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Norbert Kučerka,1,2,* Mu-Ping Nieh,1,3 and John Katsaras1,4,5

Contents
1. In
s in

554

dian
rtm
ute
nne
rtm
h-W
rio,

espo
il ad
troduction
Planar Lipid Bilayers and Liposomes, Volume 12 Crown Copyright# 2010. Published by

-4516, DOI: 10.1016/S1554-4516(10)12008-0 All rig

Neutron Beam Centre, National Research Council, Chalk River, Ontario, Canada
ent of Physical Chemistry of Drugs, Faculty of Pharmacy, Comenius University, Bratisl
of Materials Science/Department of Chemical, Materials & Biomolecular Engineering
cticut, Connecticut, USA
ent of Physics, Brock University, St. Catharines, Ontario, Canada
aterloo Physics Institute and Biophysics Interdepartmental Group, University of Gue

Canada

nding author. Tel.: þ613 584 8811 ext. 44195; Fax: þ613 584 4040.
dress: norbert.kucerka@nrc-cnrc.gc.ca
Els

hts

ava,
, U

lph,
202
2. M
odel-Independent Analysis
 204
2
.1.
 T
he Guinier Plot
 204
2
.2.
 M
odified Guinier Plots
 206
2
.3.
 T
he Porod Regime
 206
2
.4.
 In
terpretation of Slopes
 206
2
.5.
 A
pplications to Lipid Aggregates
 207
3. S
cattering Form Factors for Homogeneous Bilayers
 209
3
.1.
 T
he Use of Simple Bilayer Models in Neutron Scattering
 210
3
.2.
 A
symmetric Bilayers
 213
3
.3.
 A
dvanced Bilayer Models Used in X-ray Scattering
 215
3
.4.
 Jo
int Refinement of Neutron and X-ray Scattering
 217
3
.5.
 L
ipid Area
 221
4. S
cattering from Laterally Heterogeneous ULVs
 222
4
.1.
 M
odel-Independent Analysis
 223
4
.2.
 F
ull Form Factor
 226
4
.3.
 T
he Influence of Curvature on Domains
 229
5. C
oncluding Remarks
 231
Refe
rences
 231
evier Inc.

reserved.

Slovakia
niversity

Guelph,

201
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Abstract

Advances in colloid and interface science have stimulated a renewed interest in

the study of lipid–water systems. At the same time, much progress has been

made in regards to the analysis of small-angle X-ray and neutron scattering

data. The popularity of small-angle scattering for the study of biologically

relevant materials stems from the fact that it provides detailed information on

the size, shape, and conformation of molecular assemblies in solution. Addi-

tionally, neutron scattering has the capability to accentuate, or nullify, the

scattering from individual parts of a macromolecular complex with its unique

ability to distinguish between hydrogen and its isotope deuterium. As a result,

structural biophysics has taken advantage of recent developments in small-

angle scattering to accurately determine the structure of lipid bilayers in both

the transverse and lateral directions. An example is the joint refinement of X-ray

and neutron scattering data, which has been used to improve the values of lipid

areas that are commonly used in molecular dynamics simulations. Advances in

neutron scattering theory have also made possible the determination of the

membrane’s in-plane organization by enabling the detection and characteriza-

tion of nanoscopic domains.
1. Introduction

Biological membranes form the interface that encompass and define
cells and biological tissue. Membranes form a natural hydrophobic barrier
that contains cell contents, and also act as sites of contact for cell recognition
and communication. The main objectives of biomembrane studies are
molecular characterization, the determination of structure and interactions,
and the evaluation of thermodynamic state and/or chemical composition
changes in the molecular components that make up membranes. Careful
examination of the above results in the appropriate modeling of a biological
membrane. One of the most popular models used to describe the structure
of a biological membrane is the fluid mosaic model [1], which is composed
of a phospholipid bilayer matrix with membrane associated and peripheral
proteins. Although the basic notion of the fluid mosaic model still holds true,
the plasma membrane has since been shown to be considerably more com-
plex, especially with regard to the diversity and function of lipids [2]. An
example is lipid rafts, regions of membranes enriched in certain types of lipids
and cholesterol, and which are thought to act as functionalized platforms.
Thus, besides proteins playing an active role in carrying out the various
functions that take place in a biological membrane, much attention has
recently focused on the importance of lipids in membrane function. After
all, how better to explain the diversity of lipids found in nature?
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There are a number of experimental techniques that are suitable for the
study of self-assembled lipid dispersions at the microscopic level. For exam-
ple, microscopic techniques provide direct information on phases and local
structures ranging from the micron to the nanometer length scale. On the
other hand, samples that need to be studied in situ under biologically
relevant conditions can be investigated, for the most part, at the expense
of spatial resolution (e.g., various optical microscopies), or by probing the
sample’s surface (e.g., AFM—atomic force microscopy) [3]. In contrast,
scattering techniques allow for the in situ manipulation of samples while
providing quantitative data on the global distribution of structural features,
size, shape, and correlation lengths. Among the often used spectrometric
techniques (e.g., EPR—electron paramagnetic resonance, NMR—nuclear
magnetic resonance, fluorescence) and calorimetry, the scattering of
X-rays and neutrons is probably the most important and widely utilized
experimental approach employed for the study of biological membranes [4].
Well known are the advances in atomic resolution X-ray crystallography,
especially for the determination of protein crystal structures. However,
scattering methods have much wider use in polymer research, colloid
chemistry, and materials studies. In addition, the various neutron and
X-ray scattering techniques often complement crystallographic studies
that require hard-to-obtain high quality crystals of macromolecules. Perhaps
even more importantly, small-angle neutron scattering (SANS) and small-
angle X-ray scattering (SAXS) are structural techniques capable of studying
biomolecules in solution under biologically relevant conditions.

