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We report an x-ray reflectivity study of phospholipid membranes deposited on silicon by vesicle fusion. The
samples investigated were composed of single phospholipid bilayers as well as two-component lipid bilayer
systems with varied charge density. We show that the resolution obtained in the density profile across the
bilayer is high enough to distinguish two head-group maxima in the profile if the sample is in the phase
coexistence regime. The water layer between the bilayer and silicon is found to depend on the lipid surface
charge density.
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INTRODUCTION

Recent studies of solid supported lipid bilayers have dem-
onstrated the potential of x-ray reflectivity to probe the mo-
lecular structure of lipid model membranes �1,2�. The density
profile across a single bilayer ��z� in the fluid state can be
retrieved on an absolute scale under physiologically relevant
conditions of excess water or buffer solutions. Such systems
serve as simple model systems for the much more complex
biological counterparts �3�, and are also interesting compo-
nents for biotechnological applications, for example, as bio-
functionalized solid surfaces.

Here we use x-ray reflectivity to probe the structure of
two-component lipid mixtures, with varied surface charges,
both in the fluid and gel phase. Protocols for the deposition
of solid supported lipid bilayers by vesicle fusion go back to
pioneering work by McConnel �4�, and have also been
adapted for deposition of charged bilayers �5,6�. Cationic and
mixed bilayers on solid surfaces have been used to study the
absorption of biomolecules such as DNA with the mem-
brane, mainly by fluorescence microscopy �7�. The lipid mol-
ecules self-assemble into bilayers in the presence of a hydro-
philic solid support, which stabilize a thin water layer
between the support and the bottom leaflet of the bilayer.
Here we investigate the effect of the bilayer charge on the
water spacing between bilayer and silicon substrate, as well
as detailed structural characteristics of mixed two-
component bilayers. Structural parameters, such as mem-
brane thickness, area per lipid, water thickness, and the num-
ber of water molecules per lipid were calculated directly
from an electron density profile of the model bilayers. For
this purpose, reflectivity signal above background has been
measured up to qz�0.6 Å−1 in the fluid phase and qz
�0.7 Å−1 in the gel phase of the bilayers, using synchrotron
radiation, while a range of at least 0.3 Å−1 and 0.35 Å−1 was
exploitable in-house. The dynamic range covered in the re-
flectivity signal was seven orders of magnitude for the in-
house sealed tube measurements, and more than eight orders
of magnitude at the synchrotron. The bilayer was param-
etrized by an adaptable number n of Fourier coefficients �8�,
depending on the qz range probed. Note, that reflectivity

yields the bilayer scattering density profile ��z� on an abso-
lute scale without free scaling parameters. The parameters
were optimized by a global search using a genetic optimiza-
tion algorithm �Volker Türck, Optimize 5.0 �9��.

Phase separation and lateral demixing of lipids in model
systems has presently attracted increased intention again, in
view of the possible functionality in biological membranes
associated with lateral heterogeneity. Structural characteriza-
tion on the molecular scale, capable to probe lipid segrega-
tion on the nanometer scale, is however challenging. Here
we show that a splitting of the density profile in the head-
group region of mixed bilayers is observed, which we asso-
ciate with lateral demixing of the two lipid components. We
also show that the water layer dw between silicon and the
headgroup of the lower leaflet can be determined with high
precision, and is found to vary with bilayer charge density �.

A further, more technical motivation for the present study
was to demonstrate the feasibility of single membrane reflec-
tivity experiments with sealed tube in-house instrumentation.
Recent work on x-ray reflectivity from solid-supported bilay-
ers has exclusively concentrated on synchrotron experiments
�1,2�. In this work we show that high resolution density pro-
files obtained from least-square fitting to a parametrized bi-
layer model can be obtained also with an in-house reflectiv-
ity setup using Mo K� radiation to penetrate the excess water
above the bilayer. Note that in-house experiments are acces-
sible to a broader research community. Furthermore, beam
damage does not pose any problems, e.g., in contrast to in-
tense undulator radiation. Finally, complicated and lengthy
measurements in particular addressing lipid-protein interac-
tion and/or complex model systems can be sometimes more
easily be addressed in in-house experiments where the beam
can be used over several weeks in a row.

