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Abstract. — This experiment presents a new approach to measure elasticity parameters of lipid
bilayers. We have deposited a stack of phospholipid bilayers on a silicon surface grating defined
by e-beam lithography. The periodic surface profile acts as a boundary condition which imposes
a controlled strain in the smectic film. Probing this distortion field by neutron reflectometry,
we determine the smectic penetration length A = /K/B from the relative intensity of the
satellite peaks.

Introduction. — FElastic parameters such as bending stiffness and compressibility are
important physical parameters for the understanding of amphiphilic assemblies. The elasticity
properties of biomimetic lipid membranes in the fluid L,, phase are of particular interest [1-3]
and can be probed in equilibrium stacks of bilayers or bulk phases of multilamellar vesicles with
lamellar periodicity d. Such multilamellar systems of smectic-A liquid crystalline symmetry
can be described by the linearized smectic free energy functional (Hamiltonian) [4,5],
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where x denotes the bilayer bending rigidity, A the area in the xy-plane, N the number of
bilayers, and u,, the deviation from the average position nd of the nth bilayer. B and K = x/d
are elastic coefficients, governing the compressional and bending modes of the smectic phase,
respectively. A fundamental length scale in these systems is given by the smectic penetration
length A = \/K/B. A method to measure A in smectics is given by the threshold of the
layer buckling instability under dilation [6]. For stacks of lipid membranes, measurements of
A reported in the literature have used x-ray scattering and lineshape analysis carried out on
aqueous (bulk) suspensions [3], only if k ~ kT is very small, and undulation modes are very
strong. Contrarily, aligned lipid bilayers allow a separate determination of both parameters
K and B [7,8]. In both cases, thermal fluctuations of the bilayer height profiles are probed
and analyzed with regard to Eq.(1). If now, the bilayers are rather stiff with x > kT as is
the case for standard phospholipids such as DMPC [9] it can become difficult to probe the
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thermal diffuse scattering since the fluctuation amplitudes decrease and the scattering may
easily be dominated by the signal of static defects.

In this Letter, we present an alternative approach to measure A by an imposed static
corrugation, without relying on thermal fluctuations. As can be shown by minimizing Eq.(1)
subject to an adequate boundary condition [12], corrugations in a smectic system propagate
along the stacking direction with a damped amplitude. The damping varies quadratically with
the lateral wavevector k; corresponding to each Fourier mode, as exp(—z A k?). The damping
of the profile along z within the stack is then measured by nonspecular neutron scattering
which is sensitive to the height correlation functions of the buried lipid water interfaces.
Instead of a sinusoidal profile with only one Fourier component we use a rectangular grating
profile to simultaneously measure the damping of several Fourier coefficients separated in
reciprocal space by the momentum transfer g, parallel to the plane of the bilayers.

Materials and methods. — (100)-silicon substrates (Silchem, Germany) were patterned
using e-beam lithography and reactive ion etching. After cleaning the 2” silicon wafer (thick-
ness 635um) in methanol and ultra-pure water (Millipore, Bedford, MA), poly-methylmeth-
acrylate (PMMA) was spin-coated yielding a thickness of about 50 nm on the silicon as
a resist. The wafer was exposed to an unfocused electron beam (LION LV1, Leica, Jena,
Germany), defining a one-dimensional grating pattern, over a total area of 1.8 x 2cm? in
the PMMA layer. After developing in a mixture of (4:1) ethylenglycolmonobutylether and
ethylenglycolmonoethylether, the grating was etched for 12 seconds in CBrF3 atmosphere at
a pressure of 2 Pa and a flow of 10 sccm, using a home-built reactive ion etch (RIE), leading to
a grating depth of about h = 2nm =+ 0.2nm, as determined by AFM. The unexposed PMMA
was then removed by acetone, and the silicon grating was cleaned by subsequent washing in
methanol and ultra-pure water, resulting in a hydrophobic surface, before deposition of the
lipid membranes. A scanning electron microscopy (SEM) micrograph of the grating after the
etching process (but before removal of the unexposed PMMA) is shown in Fig. 1 B, using the
lithography system in SEM mode. 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC)
was bought from Avanti, Alabama, and was used without further purification. Multilamellar
bilayers were prepared by spreading from organic solvent on the silicon grating. The lipid was
dissolved in a (1:1) trifluoroethanol-chloroform mixture at a concentration of 20 mg/ml. A
drop of 1 ml was then carefully spread onto the well-levelled and cleaned substrate, yielding
a film thickness of about D ~ 16um, which corresponds to about N ~ 2900 layers in the
stack. After a slow evaporation process avoiding film rupture, remaining traces of solvent in
the sample were removed by exposing the sample to vacuum over night. No difference in the
wetting behavior compared to the preparation on flat surfaces was observed.