Neutron and X-ray scattering are similar in that both techniques
are capable of providing dynamical and structural information [5]. How-
ever, the principal differences between the two techniques are in their
interactions with matter. As X-rays are electromagnetic waves that pri-
marily interact with electrons, the amplitude of X-ray scattering increases
in a simple way with atomic number. On the other hand, neutrons are
elementary particles that interact with atomic nuclei, and neutron scattering
amplitudes depend in a complex manner on the mass, spin, and energy levels
of nuclei. Additionally, differences in the interaction of neutrons with the
various isotopes of the same element allow for the powerful and commonly
usedmethod of contrast variation. This technique, in which hydrogen atoms
that are ubiquitous in biologically relevant samples are substituted with
deuterium atoms, is commonly used in neutron scattering studies.

In a scattering experiment a planar wave with a well-defined direction of
incidence k0

!
interacts with the object’s electron, or nucleus, that itself

becomes a source of spherical waves [6]. The experimentally observed
scattered intensity then describes the constructive interference between the
waves scattered by atoms as a function of angle, defined by k

!
. Defining the

scattering vector as a change in the momentum transfer ( q! ¼ k
!� k0

!
) then
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maps out all scattering into reciprocal space. The magnitude of q! is simply

j q!j ¼ 4p=l sin y=2ð Þ, where l and y are the wavelength of the incident
wave and the scattering angle, respectively. Finally, the ability of the atom to
scatter is expressed in terms of a scattering length (corresponding to the
neutron scattering length in the case of neutrons or the number of electrons

in the case of X-ray scattering) or a density function r r!ð Þ in the case of
continuous objects, which then allows us to express scattering form factors
on the basis of the Born approximation as

F q!ð Þ ¼ 4p
ð
r r!ð Þ exp i q!� r!ð Þd r!; ð1Þ

where the scattered intensity is simply expressed as I q!ð Þ ¼ jF q!ð Þj2.
Further assumptions can then be applied to simplify the interpretation of
small-angle scattering data, of which some of the most important examples
will be discussed in this chapter.
2. Model-Independent Analysis

Amphiphilic molecules (e.g., lipids, surfactants, etc.) can self-assemble
into a variety of aggregates in aqueous solutions. Some of them form
structures with three well-defined dimensions having length scales on
the order of nanometers (e.g., spherical micelles, unilamellar vesicles—
ULVs), while others may only have one and/or two well-defined dimen-
sions (e.g., the thickness of lamellae and the cross-section of cylindrical
micelles). For the most part, SANS and SAXS turn out to be the most
effective tools for identifying the global aggregate morphologies of amphi-
philic molecules. Generally speaking there are two approaches to analyzing
SANS and SAXS data i.e., model independent and model dependent. The
former is usually applied in cases where the gross morphology needs to be
identified along with characteristic length scales. The modeling method, on
the other hand, can yield detailed structural information. In this section, we
will discuss various model independent approaches commonly reported in
the literature; however, cases where the interparticle interaction (structure
factor) is required will not be addressed.
2.1. The Guinier Plot

Here we introduce a structural parameter that is closely associated with the
small-angle scattering method, namely that of the root mean square radius of
gyration, hRG

2i1/2, which is defined as
Pn

i¼1mix
2
i =
Pn

i¼1mi

� �1=2
, where mi
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and xi are the mass of component i and its distance to the center of the mass
of the aggregate, respectively (Fig. 1). Thus hRG

2i1/2 can be calculated for
different morphologies (Table 1). For any aggregate with hRG

2i1/2 � 1/ q,
the scattering intensity I(q) can be approximated as [7]

log I qð Þð Þ ¼ log I0ð Þ � q2
R2
G

� �
3

þ � � �; ð2Þ

where I0 is the extrapolated zero angle intensity. Therefore, a straight line
is expected in the case where I(q) is plotted with q2, the slope of which
is � hRG

2i /3. This is commonly known as a Guinier plot. It should
be noted that the obtained hRG

2i1/2 is independent of the aggregate
morphology.
Centre of
mass

mi

xi

Figure 1 The component i has a mass of mi and a distance of xi from the center of mass.
hRG

2i1/2 is defined as
Pn

i¼1mix
2
i =
Pn

i¼1mi

� �1=2
.

Table 1 Calculated hRG2i1/2 for various morphologies

Objects hRG
2i1/2

Sphere with a radius R
ffiffi
3
5

q
R

Spherical shell with an outer and inner radius of Ro and Ri,

respectively

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 R5

o�R5
ið Þ

5 R3
o�R3

ið Þ
r

Cylinder with a radius R and a length t; therefore:

ffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

2
þ t2

12

q
Long rod: R ! 0 and t�R tffiffiffiffi

12
p

Thin disk: t ! 0 and R�t Rffiffi
2

p
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2.2. Modified Guinier Plots

The concept of a Guinier plot can be further applied to 2D (e.g., lamellae)
or 1D (e.g., long cylinders) objects. In the case of extended cylinders of
length L and radius Rcyl, where Rcyl � 1/ q � L, the Guinier plot can be
written as [8]

log q � I qð Þð Þ ¼ A� q2
R2
G;cyl

D E
2

þ � � �; ð3Þ

where A is the extrapolated intercept value at the log(q�I) axis and hRcyl
2i1/

2 is the root mean square radius of gyration of the cylinder’s cross-section
(¼ Rcyl=

ffiffiffi
2

p
). A similar approach can be applied to the study of large

lamellar structures of thickness t, where t � 1/q � than the lateral
dimensions of the lamellae

log q2 � I qð Þ� � ¼ B� q2 R2
G;t

D E
þ � � �; ð4Þ

where B is the extrapolated intercept value at the log(q2�I) axis and hRG,t
2i1/2 is

the root mean square radius of gyration of the lamellar thickness (¼ t=
ffiffiffiffiffi
12

p
).

Although a modified Guinier plot is powerful in probing a morphology’s
average dimensions, it should be stressed that a uniform scattering density
profile (SDP) is assumed and the precise morphology of the aggregates is not
determined.

