2 flow, and they were exposed to UV radiation for 30
min at 50 °C to make them hydrophilic. The powder lipids
were dissolved in a solution of a mixture of chloroform and
TFE (1:1, v/v) to obtain the highly oriented stacks of lipid
bilayers on a hydrophilic Si substrate.33,34 A 50 μL lipid
solution of final concentration of 5 mg/mL was drop-cast on
the substrate using a Hamilton micro syringe followed by the
rock and roll method.33−35 For the slow evaporation of solvent,
the samples were then kept in a fume hood for 2 h, and later,
they were taken in a vacuum chamber for 24 h. It ensured the
complete removal of any traces of solvent. They were then
preserved for 36 h at 50 °C in a sealed glass Petri dish in an
environment of saturated salt solutions of KCl, KNO3, and
K2SO4 to maintain a relative humidity (RH) of 85, 95, and
98%, respectively.
X-ray reflectivity (XRR) experiments were carried out using

an in-house X-ray instrument (Bruker, Discover D8) equipped
with Cu Kα tube with a wavelength (λ) of 1.54 Å. A circular
beam of diameter 1 mm was used for the scattering
experiment. A specially designed sealed sample chamber with
a reservoir storing the saturated salt solution was used to
maintain certain thermodynamic conditions. The scattered X-
rays from samples were collected by a point detector as a
function of the incidence angle (θi) at the specular condition
keeping the angle of reflection (θr) the same as the incident
one. Data were collected for each sample at three different
RHs, namely, 85, 95, and 98%, for implementing the swelling
method to extract the electron density profile of a bilayer.36,37

Figure 1. Chemical structures of all three lipids used: (a) saturated
lipid DPPC, (b) unsaturated lipid DOPC, and (c) hybrid lipid POPC.
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The interbilayer spacing (d-spacing) was calculated from
= πd

q
2

z
by applying Bragg’s law, θ= π

λ
q sinz

4
i. This qz is the z-

component of the wave vector transfer where the z-direction is
along the normal of the stacks of bilayer lying horizontally on
the Si-substrate.

3. RESULTS AND DISCUSSIONS

Two model membranes, one being the lipid monolayer formed
at the air−water interface and the other being the lipid
multilayers formed on a hydrophilic Si-substrate, have been
utilized to quantify the participation of a hybrid lipid in the gel
and fluid phases of a saturated and an unsaturated lipid,
respectively. The complementary techniques of isotherm
measurements and X-ray reflectively study have shed light on
this purpose and are explained in the following sections.
3.1. Measurements of the Surface Pressure−Area (π−

A) Isotherm. The pressure (π)−area (A) isotherm measure-
ment is an effective and important technique to study the
interaction among amphiphilic molecules by quantifying the
thermodynamic parameters.29,38−47 DPPC (16:0 PC) is a
saturated lipid with a main phase transition temperature (Tm)
of ∼41 °C.48 Below this temperature, these lipids self-assemble
into a bilayer in bulk water forming a gel or solid phase where
the acyl chains are tightly packed with a conformationally
ordered state. Because of the amphiphilic nature, they also
form a monolayer at the air−water interface projecting their
hydrophobic chains into the air and attaching the hydrophilic
heads to water. This monolayer undergoes various phases on
compression depending upon the available area to each
molecule at a given temperature. These phases are
characterized by the change in slope of the surface pressure
(π)−area (A) isotherm. Initially, when the barriers are far
apart, each molecule occupies a large area with a negligible
intermolecular interaction, giving rise to a gaseous phase. On
compression, the lipid film forms the liquid extended (LE)
phase, characterized by a considerable intermolecular inter-
action. Further compression constructs a compact film of the
liquid condensed (LC) phase that may finally collapse at very
low available area per molecule. For the DPPC lipids, there is
an intermediate region of coexisting LE and LC phases
exhibiting a first order phase transition, which is characterized
by a plateau in the isotherm (Figure 2a). As shown in Figure 1,
DOPC (18:1 PC) is an unsaturated lipid with a Tm of ∼−20
°C48 that exhibits gaseous, LE and LC phases in its monolayer
film without any coexisting region of LE−LC phases (Figure

2a). The hybrid lipid POPC (16:0−18:1 PC) with a Tm of
∼−2 °C48 shows an isotherm that is qualitatively similar to
that of the DOPC lipid. Because of floppy and disordered
chains, the steric repulsion among the DOPC lipids is much
higher than that of the DPPC with ordered chains. Therefore,
the unsaturated DOPC occupies more area compared to the
saturated DPPC. As evident in Figure 2, at a given surface
pressure, the hybrid lipid POPC with one saturated and
another unsaturated chain possesses an area that is
intermediate of DOPC and DPPC. The in-plane elasticity
(E) of a lipid film is evaluated using the relation