EXPERIMENTAL METHOD

Preparation of solid supported bilayers

1,2-dipalmitoyl-sn-glycero-3-phosphatidilserine �DPPS�,
1,2-dioleoyl-3-trimethylammonium-propane �DOTAP�, 1,2-
dioleoyl-sn-glycero-3-phosphatidilcholine �DOPC�, 1,2-
dioleoyl-sn-glycero-3-phosphatidilserine �DOPS�, 1,2-
dipalmitoyl-sn-glycero-3-phosphatidilcholine �DPPC� were
obtained from Avanti Polar Lipids �Alabaster, AL�. Hepes*Electronic address: tsaldit@gwdg.de
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�H-4034�, NaCl �S-9888�, sodium dodecyl sulfate �05030�,
chloroform �25693� were purchased from Sigma-Aldrich
�Germany�, and CaCl2 from Merck KGaA �Germany�. Lipid
bilayers were prepared on cleaned �100�-silicon wafers
�Silchem, Germany� by vesicle fusion �4,5�. The silicon wa-
fers �15�10 mm� were cleaned by two 20 min cycles of the
ultrasonic bath in 2% sodium dodecyl sulfate solution, fol-
lowed by two 20 min cycles in ultrapure water �18 M� cm,
Millipore, Bedford, MA�, and drying under nitrogen flow.
Finally, the surface of the wafers was rendered hydrophilic
and cleaned of organic contaminants by etching in plasma
cleaner �Harrick Plasma, NY� for 3 min.

A buffer solution �A�, made of 150 mM NaCl and 10 mM
Hepes, pH 7.4 was prepared in ultrapure water and a buffer
�B� was prepared by adding 2 mM CaCl2 to the buffer �A�.

Lipids were mixed in desired amounts �DPPC/DPPS �mo-
lar ratio 4:1, 1:1�, DOPC/DOPS �4:1�, DOPC/DOTAP �9:1��
and dissolved in chloroform. The solvent was evaporated,
followed by drying in a vacuum oven for 24 h in order to
remove all traces of solvent. DPPC/DPPS and DOPC/DOPS
lipid mixtures were resuspended in a buffer solution �B� at
total concentrations 0.75 mg/ml. DOPC/DOTAP lipid mix-
ture was resuspended in 10 mM Hepes solution at total con-
centration 2.5 mg/ml and DOPC in buffer �A� at the concen-
tration 0.75 mg/ml. Suspensions were vortexed. Small
unilamellar vesicles �SUVs� were obtained by sonicating
lipid solutions with a tip sonicator �Sonoplus, Germany� for
15–30 min, followed by centrifugation in an Eppendorf cen-
trifuge �10 min at 14.000�g� to remove titanium particles.
SUV suspensions were stored at 4 °C. Before use, vesicle
suspensions, except DOPC/DOTAP, were diluted to final
concentrations 0.1 mg/ml.

Cleaned silicon wafers with dimensions 15�10 mm were
placed into a chamber with Kapton windows �see Fig. 1�,
designed for this reflectivity measurement. The chamber
frame is made of Teflon that is chemically inert and easy to
clean. The x-ray beam enters and exits the chamber through
Kapton windows.

The chamber was filled with lipid vesicle solutions and
incubated at a room temperature for 30 min. In the case of
DOPC/DOTAP lipid mixture the incubation time was 10 h to
ensure a symmetric partitioning into both leaflets of the bi-
layer, which may be kinetically more difficult to achieve for
cationic lipids. Excess vesicles were rinsed away, while the
membrane remained hydrated all the time during preparation
and measurement. The temperature 23.8 °C of the chamber

was kept by a flow of 1:2 glycol:water mixture from a
temperature-controlled reservoir �Julabo, Germany�.

X-ray reflectivity measurements

X-ray reflectivity experiments were performed both at the
ID01 undulator beamline �ESRF, Grenoble�, using
13.46 keV photon energy, and at a sealed x-ray tube �D8
Advance, Bruker, Germany�, operating with Mo K� radia-
tion �E=17.48 keV, �=0.0709 nm�. The in-house reflecto-
meter was equipped with a collimating Göbel mirror system,
automatic filters setting and a fast scintillation counter. The
beam size in the reflectivity plane was defined by entrance
slits to 50 �m. The collimating Göbel mirrors, 50 �m beam
size in the scattering plane, and large divergence in the hori-
zontal plane �due to small source-sample distance� optimize
signal to noise ratio.