During the experiment the sample was mounted in a temperature-controlled chamber. A
lem thick silicon block (Siliziumbearbeitung A. Holm, Germany) is used as a transparent
window for the neutron beam, which enters and leaves the block from the side (see Fig. 1 C).
The sample was fixed on top of the block facing the solution. To reach the biologically relevant
L,-phase, the sample was kept at a temperature of 45°C' during the experiment, in a solution of
14.2 wt% polyethyleneglycol (PEG) in D2O with a molar mass of 20000 (PEG 20000) leading
to an osmotic pressure of about 1.8 - 10° Pa [13]. This osmotic pressure serves two purposes:
Firstly, it suppresses strong thermal fluctuations, so that the static distortion field is the
leading contribution to the diffuse scattering (at the relevant positions in reciprocal space, see
below). Secondly, the osmotic pressure prevents or reduces thermal unbinding [14] of the lipid
layers during the experiment. Note that the orientational alignment of the multilamellar stack
with respect to the substrate (mosaicity) was better than 0.038°, which was the resolution-
dominated FWHM-width of the specular peak. The pressure-distance relationship for DMPC
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Fig. 1 — A) Measured intensity matrix 1[26/2, A] of the lipid membrane stack deposited on the grating
in logarithmically scaled gray shades. B) SEM micrograph of the silicon surface grating (top view)
with 1 pum scale bar. C) Sketch of the scattering geometry with the beam path through the silicon
block and with the distortion field of the lipid bilayers as calculated by smectic elasticity theory.

&= ﬁ denotes the vertical correlation length of a Fourier mode k; in the membrane stack.

as calculated from the interaction potentials at this osmotic pressure results in an equilibrium
distance which agrees very well with the measured value d = 56.3A [15]. Furthermore, thermal
fluctuations are known to be significantly reduced at these pressures.

Ezxperimental. — The experiments were carried out at the D17 reflectometer at the In-
stitut Laue Langevin (ILL), Grenoble, in time-of-flight mode (TOF) [16]. Thermal neutrons
were reflected off the sample and recorded as a function of exit angle (detector pixel) and wave-
length A at different angles of incidence «;. Using the multiwire detector, the broad wavelength
distribution, and the TOF electronic signal treatment, the specular and nonspecular (diffuse)
reflectivity can thus be measured at a single value of «;, without scanning of motors. The
sample was mounted vertically with the scattering vector in the horizontal xz-plane. The col-
limating slits were set to 0.55 mm (horizontal) at the sample position. In optimize intensity
at the expense of A resolution a chopper opening of 5° and rotational speed of 1000 rpm was
used. A multiwire proportional counter with 285 x 285 pixels (delay-line, Gabriel, EMBL
Grenoble) was positioned 3.4 m behind the sample, equipped with an evacuated flight path.
In TOF mode, the intensity matrix is obtained as follows: First, the counts are registered in
each spatial pixel (pz,py) for 500 TOF channels. Next, the counts are integrated for fixed
pz and TOF channel along the vertical detector axis py, yielding a 2D array of I[px,TOF
channel]. The data is then read by an IDL routine, performing (i) the TOF/A conversion, (ii)
a correction for detector sensitivity (spatial variation of pixel sensitivity as a function of pz,
as measured by incoherent scattering from HyO), (iii) normalization by the A-distribution,
as measured by shots of the direct beam under identical chopper and slit settings, and (iv) a
conversion from pa-pixel to scattering angle 26 [17].