π= − ∂
∂

i
k
jjj

y
{
zzzE A

A T (1)

Here the mean molecular area is denoted with A, whereas π
is the in-plane pressure at a given temperature (T).38,49,50 As
shown in the inset of Figure 2, the elasticity exhibits a much
higher value for DPPC compared to other lipids in the LC
phase, explaining the compact structure of the DPPC film.
However, the value is lower than the unsaturated lipids at π <
15 mN/m probably due to the weaker steric repulsion among
the saturated lipids in the LE phase, which makes the film
easier to compress.
As depicted in Figure 2a, the isotherm of the mixed lipid

system, at 50/50 mol % of DPPC and DOPC, does not show
any coexistence region; rather, it exhibits a continuous
transition, which has also been reported earlier.29 The nature
of the isotherm is quite similar to the unsaturated DOPC with
an intermediate area/molecule. Interestingly, the addition of
POPC in the mixed system shifts the isotherm toward the
isotherms of the unsaturated lipid. The increased lift-off area of
the mixed system in the presence of POPC suggests the
enhanced repulsive intermolecular interaction. This repulsion
in the ternary DPPC/DOPC/POPC system causes the film to
become harder to compress and provides a slightly increased
value of the in-plane elasticity compared to the binary DPPC/
DOPC system (inset of Figure 2a).
The excess Gibbs free energy (ΔGexc) is calculated from the

isotherms using eq 2, as follows:

∫ χ χ πΔ = [ − + ]
π

G A A A dexc ( )
0

12 1 1 2 2 (2)

where A12 is the mean molecular area observed in the
monolayer of a binary system.38,49,50 A1 and A2 are the mean
molecular area of lipids observed in the respective isotherms of
monolayer of each individual component. Note that χ1 and χ2
are the mole fractions of the components taken to form a
binary system. This excess Gibbs free energy (ΔGexc) for the
mixed DPPC/DOPC system is positive, showing an
unfavorable interaction among the components. It arises due
to the mismatch of hydrocarbon chain lengths and their
conformation as explained elsewhere.16,29,51−53 It gives rise to
the domain formation of one lipid in the matrix of the other.
Interestingly, the presence of POPC in the mixed system
brings down the value of (ΔGexc) considerably (Figure 2b). In
case of this ternary system, the effect of POPC has been
investigated on the isotherm of the DPPC/DOPC mixture.
Therefore, in eq 2, A1 is the mean area occupied by a molecule
in the DPPC/DOPC system, while A12 is the mean area
occupied by a molecule in the DPPC/DOPC/POPC system.
The lower value of ΔGexc suggests that the hybrid lipid might
promote the mixing of saturated DPPC and unsaturated

Figure 2. (a) Surface pressure−area isotherms of mixed lipid
monolayers with added hybrid lipid POPC. The inset exhibits the
corresponding in-plane elasticity of the lipid films. (b) Excess Gibbs
free energy calculated over a pressure range of 0 to 45 mN/m. All the
measurements were done at 25 °C.
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DOPC in the monolayer system. However, it may also
preferentially participate in one of the domains formed by
these saturated and unsaturated lipids.
The mixing or participation of POPC in the DPPC and

DOPC lipid monolayers has been investigated, and the
measured isotherms are shown in Figure 3. The isotherm of

the DPPC/POPC binary system shifts toward the isotherm of
pure POPC with an increase of lift-off area compared to the
pure DPPC monolayer. The prominent co-existence region
observed in the DPPC system diminishes with the addition of
POPC, and the dip in in-plane elasticity curve corresponding
to the coexistence region shifts toward higher pressure.54 At a
surface pressure of 30 mN/m, the elasticity of DPPC
monolayer decreases significantly due to the presence of
POPC. All these observations suggest the enhanced disorder
nature of the overall film. The calculated positive values of
ΔGexc shown in Figure 3c clearly exhibit that the interaction of
POPC with DPPC is highly unfavorable and they do not mix

