
ARTICLE IN PRESS
Physica B 350 (2004) e639–e642
*Corresp

University,

Fax: -412-6

E-mail a

kucerka@f

0921-4526/$

doi:10.1016
Bilayer thickness in unilamellar phosphatidylcholine vesicles:
small-angle neutron scattering using contrast variation

N. KuWerkaa,b,*, D. Uhr!ıkov!aa, J. Teixeirac, P. Balgav!ya

aFaculty of Pharmacy, Comenius University, Odboj !arov10, Bratislava 832 32, Slovakia
b Physics Department, Carnegie Mellon University, 5000 Forbes Avenue, Pittsburgh, PA 15213, USA

c Laboratoire L!eon Brillouin (CEA-CNRS), CEA Saclay, Gif-sur-Yvette Cedex, France
Abstract

The thickness of the lipid bilayer in extruded unilamellar vesicles prepared from synthetic 1,2-diacyl-sn-glycero-3-

phosphorylcholines with monounsaturated acyl chains (diCn:1PC, n=14–22) was studied at 30�C in the small-angle

neutron scattering (SANS) experiment. Several contrasts of the neutron scattering length density between the aqueous

phase and phospholipid bilayer of vesicles were used. The experimental data were evaluated using the small-angle form

of the Kratky–Porod approximation ln[I(q)q2] vs. q2 of the SANS intensity I(q) in the appropriate range of scattering

vector values q to obtain the bilayer radius of gyration Rg and its extrapolated value at infinite scattering contrast Rg
inf.

The bilayer thickness parameter evaluated from a linear approximation of dependence of gyration radius on the inverse

contrast was then obtained without using any bilayer structure model. The dependence of the thickness parameter

dgD120.5Rg
inf on the number n of acyl chain carbons was found to be linear with a slope of 1.870.2 (A per one acyl chain

carbon. This slope can be used in bilayer–protein interaction studies.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The phospholipid bilayer of unilamellar vesicles
is widely used as a convenient model of the lipid
part of biomembranes because its form is topolo-
gically equivalent to the real cell. The insertion and
orientation of polypeptides in this bilayer and the
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activity of several integral membrane proteins
critically depend on the bilayer thickness [1]. This
thickness can be obtained from small-angle X-ray
(SAXS) or neutron (SANS) scattering experiments
on unilamellar vesicles [2]. SANS can provide
more information when employing the contrast
variation technique [3]. This technique,
together with the analysis based on the Guinier
approximation, yields a method where structural
information can be obtained without making any
assumptions about the bilayer structure [4]. We
use it to obtain the bilayer thickness in extruded
unilamellar vesicles prepared from the synthetic
d.
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1,2-diacyl-sn-glycero-3-phosphoryl-cholines with
monounsaturated acyl chains.
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Fig. 1. Kratky–Porod plots of the experimental points

of diC14:1PC vesicles in the aqueous phase with different

H2O/D2O ratios.
2. Material and methods

diCn:1PCs (n is the number of acyl chain carbon
atoms) were purchased from Avanti. Different
contrasts were reached by varying the H2O/D2O
ratio in the aqueous phase in which the diCn:1PCs
were dispersed. Unilamellar vesicles were prepared
by extrusion through polycarbonate filters with
500 (A pores according to Ref. [5]. The diCn:1PC
concentration was p 1 wt% to eliminate inter-
particle correlations [6].

The SANS experiments were performed on the
PAXE spectrometer located at the Orph!ee reactor
(LLB, CEA Saclay, France) with neutrons of
wavelength 6 (A and with a sample-to-detector
distance of 5 m. The SANS intensity I(q) as a
function of the scattering vector value q was
normalized per sample transmission and incoher-
ent background was obtained from scattering from
a reference blank sample and subtracted.