2.3. The Porod Regime

In contrast to the Guinier regime where the q range of interest is less than the
reciprocal dimension of the object, the Porod regime is defined as q � 1/(the
smallest dimension). In this high q regime of scattering, the scattered intensity
is mainly the result of scattering from the interface between the aggregates and
the solvent, and can be approximated as [9]

q4 � I qð Þ ¼ 2pDr2ST; ð5Þ

where Dr2 and ST are the contrast factor and the total surface area of the
aggregates per unit volume. Equation (5) also indicates that log(I) decreases
linearly when plotted against log(q), with a slope of�4 in the Porod regime.

2.4. Interpretation of Slopes

In the case of monotonic decay data (both SANS and SAXS), there is
another commonly used method to identify morphologies, namely deter-
mining the slope of a log(I) vs log(q) plot (i.e., I � q�m). The value of m
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reveals the system’s overall structure, where m ¼ 1, 2, 3, and �4 represents
cylinders, lamellae (disks), 3D fractal objects, and sharp interfaces (Porod’s
law), respectively [10]. Generally speaking, the q interval of one slope
should span at least a decade in reciprocal space in order to be confident
that the assumed morphology has been correctly identified. The dimension
of interest can also be estimated by the q value, qmin, where the transition of
the slope takes place. Figure 2 shows simulated scattering data of cylinders
(solid curve) and disks (dashed curve), where the length of the cylinders and
the diameter of the disks can be estimated to be �p/qmin.
2.5. Applications to Lipid Aggregates

Model independent analysis is robust in determining the gross morphologies
of interest as well as providing the foundation for more sophisticated models
needed to obtain detailed structural information. For the most part, lipo-
somes can be classified into two main catagories: (a) ULVs whose sizes span
range from small unilamellar vesicles (SUVs) to giant unilamellar vesicles
(GUVs), and (b) multilamellar vesicles (MLVs), which can easily be distin-
guished by SANS and SAXS (as shown in Fig. 3). MLVs are commonly
observed in long-chain zwitterionic lipid aqueous solutions, where hydra-
tion reaches a maximum as a result of the balance between van der Waals,
undulation, and Coulombic forces, yielding a regular lamellar spacing
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Figure 2 The calculated scattering curves of long cylinders (solid curve) and large
disks (dashed curves), where the length of the cylinders and the diameter of the disk
cross-section are 500 and 1000 Å, respectively, �p/qmin.



10−2

10−1

100

101

102

103

104

I (
cm

−1
)

2 64 864 8 2
0.01 0.1

MLV peak

q (Å−1)

q−2
q−4

×60

×5

Figure 3 SANS data of 0.1 wt% phospholipid solutions prepared by different methods
illustrating the three distinct curves resulting from: MLVs (circles), micron size ULVs
(triangles), and low-polydispersity submicron ULVs (squares).
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characteristic to a given lipid. This structure then gives rise to a set
of discrete quasi-Bragg peaks. Moreover, because of their micrometer
size, the Guinier regime for these samples is normally not accessible by
SANS or SAXS. In most cases, the decay of I(q) in the Porod regime falls in-
between a q�2 (lamellae) and a q�4 behavior at high q values, depending on
the lamellar spacing of the sample [11,12].

Micrometer size ULVs can be found in a number of zwitterionic lipid
preparations [13–15] or charged lipid solutions [16,17]. The SANS or
SAXS curve exhibits an initial q�2 dependence (because of the lamellar
structure), followed by a q�4 monotonic decay (Fig. 3), where the loca-
tion of the transient slope depends on the bilayer thickness. Submicron
ULVs do not naturally form in single-component lipid/surfactant aqueous
solutions, but are formed by mechanical processes whereby MLV solu-
tions are sonicated or extruded. However, spontaneously formed ULVs of
various sizes have been found to form in cationic/anionic surfactant
mixtures [18–20] and long-chain/short-chain lipid mixtures [21–23].
In some cases, dilution, change in pH, or an extreme change in tempera-
ture can trigger the formation of ULVs [24–26]. The characteristic SANS
or SAXS ULV curves (on a log–log plot) of usually contain a seemingly
plateau region at low q, followed by a series of oscillations which sit on a
curve with a q�2 (medium q) and q�4 decay (high q), as shown in Fig. 3.



Small-Angle Scattering from Homogenous and Heterogeneous Lipid Bilayers 209

Author's personal copy
After the initial evaluation of aggregate morphologies, the use of a model
enables the determination of more detailed information regarding the
average size, polydispersity, and bilayer thickness. The use of appropriate
models to fit data will be discussed later on.
3. Scattering Form Factors for

Homogeneous Bilayers

The thickness of biological membranes is known to vary, most likely
to stimulate the functions associated with the various membrane proteins.
For example, it is known that the activity of integral membrane proteins,
as well as the insertion and orientation of polypeptides, critically depends,
among other things, on bilayer thickness [27]. On the other hand, because
of the structural flexibility exhibited by lipid hydrocarbon chains, a mem-
brane can adjust its thickness in order to minimize unfavorable thermody-
namic interactions between water and hydrophobic protein surfaces, a
process commonly known as hydrophobic matching [28]. An example of
this is sarcoplasmic reticulum Ca2þ-transporting ATPase reconstituted
into bilayers made up of monounsaturated phospholipids and a biological
detergent [29]. In this case, enzymatic activity is maximal in bilayers
composed of medium length (18 carbons) lipids, and decreases as much
as four times, in both short- (14 carbons) and long-chain (22 carbons) lipid
bilayers. It is thus evident that knowledge of bilayer thickness is very
important when it comes to understanding protein–bilayer interactions
in membranes.