The design of the ID01 beamline is described in detail in
Ref. �10�. The incident beam was collimated by various slits.
The chamber with the sample was placed on the sample
holder horizontally. Intensity of scattered x rays was mea-
sured as a function of an incident angle �i under specular
condition �exit angle � f =�i and out-of-plane angle 2�=0�.
The momentum transfer of the elastic scattering q� was al-
ways along qz, with the z-axis parallel to the sample normal,
as illustrated in Fig. 2�a�. At both instruments, scans of the
x-ray intensity offset from the specular condition �so-called
offset scans, obtained from slight detuning to � f ��i� were
carried out to correct the data for diffuse background. The
beam size was measured precisely for footprint �illumina-
tion� correction, and the primary intensity was monitored to
obtain the reflectivity on absolute values.

In the full synchrotron beam, radiation damage was ob-
served. We have detected a systematic shift of the minima
position, shown in the inset of Fig. 2�b�, by measuring a
reflectivity around the second minima �1,3° 	qz	1,6° �
with increased illumination time. To achieve data sets un-
spoiled by radiation damage, the following measures were
combined: �i� A computer controlled set of attenuators in
front of the sample was used, see Fig. 2�b�, limiting the full
beam exposure only to a selected number of points in the
high qz range. �ii� The sample was translated during illumi-
nation in y direction, perpendicularly to the direction of the
incident beam and data were always collected from undam-
aged areas. �iii� A fast shutter system was installed to mini-
mize the exposure time during motor movements. Reproduc-
ibility of the measured data was then checked along various
parts of the reflectivity curve. The scans were completed in
approximately 30 min. For reflectivity measurements carried
out at D8 Advance reflectometer, automatic attenuator set-
tings were used. Radiation damage was not observed. The
scans were completed in approximately 6 h.

Data treatment

The reflectivity curves were corrected for background
�diffuse� scattering, illumination and normalized to primary
beam intensity, measured by photodiode monitor. The statis-
tical errors on the measured data points were calculated from
Poisson statistics.

FIG. 1. �Color online� Schematic of the measurement cell.
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The method, we used for data analysis, is based on semi-
kinematical approximation of the reflectivity. The x-ray re-
flectivity from an interface is characterized by the electron
density profile ��z� between a medium 1 with electron den-
sity �1 and a medium 2 with density �2 and can be expressed
by the so-called master formula �11�:

R�qz� = RF�qz�� 1


�12
� d��z�

dz
eiqzzdz�2

, �1�

where RF�qz� is the Fresnel reflectivity of the ideal interface
between the two media, qz is the scattering vector, and 
�12
is the density contrast. In this formalism the ��z� is the lat-
erally averaged density profile. RF�qz� can be written as
��qz−qz�� / �qz+qz���

2 with qz�
2=qz

2−qc
2. The critical momentum

transfer is directly related to the density contrast by qc

=4� /� sin��c��4	�r0
�12, with the classical electron ra-
dius r0.

The lipid bilayer is separated from the solid support by a
thin water layer �12�, as illustrated in Fig. 3. The electron
density profile of a lipid bilayer on a Si substrate can be thus
written as

��z� = ��Si − �water�erf
 z + d0

	2�
� + �0�z� , �2�

where ��Si−�water� corresponds to the contrast of the inter-
face between Si and the thin water layer, corrected by the
error function with the rms substrate roughness �. �0�z� rep-
resents the bilayer electron density.

After inserting the electron density profile equation �2� to
Eq. �1� and taking the ensemble average, x-ray reflectivity
can be written as

R�qz� = RF�qz��� 1
	2��2

e−�1/2���z + d0�/��2
eiqzzdz

+
1


�12
� ��0�z�

�z
eiqzzdz�2

= RF�qz��e−iqzd0e−qz
2�2/2 + f�qz��2

= RF�qz��e−qz
2�2

− 2ie−qz
2�2/2 sin�qzd0�f�qz� + �f�qz��2� .

�3�

The first summand represents the reflectivity of the substrate.
The second is a cross term and represents interference effects
from the substrate with the bilayer. The third summand is the
product of the form factor �f�qz��2, containing the structural
information about the bilayer centered at z=0,

f�qz� = �
−d/2

d/2 1


�12

��0�z�
�z

eiqzzdz . �4�


�12 corresponds to the contrast of the water/Si interface, d0
represents the thickness of a thin water layer with half-
membrane thickness �see Fig. 3�.