well into each other. Rather, POPC could phase separate out in
the matrix of the DPPC monolayer. Note that, in this binary
system, the effect of POPC has been investigated on the
isotherm of DPPC. Therefore, in eq 2, A1 is the area occupied
by a DPPC molecule, while A12 is the mean area occupied by a
molecule in the DPPC/POPC system. The overall increase in
the disorder nature of the film arises due to the presence of
these domains of POPC. Note that the measurements are done
at 25°C, which is above the main phase transition temperature
of POPC and below DPPC. In fact, Shimokawa et al. have
reported the phase-separated domains in giant unilamellar
vesicles (GUVs) in mixed DPPC/POPC investigated by a
confocal microscope.32,55 Our present study sheds light on the
overall lipid film with respect to its in-plane elasticity and
Gibbs free energy of mixing.
The π−A isotherm of the binary DOPC/POPC system is

shown in Figure 3b. The lift-off area of DOPC is slightly higher
than that of the POPC lipids. Because of the two unsaturated
chains in DOPC, the degree of disorder is more compared to
POPC having one unsaturated chain. Therefore, the
intermolecular steric repulsion would be higher in DOPC
that leads to a higher area/molecule. With the addition of 10,
20, and 30 mol % of POPC in the DOPC, the isotherm of
DOPC shifts toward the isotherm of POPC. The lift-off area of
DOPC decreases from ∼126 to 119 Å2, suggesting a lesser
repulsion among the mixed lipid system. Like the individual
isotherm, the mixed system also shows a continuous phase
transition. The Gibbs free energy of mixing for this binary
system calculated from the isotherms is shown in Figure 3c.
The negative value suggests a preferable mixing of these two
components, which arises because of the attractive interaction
between the components.
The macro phase separation in the DPPC/POPC system,

the mixing of POPC in DOPC, and the phase behavior
exhibited by the isotherms, along with the nature of interaction
between DPPC-POPC and DOPC-POPC, depict that, at room
temperature, POPC behaves like an unsaturated lipid having a
behavior quite similar to DOPC. The authors of ref 32
predicted a similar behavior of POPC in a binary system.
However, in a ternary system, they assumed it to be localized at
the boundary of domains acting as a linactant. In our present
study, as the mole percentage of the added hybrid lipid is high
in the ternary system, the effect of the presence of the lipid at
the boundary may be overshadowed by its presence in the bulk
of the DOPC phase.

3.2. X-ray Reflectivity (XRR) Study of Lipid Multi-
layers. The X-ray reflectivity (XRR) experiment on a lipid
multilayer formed on a substrate is a well-known technique to
explore the structural details of a model cellular membrane in
the presence of sterols, peptides, etc.33−37,56−62 It provides
multiple diffraction peaks due to the correlation among the
bilayers stacked on top of each other along the substrate
normal, forming a smectic liquid crystalline phase. Because of
phase separated domains in the DPPC/DOPC binary system,
two sets of equidistant Bragg peaks are observed in the XRR
profile at room temperature62−64 In the present study, the sets
are shown in Figure 4a; the first set of peaks observed at lower
qz exhibiting higher interbilayer separation (d-spacing)
corresponds to the gel phase formed mainly by the DPPC
lipids, whereas the second set of peaks represents the fluid
phase formed dominantly by the unsaturated DOPC lipid. The
d-spacings for the gel and fluid phases are calculated to be
61.27 ± 0.42 and 51.60± 0.3 Å, respectively, at an RH of 85%,

Figure 3. (a) Surface pressure−area isotherms of mixed lipid
monolayers with an increased mol % of POPC concentration in (a)
DPPC and (b) DOPC. Insets exhibit the corresponding 2D
isothermal elasticity. (c) Excess Gibbs energy for the pressure range
of 0 to 45 mN/m.
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which increase by a few Å at higher RH. Note that these values
are lower than the d-spacing reported for the multilamellar
vesicles (MLVs) in bulk water.65 In case of MLVs, the bilayers
can swell apart due to interbilayer steric repulsion arising from
the thermal undulation of the bilayers, which is partially
restricted in case of a multilayer sample on a solid substrate at
lower RH.
On addition of POPC in the DPPC/DOPC system, again

two sets of lamellar peaks are observed as shown in Figure 5.