From a biological perspective, bilayers of ULVs are most appealing
mimics of biological membranes. Two of the simplest and common meth-
ods used to determine the bilayer thickness of ULVs are SAXS and SANS.
In the case of SANS, bilayer thickness can be obtained from Guinier/Porod
plots in the limited q range (see Section 2), or by fitting the scattering
function over a broader range of scattering vectors using a suitable model
for the ULV. In both cases, typical lipid bilayers dispersed in D2O (often
used instead of H2O to increase scattering contrast in neutron experiments)
can be modeled using simple slab profiles [30]. On the other hand, as a result
of selective deuteration, SANS also allows for the positional determination
of phospholipid groups and/or water [31].

An alternative way of obtaining bilayer thickness is from the Bragg scatter-
ing associated with high resolution data (i.e., extended q range), especially in
the case of X-ray scattering, where data can be obtained at higher q values. For
example, from such data the resultant 1D electron density (ED) profile con-
tains information regarding the position of the electron rich phosphate groups
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that are associated with the phosphatidylcholine headgroup. The headgroup
peak-to-peak distance across the bilayer is then used to calculate the bilayers
thickness [32]. However, bilayer thicknesses from X-ray scattering data have
come under closer scrutiny as of late, namely by a technique that jointly refines
X-ray and neutron scattering simultaneously [33].
3.1. The Use of Simple Bilayer Models in Neutron Scattering

SANS data are most often evaluated using an oversimplified single-slab
model (“top-hat”) which describes the neutron scattering length density
(NSLD) with a constant function. Although this model can reliably
capture the relative changes to the bilayer’s overall thickness, it neglects
its internal structural details. At a minimum, a lipid bilayer consists of
three distinct slabs, one for the hydrocarbon region and two for the polar
headgroups, which also include water molecules. Although still simple,
the three-slab model is a more realistic representation of the lipid
bilayer [34].

In the case of the three-slab model, although the central slab is well
approximated by a constant function, the interface between the lipid head-
group region and water region is better described by a smooth function. For
example, models employed in analyzing high resolution reflectometry data
often utilize classical error functions to describe broad interfaces [35].
However, the calculation of scattered intensity is not trivial in the case of
such complex models. In addition, the amplitude of scattered intensity from
ULVs decays as the square of the scattering vector q. A typical measurement
can then detect the scattered intensity above the background scattering only
in the range of q < 0.2 Å�1, and does not provide the necessary resolution
to resolve detailed bilayer features.

An important consideration when analyzing small-angle scattering data
from ULVs is their polydispersity. The distribution of their sizes (i.e., radii
R) follows a statistical function that is best represented either by a Gaussian
[36] or a Schulz distribution function [37]. Both of these functions have a
similar general form, with the Gaussian function being symmetric in shape.
On the other hand, polydisperse ULV systems are better described by the
asymmetric Schulz distribution

f Rð Þ ¼ t þ 1

Rmean

� �tþ1
Rt

G t þ 1ð Þ exp � t þ 1

Rmean

r

	 

; t ¼ Rmean

s

� �2

� 1; ð6Þ

where Rmean is a mean radius and s represents the variance of ULV radii
from which polydispersity is expressed in terms of a relative variance
(s/Rmean). The calculated intensity scattered from a single ULV is then
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convoluted with the polydispersity distribution function in order to obtain
the total intensity scattered from the entire system of ULVs as

I qð Þ ¼
ð
f Rð ÞI q;Rð ÞdR; ð7Þ

and where the scattered intensity from a single ULV can be written in a
Rayleigh–Gans–Debye form [38] as follows:

I q;Rð Þ ¼
ðRþd=2

R�d=2

4pr2 r rð Þ � rWð Þ sin qrð Þ
qr

dr

" #2
: ð8Þ

In general, the analytical solution of Eq. (7) is not possible in an exact form,
and even numerical solutions are limited to simple models of NSLD profiles
(e.g., step functions). On the other hand, it is possible to separate the bilayer
and vesicle form factors when the bilayer thickness, d, is much less than the
ULV radius R (i.e., R þ d � R), and holds true for most cases. This then
results in the separated form factors (SFF) approximation [39], where the
total intensity is calculated as the product of two integrals instead of the
convoluted integral given above. An advantage of the SFF calculation is that
much more complex functions can be utilized in modeling the NSLD
profile across the lipid bilayer.

Further simplification of Eq. (7) is achieved by the application of the
Laplace transform method to the SFF approximation for Schulz-distributed
ULVs [40]. The analytical form of total scattering intensity consists of
the Fourier transform of the water subtracted bilayer NSLD profile (i.e.,
Dr(z) ¼ r(z) � rW) and the function that includes the ULV’s “sphericity”
and polydispersity

I qð Þ ¼
ðd=2
�d=2

Dr zð Þ cos qzð Þdz
" #2

� 8p2 t þ 1ð Þ t þ 2ð Þ
s2q2

1� 1þ 4q2

s2

� �� tþ3ð Þ=2
cos t þ 3ð Þ arctan 2q=sð Þ½ 	

( )
: ð9Þ

Compared to the numerical computation typically used in Eq. (7), the
analytic form (Eq. (9)) allows for the much faster computation of the
scattered intensity. More importantly, a simple integration of the first part
enables one to express Dr(z) in terms of much more complex functions
than those already discussed. Figure 4 shows an example in which the
bilayer NSLD profile is described by the single-slab model and where the
bilayer–water interface is described by an error function
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Dr zð Þ ¼ rB � rW
2

erf
zþ ziffiffiffi
2

p
si

� �
� erf

z� ziffiffiffi
2

p
si

� �� �
; ð10Þ

where rW and rB are NSLDs of the water and the bilayer respectively,
and zi and si correspond to the central position and width of the inter-
face. The first part of the scattered intensity (Eq. (9)) that corresponds to the
scattering from a single bilayer is then expressed as

IB qð Þ ¼ 2

q
rB � rWð Þ sin qzið Þ exp � qsið Þ2

2

 ! !" #2
: ð11Þ

This approach can be further expanded through the use of several error
functions, as has been recently proposed for the analysis of high resolution
neutron reflectometry data (Frank Heinrich, personal communication).