To describe the bilayer density profile �0�z� we chose the
parametrization of the bilayer in terms of its first N0 Fourier
coefficients fn �8�,

FIG. 2. �Color online� �a� Schematic diagram of the experimen-
tal setup. The incident angle �i is equal to the reflected angle � f.
The only nonzero component of the momentum transfer of the elas-
tic scattering is its z-component qz, parallel to the sample normal.
S1-S4 denotes slits. �b� X-ray reflectivity scan �before footprint cor-
rection� and offset-scan �nonspecular background� of DOTAP/
DOPC supported bilayer on silicon wafer, recorded at ID01. Differ-
ent parts of the reflectivity scan �different symbols� were detected
by using the different set of attenuators to prevent radiation damage.
Obviously, for smaller �i, more attenuators were used than for the
higher �i, until removing all attenuators for qz�1.6 Å−1. Solid line
corresponds to the polynomial fit to the measured background. The
inset shows the reflectivity curves in the region around the second
minima with increasing exposure time using the full beam with no
attenuators. The shift in position of the minima �see inset in �b�� as
a function of illumination time was already reported in Ref. �2�.
This effect can be ascribed to radiation damage, most likely origi-
nating from free radical generation by photoelectrons at the solid
surface.

FIG. 3. Model of the electron density profile ��z� with the cor-
responding parameters used in the fitting procedure.
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�0�z� = �water + 
max
�12�
n=1

N0

fnvn cos
2�nz

d
� . �5�

The term �
max
�12�n=1
N0 fnvn cos� 2�nz

d
�� can be understood as

a deviation of the electron density of the bilayer from the
electron density of surrounding water �water in terms of fn. vn
is the associated �complex� phase factor, which in our case
can be shown to reduce to �1 only, due to the mirror sym-
metry of the bilayer. 
max is the amplitude of density devia-
tion to the water density.

The integral of the form factor can be solved analytically
after inserting Eq. �5� to Eq. �4�, yielding

f�qz� = �
n=1

N0

fn
max
 i8�2n2 sin�0.5qzd�
qz

2d2 − 4�2n2 cos�n��� . �6�

Finally, the expression �3� was used for the simulation,
where the parameters were optimized by a global search us-
ing a genetic optimization algorithm �Volker Türck, Opti-
mize 5.0�. The fitting procedure results in obtaining the elec-
tron density profile on an absolute scale. The fit parameters
are reduced to the Fourier coefficients fn, the associated
phase factor vn, the distance from the substrate to the middle
of the bilayer d0, the critical momentum transfer qc, the am-
plitude of density deviation to the water density 
max and the
substrate roughness �. The water electron density was fixed
to 0.334e− /Å3, and the silicon substrate electron density was
fixed to 0.699e− /Å3. The number n of Fourier coefficients is
adapted depending on the qz range, according to n�

qmax

2�D ,
where D is the width of the film. Thus, the higher the range
in momentum transfer qmax, the higher the number of the
Fourier coefficients �fit parameters� used. The fitting proce-
dure often involves iterative changes in the number of Fou-
rier coefficients.

The main purpose of the electron density profiles is to
obtain structural information. The structural parameters can
be derived from simple geometric relationships. The highest
electron-density peaks on both sides of the centrosymetric
electron density profiles ��z� of the bilayer coincide with the
phospholipid head group �h. The valuable quantity is the
separation dhh of these maxima �head-to-head distance�,
which is a measure of the bilayer thickness. The two side
minima correspond to the water layer and the central mini-
mum is associated with the terminal methyl groups of the
hydrocarbon chains �c. The thickness of the water layer be-
tween Si support and the bilayer, including the water mol-
ecules intercalated into the bilayer, can be determined as

dwater = d0 − dhh/2. �7�

The area per lipid A is calculated from the relation given by
Pabst et al. �13�,

A =
1

�CH2

 �̄h

�̄c

− 1�

�̄h

�̄c

nc
e

dc
−

nh
e

dh
� , �8�

where nh
e is the number the head-group electrons and nc

e num-
ber of hydrocarbon electrons. The electron densities of the

head-group �̄h and hydrocarbon tails �̄c are defined relatively
to the methylene electron density �CH2

��̄h=�h−�CH2
, �̄c

=�c−�CH2
�. The methylene electron density, determined

from wide-angle diffraction experiments, is
0.317±0.003e− /Å3 �14�. The head-group size dh is estimated
from the full width at half-maximum �FWHM� �h of the
Gaussian fitted to the head-group region, and the hydrocar-
bon chain length dc can be derived from

dc =
dhh − �h

2
. �9�

The total number of water molecules per lipid molecule be-
tween the substrate and the bilayer, including the molecules
intercalated into the bilayer, can be estimated from

nw =
Adw

Vw
, �10�

where Vw�30 Å3 is the volume of one water molecule at
30 °C. We stress, however, that the values for A, nw, dc, and
dh are derived from the density profile on the basis of a
number of assumptions and definitions, as detailed in Ref.
�13�. The primary structural results of the measurement is
just the vertical density profile ��z�.