Fig. 1 A) shows a typical 2D data set 1[26/2, \] for DMPC in the fluid L,, phase at T = 45°
C deposited on the 1um grating , at fixed «; = 2.2°, in logarithmically scaled grey shades. The
different columns of the multiwire detector matrix correspond to different scattering angles 26,
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with 20 = a;+a . Rows of the intensity array are equivalent to the simultaneous measurement
of a detector scan for each given A. Enhanced diffuse scattering stemming from correlated
corrugations induced by the grating in the multilamellar stack is observed at discrete positions
(arrows) corresponding to the grating orders intersecting the first diffuse Bragg sheet (oblique
line Fig 1 A) at constant ¢, = 27 /d. A streak corresponding to the specular reflection of the
supporting Si-block (chamber window) is observed at constant 260/2 = 2.2° slightly tilted with
respect to the sample wafer fixed on top. Higher order Bragg sheets are not observed in the
angular and wavelength range covered. Note that the satellite lattice peaks of the diffuse Bragg
sheet reflect the contributions of the static deformation field. For a treatment of the diffuse
scattering from pure thermal contribution (the Bragg sheet) by TOF neutron scattering we
refer to [17]. Here we concentrate on the satellite peaks induced by the grating. In principle,
the g.-width of these satellites contains the information on the vertical correlation length of the
static roughness, and thus also the smectic length scale A. However, since the intrinsic width
cannot be resolved, we analyze the intensities of the lattice peaks, which reflect the relative
strength of the Fourier coefficients averaged over the corrugated multilamellar stack. Since
higher Fourier components decay faster than smaller ones with increasing separation form
the surface, the coefficient A can be evaluated from the intensity variations of the satellite
peaks along the Bragg sheet. To analyze the data, the intensity was first integrated over
the first Bragg sheet along A in the I[0,\] dataset (Fig. 1 A). This is motivated by the fact
that the width of the Bragg sheet (Ag, =~ 0.01521_1) was resolution limited in the present
experiment. This integrated intensity curve I+ (X, 20/2) is shown in Figure 2 A as a function
of the scattering angle 20/2. The data corresponds to a scattering distribution at constant
¢. = 0.1115A" over a varied ¢, € [-1.26 1073A~1,2.98 1073 A~']. The experimental values
are shown along with a six peak Lorentzian fit with linear background. Contrary to the peak
widths, the integrated intensities (areas under the side peaks) are not affected by instrumental
resolution. The integrated intensities were then normalized to the specular peak at ¢, = 0 and
are displayed as a function of peak order in Fig. 2 B along with calculated peak intensities.

Data analysis and Simulation. — We consider the simplest model which can account
for the intensity variation of the integrated Bragg sheet satellites (grating orders) with order
number n, based on smectic elasticity theory. Since at the positions of the lattice orders,
thermal diffuse scattering is a background contribution with respect to the dominating scat-
tering from the grating corrugation, we can primarily consider the profile imposed by the
boundary and damped out by the stack. An analytical treatment of nonspecular scattering
based on [18] is quite complex for a multilamellar sample on a grating. Note that already
a two interface problem (homogeneous thin film on grating) is difficult to solve [19], due to
the non-linearity of the scattering theory. As a result of the non-linearity the intensity of the
nth order is not proportional to the nth Fourier coefficient of the membrane height profile.
We therefore choose an approach where we first numerically simulate the distorted layers on
the grating, and then calculate the scattering by discrete points distributed on the corrugated
stack. Each membrane is represented in the model by a line of point scatterers distributed
on the calculated height profile. To model the grating-induced corrugations in the stack, a
Fourier series including up to 7 coefficients f; was used to approximate the deformation of the
layers. This was sufficient since experimentally only the orders n < 3 were observed. Following
the smectic model, the damping of the Fourier coefficients varies with the lateral wavevector
k; of each corrugation mode and the position z of each layer in the stack, as exp(—z A k?).
The initial Fourier coefficients f; of the surface grating were obtained by a Discrete Fourier
Transformation (DFT) of a step function with parameters h, v and a in real space. For the
deviation u(x, z) from the mean position z = nd of each layer n, we can write
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Fig. 2 — A q.-integrated intensities of the first Bragg sheet (open circles) together with a 6 peak
Lorentzian fit (solid line) B) Calculated peak areas for different values of A (open symbols) and
measured peak intensities (filled squares) normalized to specular peak (n=0). C) Results for the
parameter A calculated numerically according to the model as a function of N. The arrow denotes
the value of the experiment, after partial detachment of membranes.

u(z,z) = Z fi cos(kix) exp(—2zAk?) (2)

For the linear grating, the lipid membrane stack can be modelled in only two dimensions, x
and z, since the translation invariance in the y-direction leads to a factor 6(g,) in the scattering
intensity. Scattering is described in the kinematical approximation. Each discretisation point
in the stack is modelled as a point-scatterer and therefore the scattering intensity is described
by