The scattered intensity falls on a curve that features two regimes
corresponding to two different length scales. In the case of low-
polydispersity ULVs, high frequency oscillations are observed at length
scales corresponding to q < 0.03 Å�1. These oscillations originate from
scattering taking place over the entire vesicle and are inversely proportional
to the ULV’s radius, R, as can be surmised from the second part of Eq. (9).
However, this feature decays quickly with increasing q [33]. Scattering
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information from q > 0.03 Å�1 is mostly attributed to the bilayer itself.
According to the relation between real space and reciprocal space (D ¼ 2p/
q), it is evident that detailed bilayer information can be extracted from high
q data. Nevertheless, because the main feature of the NSLD is the contrast
between water and the lipid, neutron scattering is a well-suited technique at
describing a lipid bilayer’s gross morphology, where by the time the scat-
tered intensity reaches values of q�0.2–0.3 Å�1, it becomes indistinguish-
able from the background.

The situation is very different in the case of X-ray scattering, the result of
the interaction between X-rays and the bilayer’s electrons. A typical bilayer
ED profile contains two distinct peaks corresponding to the electron-dense
phosphate groups and the terminal methyl groups found in the bilayer’s
center. Consequently, it is often possible to obtain meaningful data
up to q ¼ 0.6 Å�1 in the case of unoriented ULV samples [41], and up
to q ¼ 0.8 Å�1 in the case of oriented multilayers [42]. In other
words, X-ray scattering is well-suited at determining the bilayer’s finer
structural details.
3.2. Asymmetric Bilayers

Equation (11) was derived via the well-known Fourier transform for a
symmetric (i.e., two identical bilayers leaflets) lipid bilayer NSLD profile
(see Fig. 4). Its behavior for a typical lipid bilayer is characterized by periodic
oscillations that have zero intensity at certain points along q. On the other
hand, a nonzero intensity along q suggests bilayer asymmetry, as can be
surmised from the complete form (Eq. (12)) of the Fourier transform with a
complex exponential

IB qð Þ ¼
ðd=2
�d=2

Dr zð Þ cos qzð Þdz
" #2

þ
ðd=2
�d=2

Dr zð Þ sin qzð Þdz
" #2

: ð12Þ

For an asymmetric lipid bilayer the amplitude of scattered intensity does not
necessarily go to zero (see Fig. 5), as was observed in SAXS experiments of
charged lipid bilayers [41,43].

Whereas aligned bilayers, whether prepared with charged or uncharged
lipids, are symmetric, experimental results have shown this not necessarily
the case in ULVs of charged lipids—it should be pointed out, however, that
similarly sized neutral ULV bilayers are not affected by curvature. These
data implied that the asymmetry observed in charged bilayers is most likely
the result of the interplay between electrostatic interactions and curva-
ture, rather than bilayer curvature alone [41]. Nevertheless, the curvature
present in biological membranes is most likely essential to intracellular
as well as intercellular communication (e.g., budding, fusion), which are
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accomplished only when certain geometrical conditions are present.
Changes in the local curvature are also observed during the formation of
lateral heterogeneities in model membranes and are expected to form lateral
domains in biological membranes. The lateral organization and local curva-
ture of membranes are also influenced by membrane proteins. On the other
hand, curvature alone may enable mechanisms for organizing mobile mole-
cules within the membrane [44].

Although it is not completely clear how the cell manages a membrane’s
lateral organization, the segregation induced by cholesterol is supposed
to be a key factor in this process. For example, the sorting and trafficking
of membrane proteins along the exocytic pathway through the Golgi
apparatus has been linked to cholesterol and membrane thickness. Trans-
membrane domains of plasma membrane proteins have been found, on
average, to be five amino acids longer than those of the Golgi, while
membranes along the exocytic pathway increasingly thicken from the
endoplasmic reticulum to the plasma membrane [45]. This progressive
membrane thickening has been correlated with a concomitant increase in
cholesterol content along the secretory pathway, suggesting that cholesterol
determines the membrane’s thickness and controls the destination of
proteins by hydrophobic matching [28].

Thickening of lipid bilayers upon the addition of cholesterol has
been observed in various lipid systems [46–48]. However, and perhaps
more interesting, was the observation that cholesterol is not necessarily
distributed symmetrically across bilayers, especially disordered bilayers [49].
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containing short monounsaturated acyl chains (diC14:1PC) formed in 600 Å ULVs.
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Ref. [49]).
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SAXS carried out on systems of monounsaturated lipid bilayers revealed
that the cholesterol density ratio between a bilayer’s two leaflets can be as
high as two (Fig. 6). This asymmetry is especially true for bilayers made up
of shorter acyl chain lipids with inherent increased disorder, and
diminishes with increasing acyl chain length. As the same asymmetry was
not observed for planar oriented bilayers [50], this result was attributed to
the significant curvature present in the bilayers of 600 Å ULVs. This result
is likely of relevance to biological membranes which consist of a wide
variety of lipids with different intrinsic curvature properties. Although it is
still not clear whether local curvature affects lipid composition, or vice
versa, the resultant structural changes that may take place as a result of
differing lipid properties may be important in how a membrane regulates
protein function.
3.3. Advanced Bilayer Models Used in X-ray Scattering

Compared to neutron scattering, X-ray scattering offers the possibility of an
extended range of measurable scattering intensity, thus permitting for the
use of more complex models the bilayer ED profile contains features which
cannot be described by simple step functions. Models with a constant ED
would include physically unrealistic discontinuities that would lead to
spurious large amplitude high q oscillations in the scattering form factor
[51,52]. Although the simplest solution is to add more steps to the model,
doing so unrealistically proliferates the number of parameters which may
not even be accurate descriptors of the bilayer’s molecular organization.

A better approach is to model the ED profile by some smooth function.
For example, for a given q range Pabst et al. [53] utilized three Gaussians
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each representing the polar headgroup (one in each leaflet) and the methyl
terminus. Eq (10) can thus be rewritten as

Dr zð Þ ¼ rH � rWð Þ exp � z� zHð Þ2
2s2H

 !
þ exp � zþ zHð Þ2

2s2H

 ! !