RESULTS AND DISCUSSION

We measured specular x-ray reflectivity from the various
lipid mixtures with low positive �DOPC/DOTAP�9:1��, neu-
tral �DOPC� and negative charge �DOPC/DOPS�4:1�, DPPC/
DPPS�4:1�,�1:1��. The lipid vesicles were deposited by
vesicle fusion on a Si substrate. Experiments were carried
out at a constant temperature 23.8 °C. We determined the
best fit to the data for each sample by obtaining model in-
tensity curves using the semi-kinematical approach described
above. Reasonable starting parameter values were initially
set for each fit. The intensity of specularly reflected x rays
for lipid mixtures was measured up to the momentum trans-
fer �0.6 Å for the bilayer in fluid phase and up to �0.7 Å
for the bilayer in gel phase, covering eight orders of magni-
tude in intensity, before reaching the background level �see
Figs. 4 and 5�. For reflectivity measurements carried out at
D8 Advance reflectometer, we were able to measure intensity
of the reflected beam up to the momentum transfer �0.3 Å
for the bilayer in fluid phase and up to �0.35 Å for the
bilayer in gel phase �see Fig. 6�.

An estimate of the spatial resolution dmin for the density
profile obtained from a reflectivity measurement is given by
the sampling theorem dmin� �

qmax
, where qmax is the maximum

momentum transfer of reflectivity measurement. This would
imply dmin�4.4 Å �gel phase� and �5.2 Å �fluid phase� for
synchrotron measurements, and approximately 2 times
higher values for in-house reflectivity experiments. However,
assuming the validity of a given model, for example, the
presence of the water layer between substrate and membrane,
smaller distances influence the simulation also at smaller q
values. However, these results and the corresponding errors
follow from the fitting procedure, and are quite model depen-
dent.
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Mixed bilayer in the fluid phase

Figures 4�a� and 4�b� shows the reflectivity curves for
DOPC, DOPC/DOPS, and DOPC/DOTAP lipid mixtures as
a log10 �reflectivity� vs momentum transfer qz. The solid
curves represent the best fits to the reflectivity.

The main transition temperatures of DOPC, DOTAP, and
DOPS are below 0 °C, therefore all compositions of these
lipids, we used in our study, are expected to be in the fully
hydrated fluid phase at 23.8 °C. The corresponding electron
density profiles on the absolute scale �e− /Å3� are shown in
Fig. 4�c�. Derived structural parameters are listed in Table I.

DOPC

The head-to-head distance of the DOPC bilayer was
found to be dhh=39.6 Å. This can be compared to the value
of 37.1 Å for multilamellar DOPC stacks on Si support at
30 °C, given by Liu et al. �15�. Leonenko et al. �16� mea-
sured by AFM the thickness of 40 Å at 22 °C for supported
DOPC bilayer deposited on mica.

The water layer thickness between Si substrate and the
bilayer was found to be dw=4.3 Å. This is in a good agree-
ment with the value 4 Å for water layer between DOPC
bilayer and quartz substrate, reported by Miller et al. �1�. The
resulting electron density of the lipid heads is estimated to be
�h=0.45e− /Å3 and the electron density of lipid tails �t
=0.23e− /Å3. The values compare well to those obtained by
diffuse x-ray scattering method �15� and x-ray reflectivity
method �17�. The area per lipid has been calculated from Eq.
�8�. The number of head-group electrons is 164, and the
number of hydrocarbon chain electrons is 270 for DOPC.
The obtained area per lipid was A=74.4±1.0 Å2. For com-
parison, Petrache et al. �18� found A=72.5 Å2 for DOPC in
the fluid state at 30 °C.