Interestingly, the d-spacings for both the DPPC dominated gel
phase and DOPC dominated fluid phase slightly increase
(inset of Figure 5). As evident from the monolayer
measurements, one saturated chain of POPC, which mixes
well in DOPC, may decrease the disorder nature of DOPC
lipid chains, providing a slight increase in bilayer thickness
leading to a higher d-spacing. If POPC lipids were mixed in the
DPPC domains, the bilayer thickness would have decreased
due to the disorder conformation of the lipid chains. On the
other hand, if POPC does not mix into DPPC, which is
suggested by the positive Gibbs free energy measurement,
there should have been no direct structural effect on the DPPC
domains. However, even for this DPPC phase, we see a slight
increase in the d-spacing. Actually, the presence of POPC in
DOPC and at the phase boundary may increase the lateral
pressure in the bilayer, which may cause a decrease in the chain
tilt in the DPPC lipid, producing a little increase in the bilayer

thickness. Such a hypothesis of decrease in chain tilt demands
a more careful and systematic study. Note that Szekely et al.
have reported the two sets of Bragg peaks in MLVs of the
binary DPPC/POPC system in the presence of CaCl2 into the
solution.31 Even though we could explain the preferential
participation of the POPC into the DOPC domain in the
present study, the d-spacing cannot provide an exact
description of the structural organization of the lipids into a
bilayer. Therefore, we have extended this work to extract the
electron density profiles of each bilayer with different lipid
compositions, which are described below.
To obtain the electron density profile (EDP), the swelling

method has been implemented36,58−61,66−68 on the data
collected at different relative humidities (RHs) of 85, 95,
and 98%. These different RHs alter the interbilayer spacing
slightly, keeping the structure of the individual bilayer intact.
Therefore, the diffraction peaks corresponding to a certain
phase may shift to a lower qz at higher RH. In this method, the
form factor of the bilayer is assumed to be unaltered. Figure 4b
illustrates the phasing of the gel phase of the DPPC lipid in the
DPPC/DOPC mixed system. The solid blue circles denote the
amplitude of the form factor that is directly related to the
integrated intensity of Bragg peaks. This integrated intensity is
modified by using a Lorentz correction factor, and due to the
mirror plane symmetry of a bilayer, the phase factors are
reduced to ±1.56,58,60 A MATLAB code has been used to fit
each peak using a Gaussian function to obtain the integrated
intensity of the peak and further analyzed to obtain the
continuous form factor.58 Finally, these phase factors and the
form factor are utilized to obtain the electron density profile
(EDP) from ref 65 as shown in eq 3:

∑ρ ν π= i
k
jjj

y
{
zzzz

d
n n I

nz
d

( )
2

( ) cos
2

n
nrelative

(3)

Here, ν(n) is the phase factor and In is the integrated
intensity of nth order diffraction peak with d being the
interbilayer spacing. Figure 4c shows the electron density
profile (EDP) of the gel phase plotted in the arbitrary unit
where the two maxima represent the two head-group regions
of lipid molecules in two leaflets of a bilayer. The head-group
regions have high electron density relative to the hydrocarbon
chain region; hence, there is a minimum at z = 0 Å that
corresponds to the center of the bilayer. Here, the electron

Figure 4. (a) X-ray reflectivity (XRR) data for a DPPC/DOPC (50:50) binary lipid system obtained from a stack of lipid bilayers on a Si substrate,
measured at different relative humidities (RHs) at room temperature. The sets of equidistant Bragg peaks obtained due to correlation among the
individual bilayers forming a one-dimensional crystalline arrangement along the normal of the substrate. (b) An illustration of the determination of
phase factors by applying the swelling method on data shown in (a). Here, blue circles denote the form factor amplitude and the solid red line
denotes the continuous form factor. (c) Electron density profile (EDP) corresponding to the gel phase of the binary system along with a schematic
of the lipid molecule to relate the corresponding region of a lipid bilayer.

Figure 5. X-ray reflectivity (XRR) data of the DPPC/DOPC/POPC
system in the presence of 0, 20, and 40 mol % of POPC at 85%
relative humidity (RH). Correlation length and d-spacing calculated at
85% RH are shown in the inset.
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density distribution becomes symmetric about this z = 0 Å as
the analysis includes the mirror plane symmetry of the lipid
bilayer. A detailed discussion can be found in previous
publications.56,58,60

The main objective of this study, as explained above, is to
investigate if there is any preferential participation of a hybrid
lipid POPC in the domains of a mixed DPPC/DOPC system.
The effect of POPC on XRR profile of the system obtained at
85% RH is shown in Figure 5 as a representative figure. The

data at other RHs are shown in Figure S1 along with the
phasing and the continuous form factors at different lipid
compositions in Figure S2 in the Supporting Information. The
phase factors determined for the gel phase in the binary
DPPC/DOPC system are [−1, −1, 1, −1, −1, 1] that change
to [−1, −1, 1, −1, −1, −1] for the fluid phase. The EDPs
obtained for both the gel and fluid phases in the presence of
POPC in the DPPC/DOPC system are shown in Figure 6.
The profile of the gel phase of the binary DPPC/DOPC

Figure 6. Electron density profiles (EDPs) fitted with an even function discussed in the text for the DPPC/DOPC system gel phase in the presence
of (a) 0, (b) 20, and (c) 40 mol % POPC and fluid phase in the presence of (d) 0, (e) 20, and (f) 40 mol % of POPC. The black curve shows the
EDP obtained using the swelling method described in the text, and the green curve shows the corresponding fit of the function.