þ rC � rWð Þ exp � z2

2s2C

� �
; ð13Þ

where rW, rH, and rC are the EDs of water, the headgroup, and the
hydrocarbon tails, respectively, and zH, sH, and sC are the position and
widths of their corresponding Gaussians; note that zC ¼ 0. The scattering
intensity that corresponds to such a bilayer can then be expressed as

IB qð Þ ¼ 2p

"
2sH rH � rWð Þ exp � qsHð Þ2

2

 !

cos qzHð Þ þ sH rC � rWð Þ exp � qsCð Þ2
2

 !#2
: ð14Þ

This is most likely the simplest model of a lipid bilayer ED profile that
captures its overall form. On the other hand, it also neglects features that
might also may be important to some studies.

Wiener et al. [52] demonstrated that the essential feature of an EDmodel
is its ability to accommodate an asymmetric headgroup by describing it with
two Gaussians. In doing so, values of some data previously obtained from
low-angle X-ray scattering studies (e.g., distance between the headgroups,
DHH) were improved. In other cases, however, either poor experimental
resolution and/or the inherent disorder present in liquid crystalline bilayers
precluded resolving a bilayer’s detailed features. What was found to be
important to most of the cases, however, was the plateau region between
the headgroups and terminal methyls. This corresponds to the region
of methylene-like groups (i.e., CH2 and CH) whose ED is, in general,
different from that of water. The inclusion of all of the above mentioned
features in to one description resulted in the advanced hybrid models of
a lipid bilayer.

A variety of structural models have been applied to describe the X-ray
scattering data from lipid bilayers. The step function models are an over-
simplified description of the bilayer’s ED profiles, while the much more
complicated structural models consist of too many parameters and are
restricted to systems that are not fully hydrated [54]. A more successful
model was developed by Nagle and coworkers [52]. This hybrid model
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addressed the issues of the previous two, consisting both of Gaussian and
step functions. However, the baseline created by the step functions proved
to be an awkward aspect of this model, because the ED in the superposition
region is not only the result of water molecules and hydrocarbon groups,
but also contains parts of the phosphatidylcholine headgroup. A better
model would represent the various groups by separate functions. Klauda
et al. [55] demonstrated such a model through the use of three Gaussians
(two for the headgroups and one for the terminal methyls) and two error
functions (discussed in Section 3.1) for the water and the hydrocarbon chain
regions. The mathematical description for such a model is then a combina-
tion of Eqs. (10) and (13), and (11) and (14).

With the development of more advanced models that utilize an
increased number of free parameters, there is a need for more experimental
data. Low-angle diffuse X-ray scattering from unoriented MLVs provided
data up to 0.5 Å�1 [53], while fully hydrated aligned multilamellar samples
resulted in continuous form factors up to 0.8 Å�1 [56,57]. However, in
contrast to the usual crystallographic measurement of peak intensities or
diffuse scattering from MLVs, the method by Lyatskaya et al. [56], and Liu
and Nagle [57] did not adequately address the low q data. Later on Kučerka
et al. [42] introduced a global analysis that combined data from ULVs and
aligned samples, thus making good use of the data over the entire q range of
scattering (Fig. 7).
3.4. Joint Refinement of Neutron and X-ray Scattering

The ED and NSLD models described above emphasize different but com-
plementary features of the bilayer (compare Fig. 8A and B). It thus follows,
that a combined approach should describe the structural features accentu-
ated by each technique, but in a manner that addresses them simultaneously.
This is illustrated in the way lipid area,A, is determined. For both X-ray and
neutron scattering, A, is calculated using the bilayer’s thickness and volu-
metric information. However, it should be stressed that the two techniques
are sensitive to different bilayer thicknesses. The thickness best resolved by
X-rays is the distance between the lipid headgroup phosphates, DHH, while
in the case of neutron scattering the high contrast between the protonated
lipid and deuterated water accurately defines the total bilayer thickness, DB.
Even though they are the two most robust experimentally determined
parameters, DHH and DB are not directly comparable, and neither on its
own provides all of the desired bilayers structural information. Instead,
models are used to determine the remaining structural parameters where
better parameter determination should ensue when more data are included.
The simultaneous analysis of X-ray and neutron scattering data results in
parameters that better describe all the key bilayer features.
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The joint refinement of X-ray and neutron diffraction data to obtain
bilayer structural information was first reported by Wiener and White [54].
However, even though they used highly ordered, partially dehydrated
multibilayers, those experiments illustrated the challenges faced by the
diffraction method. Recently, Kučerka et al. [33] introduced a
similar approach for calculating SDPs, where the simultaneously analyzed
X-ray and neutron small-angle scattering data allow for the use of
fewer parameters (by nearly 50%) to fit the data when compared to the
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original composition-space model [58]. This analysis utilizes the continuous
X-ray diffuse scattering from aligned multibilayers, observed at mid-to-high
scattering vectors q (i.e., 0.2 Å�1 < q < 0.8 Å�1), and the diffuse scattering
from isotropic ULVs, effectively extending the q range down to � 0.05 Å�1

(see Fig. 7), together with the contrast varied neutron scattering data from
ULVs (Fig. 8D and E, respectively).