DOPC/DOPS(4:1)

The value, we measured for the head-to-head distance of
DOPC/DOPS�4:1� bilayer on silicon support, is dhh
=39.4 Å, the electron density of lipid tails of �t=0.24e− /Å3

and the electron density of lipid heads of �h=0.44e− /Å3. We
found the thickness of water layer between negatively
charged substrate and negatively charged DOPC/DOPS�4:1�
membrane to be lower �dw=3.9 Å� than between the sub-
strate and neutral DOPC membrane. The obtained area per
lipid was A=71.1±1.3 Å2. For the calculation of the number
of head-group and hydrocarbon electrons of DOPC/DOPS
lipid mixture, we took into the account the molar ratio of
DOPC and DOPS in the mixture. The number of head-group
electrons is 172 �including the Na+ ions�, and number of
hydrocarbon chain electrons is 270 for DOPS. The number
of water molecules per lipid molecule between the bilayer
and the silicon substrate was found to be approximately nw
�9.2 Å. The average area per lipid of DOPC/DOPS mixture
was found to be smaller than the area of the DOPC and also
nw is reduced by approximately 1.4 water molecules per
lipid. Petrache et al. �18� studied structure of charged DOPS
bilayer in the fluid state at 30 °C and they reported the value
A=65.3 Å2 for DOPS, which is remarkably smaller than
their obtained value A=72.2 Å2 for DOPC.

FIG. 5. �Color online� �a� The best fit �solid lines� to the reflec-
tivity curves of DPPC/DPPS�4:1� and DPPC/DPPS�1:1� in gel
phase at 23.8 °C, recorded at ID01 beamline. �b� Electron density
profiles corresponding to the simulations in �a�.

FIG. 6. �Color online� Experimental reflectivities recorded at D8
Advance reflectometer. Solid lines represent the best fit curves.

FIG. 4. �Color online� �a,b� The best fit �solid lines� to the re-
flectivity curves of DOPC/DOTAP�9:1�, DOPC/DOPS�4:1� and
DOPC in fluid phase at 23.8 °C, recorded at ID01 beamline. The
inset gives a reflectivity plotted as R /RF vs qz. �c� Electron density
profiles corresponding to the simulations in �a,b�.
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To enhance bilayer formation from anionic lipids, we
have added 2 mM CaCl2 to the buffer solution. It has been
reported in the literature, that Ca2+ reduces the energy barrier
that arises due to electrostatic repulsion between negatively
charged substrate and lipids �5,19�. It has been suggested that
variations in pH, salt concentration, and presence of divalent
cations in the fluid phase may change the hydration proper-
ties of charged phospholipids �20�. We hypothesize that the
effect of a thinner water layer can be due to lower area per
lipid of DOPC/DOPS lipid mixture, in contrast to DOPC,
or/and due to binding of the bivalent Ca2+ ions to negatively
charged groups in DOPS.

DOPC/DOTAP(9:1)

For a Si supported DOPC/DOTAP�9:1� membrane we ob-
tained the head-group distance of dhh=39.8 Å, the electron
density of the heads of �h=0.43e− /Å3, and the electron den-
sity of the tails of �t=0.24e− /Å3. This compares well to the
literature values for DOPC/DOTAP�7:3�, given by Yang et
al. �21�. Molecular dynamics studies have demonstrated
DOPC and DOTAP head groups to be located at a similar
plane of the bilayer �22� and it was suggested that the qua-
ternary amine of DOTAP and the phosphate group of DOPC
may form a salt bridge. Here we find that the head-to-head
distances dhh of DOPC/DOTAP mixture and DOPC are simi-
lar.

The obtained average area per lipid of DOPC/DOTAP
was A=62.1±0.9 Å2. For a calculation of the number of
head-group and hydrocarbon chain electrons of DOTAP/
DOPC mixture, we took into account the molar ratio of
DOPC and DOTAP in the lipid mixture. The number of
head-group electrons is 112 Hz, and the number of hydrocar-
bon chain electrons is 270 for DOTAP. The number of water
molecules per lipid molecule was found to be nw�7.1 Å. We
found that the area of DOPC/DOTAP mixture is remarkably
smaller than the area 74.1 Å2 for DOPC, and nw is reduced
approximately by three water molecules per lipid, comparing
to the DOPC supported bilayer. The thickness of head-group
region dh�6.7 Å increased approximately by 0.7 Å, in con-
trast to DOPC.

Furthermore, we get dw�3.4 Å thin water layer between
Si support and DOPC/DOTAP�9:1� membrane. This is �1 Å

less, respectively, than the value for DOPC membrane. This
reduction of the water layer can be caused by lower area per
lipid of DOTAP/DOPC mixture, in contrast to DOPC, or/and
it could indicate electrostatic interactions between the low
positively charged DOPC/DOTAP�9:1� membrane and the
negatively charged silicon support.