Hgna:) = | 32 D exp(—i (Nd + u(z, 2)a.) exp(—i 2ar) | 3)
N T,z

The calculation was performed around the first Bragg sheet with range corresponding to
a ¢.-width of 0.015A4~". The results were integrated along ¢. to obtain I(q,,q. = 27/d) and
then compared to the measured intensities. Figure 2B) shows the measured peak intensities
compared to the calculation for different values of the smectic penetration length A. The
preparation parameters (mass of lipid deposited per area) correspond to a number of layers
N = 2900 in the stack. However, a ratio of 2.3 between the total intensities of the diffuse
scattering (integrated over the entire angular range) before and after filling the sample cell
with water, indicated a significant detachment of bilayers, in agreement with only about
N ~ 1260 bilayers. The lamellar periodicity d = 56.3A4 was determined from the position
of the first Bragg peak. The z-periodicity a obtained from positions of the satellite peaks
(Fig. 2 A) confirms the fabrication value of a = 1um. I(g,) is sensitive to the amplitudes
of all Fourier modes f;, which are computed by Fourier synthesis of a step function with a
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step height h = 2nm, a line to space ratio of v = 1 and a periodicity of a = 1um. The
value for the step height h is obtained from the etching process and confirmed by the AFM
measurements. The value for v is obtained from SEM measurements as shown in Figure 1
B. Two more numerical parameters were used in the simulation i.e. the number of grating
periods in z-direction and the points per xz-period. They were empirically set to 10 and 100
respectively in order to achieve a suitable resolution (width of the satellite peaks and number
of points on each peak) in the calculated scattering pattern. Variation of these two parameters
showed that discretisation errors were negligible and the precise choice of their values was not
important, in particular since all simulated satellite peaks were afterwards integrated. Finally,
the smectic penetration length A defines the damping of each mode in the modelled membrane
stack. The higher A, the stronger the damping, and the lower the satellite peak intensity.

Results and Conclusions. — The calculations were first performed for fixed value N =
2900 as deposited, leading to a surprisingly small value of A = (5.35 + 0.25)A. In a second
step, it was realized that a significant amount of bilayers had detached, most likely when
filling the cell with the polymer solution. The loss of bilayers was evidenced by analyzing
the total diffuse scattering (TDS) (integrated over the entire angular range) measured before
and after filling the cell. The TDS is proportional to the number N. It was found that the
TDS decreased by a factor of 2.3. Reiterating the calculation with N = 1260 gives a result
of A = (12.4 + 0.7)A, which is in much better agreement with the literature. The error on
A was determined by firstly calculating the range of theoretical values consistent with the
experimental error interval of each order n = 1,2, 3, and secondly taking the corresponding
and error-weighted average. A short remark concerning the interdependence of A and N in the
model: A can only be determined, if N is known, since the intensity variation of the satellite
depends on both parameters, as illustrated by Fig.2 C. Note that if NV is assumed small, the
high Fourier components of the distortion field induced by the surface grating must decay
faster (corresponding to a large A) in order to explain the experimental results. Importantly,
by comparison of the total diffuse scattering before and after exposing the sample to polymer
solution, the value of N can be inferred. After correction for the loss of bilayers, we thus
obtain a smectic length A = (12.4 & 0.7)A. Under the given conditions, a compressional
modulus B = 4.5M.J/m? (DMPC, d = 56A) can be expected [15,20]. Together with this
value, A = 12.4A yields a bending stiffness of k = 9.7kpT, which is at the lower end of
published values. Future improvements should aim at an improvement of the experimental
resolution, and a variation of the film thickness in particular to smaller values of N. For
thin stacks it should then become possible to measure directly the g, width of the satellites,
from which the number of bilayers IV can be obtained. Finally, non-linear elastic effects could
possibly start to play a role, in particular if the height of the grating is increased. The grating
parameters should therefore be varied to investigate this issue further.

In summary, we have used the boundary condition of a lattice grating imposed on a stack
of lipid membranes to probe the elastic response of the bilayer stack from the corresponding
nonspecular diffraction, and to measure the smectic penetration length A, from which the
bending rigidity can be inferred. More generally, macromolecular assemblies on controlled
lithographic nanostructures may lead to novel experimental schemes for probing elasticity
parameters and self-assembly properties. An extension to dynamic relaxation parameters
could be achieved by a temporally varied surface corrugation field, e.g. induced by surface
acoustic waves.
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