The biggest challenge in designing a good model is to ensure that it
ultimately describes the main structural features of a bilayer. Although a
model that represents each individual atom is certainly accurate, it would
require the use of too many parameters for the available data. As such, in
order to reduce the number of parameters, bringing it in line with the
available data, the grouping of atoms into component groups is necessary. In
the case of X-rays, the features with the most contrast are the electron-dense
headgroups and the ED-low terminal methyl groups found in the bilayer
center (Fig. 8A). In the case of neutrons, the greatest contrast is between the
fully protonated lipids and the deuterated water (Fig. 8B). It is imperative
that all of these features be included in a model that aims to simultaneously
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describe both NSLD and ED profiles. The most parsimonious, but still
adequate SDP model [33], has been shown to be comprised of the com-
bined carbonyl and glycerol groups, which are described by a single Gauss-
ian (CG), the phosphate group and part of the choline (CH2CH2N) by
another Gaussian (PCN), and the remaining choline (3�CH3) by yet a third
Gaussian (CholCH3). The error function represents the total hydrocarbon
region (i.e., sum of CH2, CH, and CH3 groups), where the CH and CH3

groups are each described by a single Gaussian.
Although the SDP model is designed to obtain structure from X-ray and

neutron scattering data, the primary description is not in terms of the ED
or NSLD. Instead, it is described by volume probability distributions, Pi(z)
(Fig. 8C) which satisfy the spatial conservation principle, i.e., where volume
is conserved. Compared to previous models based on global spatial conser-
vation [59], the novel feature of the SDP model is that it imposes spatial
conservation locally. This is accomplished through the water distribution
(denoted by W) not being defined by any particular function, but is rather
calculated on the basis of the “complementarity” requirement, whereby all
of the probabilities add up to 1

PW zð Þ ¼ 1� PCG zð Þ � PPCN zð Þ � PCholCH3
zð Þ � PHC zð Þ: ð15Þ

In this way, the model satisfies the spatial conservation principle, while
capturing all of the features presented by the different SDPs [33] that are
calculated as

Dr zð Þ ¼
X

ri � rWð ÞPi zð Þ; ð16Þ

where ri represent the EDs or NSLDs of various components (i.e., CG,
PCN, CholCH3, CH, CH2, CH3).

In this case, where data from different sample preparations (i.e., aligned
multilayers and ULVs) and probes (i.e., X-rays and neutrons) are combined,
the scattering is more appropriately described by form factors as opposed
to intensities. The form factors for the symmetric SDP model are then
obtained from the Fourier transform

F qð Þ ¼ 2

ðD=2

0

Dr zð Þ cos qzð Þdz; ð17Þ

where the integration extends from the bilayer center (z ¼ 0) to a point
D/2 beyond which Dr(z) ¼ 0. The solid lines in Fig. 8D and E showX-ray
and neutron scattering form factors, respectively, obtained through the
use of the SDP model [60].
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3.5. Lipid Area

The main purpose of models is to obtain structural information, among
which the area per lipid, A, is one of the most important parameters that is
needed to accurately describe bilayer structure, and lipid–lipid and lipid–
protein interactions in biomembranes. However, A is not easily determined
and is only obtainable if additional information is provided to constrain
the many parameters that are required in any realistic model of a bilayer.
It should be emphasized, however, that this is not a criticism for the use of
models. On the contrary, the unique advantage of models is that informa-
tion from other experiments can be used to refine them [55]. For example,
total lipid volume, VL, one of the most accurately known parameters can be
included to reduce the total number of variables [61–63]. Even though the
experimentally obtained scattering contains information about the bilayer’s
structure in the z direction (i.e., along the bilayer normal), the addition of
VL allows for the evaluation of structure in the lateral direction, namely A.

In the case of X-rays one of the most pronounced features in an ED
profile are the electron-dense headgroups, providing the head–head spacing
DHH (see Fig. 8A) and from which the hydrocarbon chain region thickness,
DC, can be estimated using certain assumptions [32]. One assumption is that
the distance between the headgroup phosphate and the hydrocarbon region
(i.e., DH1 ¼ DHH � DC) does not change for different lipids or as a
function of temperature. It then follows that

A ¼ VL � VHLð Þ= DHH �DH1ð Þ; ð18Þ

where VHL is the volume of lipid headgroup.
In the case of neutrons, the greatest contrast is between the fully proto-

nated lipids and the deuterated water, resulting in the water distribution
function—effectively the Gibbs dividing surface for the water region. The
position of the Gibbs dividing surface is defined by the equality of the
integrated water probabilities to its left and the integrated deficit of water
probabilities to its right (Fig. 8C, shaded areas). In other words, it is the
position that would correspond to the edge of the distribution if it was
represented by a simple box model, making it equivalent to Luzzati’s
division of two component systems consisting of water and lipid [60].
This criterion then directly yields [33] a simple equation for calculating
lipid area

A ¼ 2VL=DB: ð19Þ

It should be emphasized that Eq. (19) implies that neutron scattering is a
more appropriate technique for determining parameters such as A, while



Table 2 Lipid bilayer structural data obtained from the joint refinement of X-ray and
neutron scattering data [33,60,64]

Lipid T (
C) DHH (Å) 2DC (Å) DB (Å) A (Å2)

diC16:0PC 50 38.0 28.4 39.0 63.1

di4MeC16:0PC 30 36.4 27.2 35.4 80.5

diC14:1PC 30 29.6 23.4 33.7 64.2

diC16:1PC 30 32.1 26.2 36.2 65.8

diC18:1PC 30 36.8 29.0 38.9 66.9

diC20:1PC 30 38.9 32.6 42.5 66.6

diC22:1PC 30 45.5 36.4 46.4 65.7

diC24:1PC 30 47.9 41.6 52.2 62.7
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high resolution X-ray scattering reveals more detailed intrabilayer structural
information. By simultaneously analyzing the two different data sets one can
then better determine the precise structure of fully hydrated, liquid crystal-
line bilayers. Importantly, the new analysis indicated that areas (see Table 2)
for some lipids have been overestimated by as much as 10% when only X-
ray scattering was used to determine A.