Mixed bilayer in the gel phase and lateral demixing

Figure 5�a� shows the reflectivity curves for DPPC/DPPS
�4:1, 1:1� lipid mixtures as a log10 �reflectivity� vs qz. The
solid curves represent the best fits to the reflectivity. The
phase transitions of DPPC and DPPS from the order gel
phase to the disordered liquid-crystalline phase are reported
in the literature to occur at 41.4 °C and 54 °C �20�. There-
fore, we expect to have DPPC/DPPS mixtures at experimen-
tal temperature 23.8 °C in gel phase. The corresponding
electron density profiles are shown in Fig. 5�b�. The struc-
tural parameters are listed in Table II.

DPPC/DPPS(4:1)

From the analysis of the simulation for reflectivity profile
of DPPC/DPPS�4:1� bilayer, we obtained the electron den-
sity of lipid heads of �h=0.44e− /Å3 and the electron density
of lipid tails of �t=0.2e− /Å3. The thickness of the bilayer
was found to be dhh�45 Å. The obtained average area per
lipid was A=43.3±2.6 Å2. For the calculation of the number
of head-group and hydrocarbon electrons for DPPC/DPPS
lipid mixture, we took into account the molar ratio of DPPC
and DPPS in the mixture. The number of head-group elec-
trons is 164 for DPPC and 172 for DPPS, and the number of
hydrocarbon chain electrons is 242 for DPPC and DPPS. For
comparison, Wiener et al. �14� measured the values, �h
=0.47e− /Å3, �t=0.21e− /Å3, dhh=45 Å, and A
=45.9±2.0 Å2 for gel phase DPPC bilayer at T=20 °C by
x-ray scattering methods.

The water layer between the silicon and DPPC/DPPS
�4:1� was found to be �5.7 Å.

DPPC/DPPS(1:1)

In the case of DPPC/DPPS�1:1� bilayer, we observe a
splitting of the head-group region into two parts, with the

TABLE I. Derived values for electron density of the head-groups ��h� and of the terminal methyl groups
of the hydrocarbon chains ��c�, and derived structural parameters calculated by using Eqs. �7�–�10�.

Parameter DOPC
DOPC/DOPS

�4:1�
DOPC/DOTAP

�9:1�
DOPC/DOTAP

�9:1�a

�h�e− /Å3� 0.45±0.13 0.44±0.05 0.43±0.03 0.44±0.09

�c�e− /Å3� 0.23±0.07 0.24±0.03 0.24±0.02 0.23±0.05

dhh�Å� 39.6±0.3 39.4±0.2 39.8±0.2 40.0±1.1

dw�Å� 4.25±0.23 3.9±0.2 3.4±0.2 3.9±1

dh�Å� 6.01±0.04 6.30±0.15 6.70±0.15 5.60±0.10

dc�Å� 16.8±0.15 16.6±0.1 16.5±0.1 17.2±0.55

A�Å2� 74.4±1.0 71.1±1.3 62.1±0.9 67.2±1.2

nw 10.6±0.2 9.2±0.2 7.1±0.1 8.7±0.3

aValues for D8 Advance measurements.
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corresponding electron densities of lipid heads �h
=0.44e− /Å3 and �h

*=0.43e− /Å3, and with the head-group
separations of dhh=49.8 Å and dhh

* =41.4 Å, respectively. We
hypothesize that this separation in the head-group region is
likely to be caused by calcium-induced lipid segregation in
the film. However, more experiments are needed to verify
lateral segregation.

Ohnishi and Ito �23� observed calcium-induced clustering
of PC molecules in PS/PC membrane. PS molecules, on the
other hand, form solid aggregates bridged by intermolecular
calcium chelation, causing motional freezing of lipids. They
concluded, that the motional freezing results from closer
packing of lipid molecules in the bilayer structure. The closer
packing of lipid molecules could explain our observation of
the larger distance between two outer head-group maxima in
the electron density profile of the DPPC/DPPS�1:1� bilayer,
dhh=49.8 Å, comparing with the head-group distance of
DPPC/DPPS�4:1� bilayer of dhh=45 Å. We hypothesize, that
the structure of ��z� reflects the following components �after
lateral average in the plane of the bilayer�: the water layer, an
outer head-group region of closely packed DPPS molecules,
DPPS tails with DPPC head-groups and mixed tails of DPPC
and DPPS molecules.