Table 1. Structural Parameters of the DPPC/DOPC (1:1) Membrane in the Presence of 0, 20, and 40 Mol % of POPC
Determined by Fitting the Electron Density Profile Using an Even Function Discussed in the Texta

sample DPPC/DOPC/POPC = 50/50/0 mol % DPPC/DOPC/POPC = 40/40/20 mol % DPPC/DOPC/POPC = 30/30/40 mol %

phase
gel phase ρ0=−0.90 ±

0.05
fluid phase ρ0=−0.98

± 0.02
gel phase ρ0=0.71 ±

0.01
fluid phase ρ0 =
−1.09 ± 0.05

gel phase ρ0=−0.72 ±
0.02

fluid phase ρ0=−0.89
± 0.03

parameters Zn (Å) bn (Å
−2) Zn (Å) bn (Å

−2) Zn (Å) bn (Å
−2) Zn (Å) bn (Å

−2) Zn (Å) bn (Å
−2) Zn (Å) bn (Å

−2)
n = 1: peaks

1 & 5
22.1 ±
0.03

0.0339 ±
0.0016

18.79 ±
0.01

0.024 ±
0.0001

22.59 ±
0.01

0.0366 ±
0.0001

19.1 ±
0.01

0.015 ±
0.0003

22.59 ±
0.01

0.033 ±
0.0002

19.13 ±
0.01

0.022 ±
0.0006

n = 2: peaks
2 & 4

8.30 ±
0.07

0.115 ±
0.0124

5.63 ±
0.04

0.1344 ±
0.0117

6.75 ±
0.07

0.096 ±
0.0048

5.67 ±
0.08

0.1477 ±
0.0235

6.81 ±
0.04

0.0998 ±
0.0036

5.98 ±
0.08

0.1418 ±
0.0214

n = 3:
trough 3

0 0.0799 ±
0.0108

0 0.1705 ±
0.0179

0 0.0882 ±
0.0062

0 0.1734 ±
0.0297

0 0.0946 ±
0.005

0 0.133 ±
0.0157

aThe trough position at z = 0 manifests the consideration of symmetric bilayer in the present analysis.
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system is distinctly different from that of the fluid phase with a
higher bilayer thickness. As reported earlier, the crystalline
straight chains of the DPPC lipids form a thicker lipid layer
compared to the DOPC with a random chain configuration at
the measured temperature.60

For a better quantification of the structural parameters of
each segment of the membrane, each electron density profile is
then fitted using an even function given as

∑ρ ρ= + { + }− − − +z e a e( )
n

b z z
n

b z z
0

( ) ( )n n n n
2 2

(4)

where the function for n = 1 fits the two peaks (1 and 5 in
Figure 6) corresponding to the two head-groups of two
opposing leaflets of the bilayer, n = 2 fits the peaks representing
the strongly interacted hydrocarbon chain regions (peaks 2 and
4), and n = 3 for the inner core of the bilayer (trough 3). While
zn represents here the peak or trough position, bn is related to
the full width at half-maximum (FWHM) of the peak as

=FWHM ln
b

2 2 2
2 n

. Further, this FWHM can be considered as

the size of the relevant segment of the EDP. These two
important parameters are tabulated in Table 1, which are used
to quantify the changes in an EDP. Note that z3 = 0 signifies
the trough position at the center of the bilayer about which the
electron density of each leaflet is distributed symmetrically. ρ0
is the baseline taken for the cumulative fit, and an is the height
of the nth peak. In the absence of POPC, the head-group size
for DPPC-gel and DOPC-fluid phases is 9.04 ± 0.10 and 10.74
± 0.12 Å, respectively, which are close to the reported values.60

