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Characterization of Biological Thin Films at the Solid-Liquid Interface by X-Ray Reflectivity
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We demonstrate that 18 keV x rays can be used to study organic thin films at the solid-liquid interface
by x-ray reflectivity. We establish that this is a powerful technique for investigating biological systems in a
previously inaccessible manner. Our measurements enabled the density distribution of single phospholipid
bilayer membranes in bulk water to be measured with unprecedented precision. Previously, character-
ization of biomimetic structures normal to a ‘‘buried’’ interface was a domain of neutron reflectivity.
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Similar to neutron reflectivity (NR), specular x-ray re-
flectivity (XR) using synchrotron radiation is a powerful
method for determining the structure of thin films. Because
the interaction strength of neutrons with matter is typically
an order of magnitude less than that for x rays, neutrons
have been considered the ideal particle for performing
reflectivity measurements on samples where the beam
must pass through several centimeters of material to reach
a buried interface. Conversely, the usual incident energy in
XR is �10 keV, making it very surface sensitive but lack-
ing penetration power. As a result, XR studies have been
generally limited to thin films at the solid-air or liquid-air
interface. Recently, there have been several reports on
x-ray investigation of buried interfaces using high-energy
synchrotron radiation [1–10]. These include x-ray reflec-
tivity and x-ray standing wave studies of thin layers at the
solid-liquid interface. However, these investigations lack
biological relevance.

Here, we report novel results characterizing single phos-
pholipid bilayer membranes at the solid-water interface
using 18 keV photons. Because of the great complexity
of cellular membranes, their study demands simplification
without losing the structure, properties, and function of the
bilayer. This can be accomplished by using model mem-
branes that are designed to mimic the structure and func-
tion of cellular membranes under physiological conditions
[11]. For example, investigation of lipid membranes at the
solid-liquid interface enables the use of high-resolution
surface science techniques including atomic force micros-
copy, ellipsometry, surface plasmon resonance, and neu-
tron reflectivity. In particular, NR, where the neutron beam
penetrates through the solid support, has been used to study
the structure of hybrid bilayer membranes [12,13] and
polymer cushioned bilayers [14,15]. Krueger’s review pro-
vides an excellent summary of recent work in the field [11].
Utilizing the advantages of XR (described below) in tan-
dem with the benefits of NR (i.e., contrast variation and
little beam damage) will be extremely influential in the
study of soft condensed matter systems. Fragneto and co-
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workers have recently discussed the use of these comple-
mentary techniques [16,17].

In this work, we demonstrate the use of high-
energy photons to characterize the structure of a 1,2-
Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC) fluid-
phase bilayer and a 1:9 1,2-Dilauryl-sn-Glycero-3-
Phosphocholine (DLPC):1,2-Distearyl-sn-Glycero-3-
Phosphocholine (DSPC) predominantly gel-phase bilayer
at the solid-liquid interface in bulk water. This is the first
such work dealing with biology-related membranes and
x-ray reflectometry at the solid-water interface.

Third generation synchrotron x-ray source intensities
are typically 10 orders of magnitude more intense than
current neutron sources. Because of low incident fluxes,
neutron reflectivity experiments of thin layers at the solid-
liquid interface typically utilize a probed substrate area of
at least 500 mm2 with a length of the sample along the
beam of �50 mm to maximize the signal of the reflected
beam. Still, reflectivity measurements out to momentum
transfer vector Qz values of �0:2–0:3 �A�1 require 3–4 h
of acquisition time [13,15,18,19]. This Qz range limits the
real-space resolution [20]. Sample lengths of this magni-
tude are not tenable for x-ray reflectivity utilizing wave-
lengths of �1:5 �A, due to beam attenuation by the liquid
layer or solid support. To overcome this, we decreased the
path length of the x rays through the liquid (water) and
increased their energy. Specifically, we used single crystal
quartz substrates with dimensions 10� 50 mm2 as the
solid support. The substrate was placed in a water filled,
stainless steel cell (with Kapton windows) [Fig. 1(a)] and
oriented so that the 10 mm dimension was along the x-ray
beam. To increase the transmission, we used high-energy
x rays (18 keV, � � 0:65 �A). These much more energetic
photons penetrate through the thick water layer with a
transmission of approximately 40% [21]. For comparison,
the transmission is less than 1% at 10 keV.