Ohnishi and Ito �23� furthermore noted, that the motive
force for the phase separation is formation of Ca-PS aggre-
gates in the bilayer. Jacobson et al. �24� found out, that Ca2+

ions added to mixed bilayers can induce lateral phase sepa-
ration isothermally, with the neutral PC molecules segregat-
ing from acidic PS. They observed, that calcium ions do not
induce phase separation below a critical concentration and,
then only with mixtures containing more than 50% PS. This
could explain, why we did not observe the segregation of
lipids in DPPC/DPPS�4:1� supported bilayer. Another expla-
nation would be a possibly insufficient resolution to detect
the separation in DPPC/DPPS�4:1� mixture. Note that Ross
et al. �25� have imaged calcium-induced domains in DPPC/
DPPS�4:1� by AFM in Langmuir-Blodgett layers in the pres-
ence of 0.1 mM CaCl2. They observed, that even negligibly
small traces of calcium ions present in the buffer solution

lead to their accumulation at negatively charged lipid do-
mains.

The thickness of the water layer between DPPC/DPPS
�1:1� bilayer and the silicon support �dw�4.9 Å� was re-
duced, compared to DPPC/DPPS�4:1� bilayer. The thinning
of the water layer could be explained by increased attractive
electrostatic forces between negatively charged substrate and
the DPPC/DPPS�1:1� bilayer, caused by the higher concen-
tration of Ca2+ ions binding to the lipid head-groups. The
average area per lipid obtained by in-house experiment was
A=43.65±1.15 Å2 for DPPC/DPPS�1:1� lipid mixture.

For completeness, we summarize all the resulting fit pa-
rameters in Table III.

SUMMARY AND CONCLUSIONS

Let us briefly compare structural analysis using single
supported bilayers, multilamellar thin films, and multilamel-
lar liposome suspensions �probed by bulk SAXS�. In all
three cases, a wide qz-range can be measured and analyzed
by full qz-fitting �8,13,26�. However, multilamellar bilayer
suspension undergo much stronger thermal fluctuations, in
particular in bulk phases, while the presence of the flat sub-
strate quenches the thermal fluctuations on long lateral
length scales leading to an enhanced resolution in ��z�. This
is an advantage in using solid supported membranes, either
single bilayers or stacks. Furthermore the membranes can be
investigated along both symmetry axis perpendicular or lat-
eral independently �27,28�. While thick stacks provide the
large scattering volume needed for lateral structure analysis,
specular reflectivity is as easily carried out on aligned stacks
as on single bilayers. Stacks require a precise modeling of
the structure factor including effects of thermal interbilayer
positional fluctuations and coverage �26�, while the analysis
of single bilayers is more rapid and it is significantly easier
to achieve high quality fits. Single bilayer reflectivity also
allows for the highest resolution obtainable in the fluid state
and at full hydration. Furthermore, we have shown that such
analysis does not rely only on synchrotron radiation, but can

TABLE II. Derived values for electron density of the head-groups ��h� and of the terminal methyl groups
of the hydrocarbon chains ��c�, and derived structural parameters calculated by using Eqs. �7�–�10�.

Parameter
DPPC/DPPS

�4:1�
DPPC/DPPS

�1:1�
DPPC/DPPS

�1:1�a

�h�e− /Å3� 0.44±0.03 0.44±0.01 0.42±0.05

�0.43±0.01�b

�c�e− /Å3� 0.20±0.02 0.19±0.02 0.235±0.030

dhh�Å� 45.0±0.5 49.8±0.1 49.8±0.7

�41.4±0.08�b

dw�Å� 5.7±0.4 4.9±0.2 3.8±0.6

dh�Å� 13.7±1.6 11.2±0.5

dc�Å� 15.6±0.8 19.3±0.4

A�Å2� 43.3±2.6 43.65±1.15

nw 8.2±0.5 5.5±0.7

aValues for D8 Advance measurements.
bThe values for the second maxima in the electron density profile of the DPPC/DPPS�1:1�.
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also be carried out at sealed tube instruments with optimized
equipment. We have shown that the resolution is high
enough to detect a splitting in the head-group maximum,
which we attribute to lateral demixing of the two-component
system. Diffuse x-ray scattering can be used in future to
support this conclusion and to determine the lateral size of
the domains. On the other hand, the presence of the substrate
may lead to distortions and small structural changes of the
bilayer. The water layer dw between silicon and the head-
group of the lower leaflet can be determined with high pre-
cision, and is quite small dw
6 Å for all samples, indicating
that the bilayers are rather close to the solid surface. The

system can thus be regarded as a pinned bilayer, in contrast
to the free floating membranes, which can be achieved by
preparation of a bilayer on top of a monolayer �29,30�.
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