The respective thickness of hydrocarbon chain regions is 16.60
± 0.14 and 11.26 ± 0.08 Å obtained from dCC = 2 × z2. With
the addition of 20 mol % POPC, the head-group size decreases
to 8.70 ± 0.04 Å and increases to 13.59 ± 0.25 Å for gel and
fluid phases, respectively. These quantitative values suggest
that the effect is much higher in the DOPC dominated fluid
phase compared to the DPPC dominated gel one. The
increased head-group size might be related to the relatively
compact arrangement of lipids in the DOPC/POPC system
compared to the DOPC dominated fluid phase. Such an
arrangement may help in orienting the head-groups along the
layer normal of the bilayer, providing a thicker layer. The
bilayer thickness, dHH = 2 × z1, excluding the water layer
thickness, is the separation between two extreme head-groups
symmetric about the middle portion of the EDP. According to
our analysis, the dHH value of DPPC is ∼44.20 ± 0.06 Å and
that of DOPC is ∼37.58 ± 0.02 Å in the DPPC/DOPC (1:1)
binary system. These values are consistent with the values
reported in the literature.36,58,60,61 With the addition of 20 mol
% POPC in the membrane, there is an increase in the thickness
to 45.18 ± 0.02 and 38.26 ± 0.02 Å for the gel and fluid phase,
respectively. The increased thickness of the fluid phase is
related to the physical presence of POPC in the bilayer. In
such a case, one expects a relatively higher area fraction
occupied by the DOPC phase in each bilayer. These larger
regions in individual bilayer then will have better correlation
across the bilayers. In turn, it should produce sharper XRR
peaks presenting a longer correlation length. This is quantified
and shown in the inset of Figure 5. This correlation length (L)
was calculated using the Scherrer formula:69 ,70

= π×

− Δ

i

k
jjjjj

y

{
zzzzzL

W q

0.89 2

( ) ( )zfit
2

,reso
2
. Here Wfit is the full width at half-

maximum (FWHM) of the Gaussian function fitted to the

reflection peak corresponding to a gel or fluid phase. The
Δqz, reso is the instrument resolution in qz calculation. Note that
the change in correlation length among the DPPC domains
across the bilayers in the presence of POPC is much lower
compared to the DOPC phase. As explained above, the
thickness increase may happen for the gel phase due to a
possible increase of the lateral pressure on the phase separated
domains of DPPC lipids. Such a lateral pressure may decrease
the chain tilt in the DPPC lipid, providing a slight increase in
the bilayer thickness. This prediction is supported by the
pressure−area isotherm measurements. A grazing incidence X-
ray diffraction (GIXD) experiment, which produces Bragg
peaks due to the in-plane organization of DPPC chains, may
shed more light on this prediction. The formation of
nanodomains in the presence of HLs in the mixture of
saturated and unsaturated lipids has been reported ear-
lier.30,71−75 For such small domains, on the one hand, the
line tension at the interface has to be reduced, and on other
hand, the domains have to repel each other for their stability.
Shimokawa et al. have discussed these issues in their work.32 In
the present study, even though these features have not been
clearly quantified, it has quantified the preferential partic-
ipation of the HL in the phase-separated domains. The phase
behavior of POPC is very close to the behavior of DOPC at
room temperature, which ensures the spontaneous mixing of
these two lipids. The experimental techniques used here do not
directly shed light on the organization of the HLs at the phase
boundary; however, the weak structural effects on the gel phase
of DPPC suggest such an arrangement. It is intuitive that the
POPC lipids might have mixed in the DOPC domain
homogeneously having a higher population at the phase
boundary. Such a distribution may enhance the area faction of
the fluid phase reducing the size of the DPPC rich domain of
the gel phase.

4. CONCLUSIONS

In the present study, isotherms of lipid monolayer and
structure of lipid bilayer have been investigated to understand
the preferential mixing of a hybrid lipid in a gel and fluid phase
formed by a saturated and an unsaturated lipid, respectively.
The thermodynamic parameters obtained from the isotherm
measurements clearly showed that the hybrid lipid POPC
mixes well in the unsaturated DOPC phase reducing the
overall Gibbs free energy. The structural changes observed in
the fluid phase are much more prominent compared to the gel
phase, which are quantified by the electron density profile
extracted from the X-ray reflectivity data. Further, the hybrid
lipid POPC induces a bigger area fraction of DOPC by directly
mixing in the fluid phase of the unsaturated lipid. On the other
hand, even though there is no direct mixing of the hybrid lipid
in the DPPC phase, its presence at the phase boundary
changes the organization of the saturated lipid. However, the
magnitude of this change is much weaker compared to the
change in the unsaturated lipid phase.
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