At the CMC-CAT beam line at the APS synchrotron
source, we measured the reflectivity from substrate-
supported bilayers out to a momentum transfer of
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FIG. 1. (a) Comparison of the data from neutron reflectivity
(NR) and x-ray reflectivity (XR) demonstrating the increased
dynamic range of x rays. Inset: schematic cross section of the
sample cell. (b) Measured x-ray reflectivity plotted as R=RFresnel

versus Qz, where RFresnel is the reflectivity of an infinitely sharp,
steplike interface. This removes the sharp drop of reflectivity due
to the RFresnel dependence and enhances visibility of the inter-
ference fringes [35]. Error bars for the reflectivity data represent
statistical errors in these measurements. (c) Scattering length
density (SLD) profiles of a DOPC fluid bilayer at the solid-liquid
interface at 20 �C. The head groups and hydrocarbon tail region
of the bilayer can clearly be distinguished along with a 4 Å water
cushion layer between the bilayer and the substrate. The 4-slab
model (dashed line) and cubic beta spline calculation (solid line)
are very close in agreement. The lower, dashed line shows a
comparison of the unsmeared (zero interfacial roughness) SLD
profiles measured by NR. The lengths of each region are con-
sistent between techniques. For simplicity, we have not dis-
cussed more complex methods of refining the membrane
structure, which can be based on quasimolecular composition-
space refinement [34]. Note that the SLD of x rays is defined by
multiplying the electron density �e�= �A3� of the material by
2:82� 10�5 �A. The electron density of water is 0:334e�= �A3.
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0:5 �A�1 covering 8 orders in the dynamic range of inten-
sity. This was done without the extraordinary efforts and
specific circumstances needed for acquiring higher-
resolution NR data [22]. We were thus able to probe
electron density differences on a length scale almost
2 times smaller (e.g., Qz � 0:5 vs 0:3 �A�1) [20]. Two
bilayer compositions were investigated; fluid DOPC and
1:9 DLPC:DSPC gel-phase membranes formed by vesicle
fusion [23] on single crystal quartz substrates. X-ray re-
flectivity scans were completed in approximately 30 min.
Further refinements, such as an increased vertical slit size
at higher angles, should allow reflectivity data collection
out to Qz values of �1:0 �A�1 with a commiserate increase
in resolution.

At low angles, the beam footprint was larger than the
sample length. Therefore, the intensity of the incident
beam intercepted by the sample was not constant over
the entire Qz range. To account for this difference, the
data [24] were renormalized by dividing the specular re-
flectivity by sin� up to the angle where the size of the beam
footprint equaled the sample length along the beam.

The results from a fluid DOPC bilayer deposited by
vesicle fusion are shown in Fig. 1. A simple 4-slab (outer
head group, hydrocarbon tails, inner head group, and water
cushion) XR model, based on the Parratt algorithm [25],
fits the data with a reduced 	2 value of 5.3 with only small
deviation in the scattering length density (SLD) profile
from the free form, model independent, cubic beta spline
approach [26]. The thickness of the hydrocarbon region
was 23.2 Å. This value is in excellent agreement with the
theoretical calculation of 24 Å for a fluid-phase bilayer
(80 �A2=lipid) with 18 carbons per lipid tail [27,28]. From
the fitting model, it can also be seen that the inner head
group region has a higher scattering length density than the
outer head group region, indicative of lower water content.
In addition, the thickness of the outer head group region
was 10 Å with a 6 Å roughness, while the inner head group
thickness was 8 Å with a 3.8 Å roughness. This finding is
consistent with a reduction in motion of the inner leaflet
lipids due to interactions with the solid support and a
concomitant reduction of fluctuations [29,30]. The bilayer
was separated from the quartz substrate by a thin 4 Å water
layer. For comparison, we also measured this sample using
neutron reflectivity. In both cases, the length scales of the
four slabs were consistent between NR and XR. These
findings for the DOPC bilayer are also in agreement with
work published by Johnson et al. of neutron reflectivity
done on a DMPC lipid bilayer at the quartz-water interface
[31].