The experimental data were evaluated using the
method of Sadler et al. [4]. It is supposed that a
model of randomly oriented planar thin sheets
approximates well with the vesicle bilayers in the
Guinier region of q. Scattering intensity in cm�1

units is then expressed by

IðqÞpðItð0Þ=q2Þ expð�R2
gq2Þ; Rgqo1; ð1Þ

where Rg is the radius of gyration taken perpendi-
cularly to the sheet surface, It(0) is a normalization
constant related to the planar bilayer intensity in
the origin of reciprocal space and 1/q2 is the
Lorentz factor due to averaging over all sheet
orientations [7]. The radii of gyration were
evaluated from the Kratky–Porod plots ln(Iq2)
vs. q2 according to Eq. (1) in the region 0.001 -
(A�2oq2o0.006 (A�2 where this method can be
safely used for vesicles extruded through a 500 (A
pore filter [8]. Typical experimental data are shown
in Fig. 1.

The dependence of Rg as a function of scattering
density contrast is expressed by

ðRgðD %rÞÞ2 ¼ ðRinf
g Þ2 þ a=D %r; ð2Þ
where Rg D %rð Þ is the bilayer radius of gyration
measured at scattering density contrast
D %r ¼ rs � %r
� �

between the aqueous phase (rs)
and the average scattering density of the bilayer
ð %rÞ; and Rg

inf is the gyration radius at infinite
scattering density contrast; the parameter a
describes deviations of the bilayer scattering
density r(r) about %r [4]. The value of %r was
obtained from the match point km at which I(q)=0
by plotting the square root of the scattering
intensity at a particular small value of q as a
function of the fraction k of D2O in the aqueous
phase [9]. After a careful inspection of the
measured I(q) curves we have chosen to use
q=0.017 (A�1 at which the I(q) is not affected by
the vesicle radius [8]. The parameter Rg

inf relates to
the bilayer thickness parameter dg following the
equation dgD120.5Rg

inf.
3. Results and discussion

The match points for diCn:1PC bilayers where
n=14,16,18,20 and 22 were observed at
km=17.8%, 16.6%, 13.8%, 13% and 9.3%,
respectively. As expected, the dependence of km

on n is almost linear. From the km match points,
the values of %r were calculated. The values of Rg

were then obtained for each diCn:1PC bilayer at
several contrasts D %r as illustrated in Fig. 2 for
diC14:1PC vesicles.
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Fig. 2. Dependence of the radius of gyration on the contrast of

neutron scattering length density.
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Fig. 3. The bilayer thickness parameter dg as a function of the

number of carbon atoms n in the diCn:1PC vesicles at 30�C.

N. KuWerka et al. / Physica B 350 (2004) e639–e642 e641
The linear approximation done through the
points in Fig. 2 (weighted by their errors) yields the
value (Rg

inf)2=83.172.8 (A2 for diC14:1PC vesicles.
This procedure was done for all diCn:1PC vesicles
and the corresponding values of the bilayer
thickness parameter dg were then calculated from
Rg

inf. It is seen that the dg increase with n (Fig. 3)
can be approximated by a linear function
dgD(673.2)+(1.870.2)n (A.

In our recent paper [10], we have re-analyzed the
SAXS data of Lewis and Engelman [13]. After
corrections for Fourier truncation errors and
temperature effects, we have obtained steric
bilayer thicknesses ds=46.772.2 and 53.572.2 (A
for diC18:1PC and diC22:1PC vesicles, respec-
tively. Comparing with the data in Fig. 3, it is seen
that the dg values are lower than the ds values.
However, the slope qdg/qn=1.870.2 (A found in
the present paper coincides within experimental
errors with the slope qds/qn=2.070.3 (A found in
[10] from three points (diC18:1PC, diC22:1PC and
diC24:1PC).

The main advantage of the method used is the
model-free analysis that does not assume any inner
bilayer structure opposed to the fitting procedure.
The direct fit of the data on a small q range
depends highly on a bilayer model, which is,
however, often supposed to be a single shell. We
have compared these methods using a more
realistic model of r(r) suggested recently [11,12]
in simultaneous fitting of the I(q) curves measured
at different contrasts over an extended range
0.01 (A�1pqp0.2 (A�1 (in preparation). We have
found the bilayer thickness dependence to be
dLD(15.971.4)+(1.570.2)n (A.

The slopes qd/qn, which represent the increase in
bilayer thickness due to an increase in acyl chain
length, are frequently used in studies of bilayer–
protein interactions. The values of these slopes
found in the present work can be used in such
studies.
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