The reflectivity profile from a 1:9 DLPC:DSPC bilayer
deposited by vesicle fusion is shown in Fig. 2. At room
temperature, these lipids phase separate due to their large
difference in tail length (18 carbons for DSPC and 12 car-
bons for DLPC). The phase transition temperature (Tmelt)
of DLPC is �2 �C, and Tmelt for DSPC is 55 �C [28]. There
4-2
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FIG. 2. (a) Measured x-ray reflectivity profile and
(b) scattering length density (SLD) for a 1:9 DLPC:DSPC
bilayer. In this system, there is a large difference in hydrocarbon
tail length between the two lipids present. As a result, the lipid
layers arrange to minimize the amount of hydrophobic tail
exposed to water. Reproducing this effect in a box model
required 5 slabs (	2 � 5:1) in a nonsymmetric configuration
with the inner leaflet head groups aligned at the quartz interface.
This arrangement of lipids is shown in the upper schematic. The
SLD profile from a cubic beta spline calculation is shown for
comparison. A number of structural models were examined. The
result from a 6-slab model (	2 � 8:7, shifted down by 4�
10�6 �A�2) in a symmetrical configuration (tail groups aligned)
is shown below (lower schematic). Error bars for the reflectivity
data represent statistical errors in these measurements.
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are several possible arrangements of the two lipid compo-
nents. For example, previous studies using atomic force
microscopy (AFM), determined that DSPC and DLPC
phases separated into coupled domains with an 18 Å height
difference [32].

Our modeling took into account several membrane
structures including phase separation, preferential leaflet
segregation, and leaflet coupling with either inner leaflet
head groups aligned or tail groups aligned between leaflets.
Two specific models are depicted schematically in
Fig. 2(b). Although the lipid components in the mixture
are expected to phase separate, the composite membrane
must be relatively flat (low variation in film thickness) due
to coupling with the substrate and the absence of signifi-
cant off-specular scattering in the reflectivity data. Overall,
we found that the best fit to the data (lowest 	2) required
5 slabs (upper schematic). The best fit was consistent with
(1) a water cushion, (2) a pure DSPC head group region,
(3) a tail region consisting of an inner DSPC leaflet and an
outer mixed leaflet of DSPC and DLPC tails, (4) a mixed
DSPC tail–DLPC head group, and (5) an outer DSPC head
group–water region. In all cases, 5-slab models drove the
hydrocarbon tail region (slab 3) to a thickness of 26	 2 �A,
which is significantly larger than the expected thickness of
two fully stretched C12 chains for DLPC (e.g., 19 Å), a
strong indication of preferential leaflet segregation. The
inner leaflet head group SLD of 14:0� 10�6 	 0:3�
10�6 �A�2 also matches well to the expected SLD for gel-
phase DSPC. Because the interaction of the membrane
with the substrate suppresses fluctuations [29,30], it is
entropically less costly for the gel-phase DSPC to prefer-
entially segregate to the inner leaflet compared to fluid-
phase DLPC. We hypothesize that this is the driving force
for the observed leaflet segregation. However, because the
difference in SLD between gel-phase and fluid-phase tails
is small, we cannot unequivocally rule out the inverse of
this model-preferential segregation of DLPC to the inner
leaflet. Again, a 5–6 Å water ‘‘cushion’’ layer between the
bilayer and the substrate was required in good agreement
with our results for DOPC. We also tested various 6-slab
models [33], including a symmetric profile (about the plane
where the alkyl tails meet) that contained four head group
regions (two for the DLPC head group and two for the
DSPC head group) as shown in Fig. 2(b) (bottom sche-
matic). This more complicated model resulted in a larger
	2 value (8.7 vs 5.1), demonstrating that XR provides
adequate resolution to distinguish between these various
models.

In conclusion, x-ray reflectivity has the resolution in-
crease needed to distinguish between real-space lipid
membrane structures. In all our studies extreme care was
used to minimize damage caused by the high flux x-ray
beam by frequently moving the sample perpendicular to
the beam during specular scans. As can be seen from our
results, there is high correspondence of the SLD profiles
23810
between the cubic spline and slab model fits. The differ-
ences at high Qz regions between the model fits and the
data may be due to the following factors: errors in renor-
malization procedure, simplicity of the slab models, a need
for more sophisticated fitting procedures to describe the
SLD of the membranes [34], and possible beam damage. A
4-3
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natural extension of these studies is to probe in-plane
membrane or bilayer structure using grazing incidence
diffraction (work in progress), a technique inaccessible to
neutrons and previously limited to lipid monolayers at the
liquid-air interface.

The ability to do x-ray reflectivity measurements at the
solid-solution interface enabled the density distribution of
lipid membranes to be measured in a previously inacces-
sible manner. The increased resolution allowed subtle fea-
tures in membrane structure and leaflet segregation to be
revealed. The advantages of using x rays over neutrons are
higher flux (increased resolution), smaller sample sizes,
faster measurements using more accessible synchrotron
sources, no requirements of using expensive deuterated
molecules, and the opportunity of exploiting grazing inci-
dence diffraction. These successful measurements of bi-
layers at the solid-liquid interface will lead to a new arsenal
of x-ray experiments on other biological systems and thin
films.
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