The inconsistencies in lipid areas found in the literature have also been
highlighted by the disparate results arising from MD simulations that use
different force fields. For example, MD simulations based on CHARMM
(Chemistry at HARvard molecular mechanics) potentials are performed at
nonzero surface tension in order that they may better agree with X-ray
scattering data [55], whereas simulations using a combination of GROMOS
and OPLS (Optimized potential for liquid simulations) potentials do not
seem to require this additional “tweaking” [65]. It is noteworthy to empha-
size that in addition to comparing modeling results, MD simulations should
be directly compared to scattering data [55,66–69]. As MD force fields are
considered to be “well tuned” only if they are able to reproduce experi-
mental data, thus much more work is needed to reconcile simulation and
experiment, even in the simplest case of single-component membranes.
4. Scattering from Laterally Heterogeneous

ULVs

Because of their biological implications, the discovery of functional
domains or “rafts” in cell membranes has stimulated considerable interest
with regard to the lateral organization of both cell and model membranes.
Our current understanding of rafts comes from studies of lateral phase
separation in model bilayers composed of ternary mixtures of saturated
and unsaturated lipids, including cholesterol. Formation of these domains
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is assumed to be the result of distinct interactions between cholesterol and
lipids, with different hydrocarbon chains causing cholesterol to partition
preferentially with saturated hydrocarbon chain lipids, forming a liquid
ordered phase [70]. The high affinity of cholesterol for saturated lipids, or
more precisely, the large difference in cholesterol affinities for different lipid
species is considered to be the driving force for the formation of cholesterol
rich domains [71]. However, looking at it from a different point of view,
one can argue that rather than cholesterol’s differing affinities for different
types of lipids, domain formation may be the result of the aversion between
the two lipid species for each other, supporting the notion of lipid-driven
domain formation [72].

A variety of approaches have been used to characterize lateral hetero-
geneities. Of the different techniques the visually based approaches out-
number the scattering techniques, most likely because some may find the
analysis used to interpret scattering data, onerous. However, once the
methods of analyses have been dealt with, X-ray and neutron scattering
offer the possibility of resolving features on the order of nanometers, while
at the same time yielding ensemble-averaged information. Importantly,
SANS utilizes selective lipid deuteration as a method of contrast enhance-
ment, whereas the inclusion of bulky fluorescent dyes or labels used by
many of the optical techniques (e.g., fluorescence microscopy), can alter the
system’s phase behavior [73].

The detection of domains using SANS depends on the use of contrast
variation. First, the contrast between the overall vesicle and the solution is
minimized through the appropriate use of H2O and D2O. This minimum
contrast condition takes place when the NSLD of the hydration medium is
equal to that of the vesicle [74]. Second, the contrast between domains
of different composition is enhanced by the selective deuteration of a lipid
that preferentially partitions into one phase over the other. Figure 9 shows a
rise in scattering intensity when lateral segregation takes place. The domains
or heterogeneities in the ULVs have NSLDs that are different from the
mean NSLD resulting in contrast between the domains and the water
(H2O/D2O) [75].
4.1. Model-Independent Analysis

As in the case of homogeneous ULVs it is possible to evaluate domains or
lateral heterogeneities from SANS data without having to rely on precise
models (see Section 2). The mean square fluctuation in the NSLD is the
Porod invariant, Q, and can be related to the integral of the scattering
intensity (Q ¼Ð I(q)q2 dq) [8,9]. However, Q in this case depends on both
the radial and lateral fluctuations (i.e., inhomogeneities) in the NSLD. The
membrane’s total NSLD can be expressed as a sum of three contributions
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Figure 9 Schematic representation of the sensitivity of SANS to lateral inhomogene-
ities. The curve at the bottom corresponds to the scattering from a contrast matched
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additional contribution to the scattered intensity arising from the contrast between the
lateral domains and the remaining ULV (inset, top right corner).
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Dr r; y;jð Þ ¼ Drmean þ rrad rð Þ þ rlat r; y;jð Þ; ð20Þ

where Drmean is the mean NSLD contrast, rrad(r) is a component that
fluctuates radially (discussed in Section 3) but does not vary with y and j,
and rlat(r,y,j) is the fluctuating component of NSLD that describes the
membrane’s lateral heterogeneities on the ULV’s surface [76]. The scatter-
ing intensity can then be decomposed using the same terms as above. The
Porod invariant can thus be written as

Q ¼ Qmean þQrad þQlat: ð21Þ

Qmean corresponds to the square of the mean NSLD contrast, Qrad corre-
sponds to the mean square radial fluctuations, and Qlat corresponds to the
mean square lateral fluctuations in the NSLD [76].

Although this approach applies to small-angle scattering in general, it
lends itself ideally to SANS, particularly because of the unique sensitivity of
neutrons to H/D substitution and the possibility to nullify or enhance
scattering contrast. For example, the leading term in Eq. (21) can be
eliminated through the appropriate mixture of H2O/D2O. Under contrast
matched conditions (i.e., Drmean ¼ 0) the total scattering consists solely of
contributions from the radial and lateral fluctuations in the NSLD, while
Qmean diminishes (see Fig. 10).

Figure 10 shows plots of the Porod invariant calculated for ULVs with
different lipid deuteration ratios. While the minimization of the Qmean
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226 N. Kučerka et al.

Author's personal copy
contribution is achieved by the straightforward manipulation of H2O/D2O,
the separation ofQrad andQlat is not as simple and requires some knowledge
of the structure and chemical composition of the membrane. As Qrad arises
from the contrast between the mean lipid acyl chain NSLD and the mean
lipid headgroup NSLD, andQlat depends on the contrast between the lipid’s
acyl chains, it is then obvious that the relative contributions of the two
depend on the deuteration ratio of the lipid chains. The extent of NSLD
contrast between the two domains (one rich in DLPC, 1,2-dilauroyl-sn-
glycero-3-phosphocholine, and other one rich in DPPC, 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine) that corresponds to Qlat has a minimum
when all DPPC hydrocarbon chains are protonated (Fig. 10A) and reaches
a maximum value when they are all deuterated (Fig. 10B). On the other
hand, the large NSLD contrast between lipid headgroups and acyl chains
prevents the unambiguous subtraction of Qrad for both of these cases.
However, the latter contribution reaches a minimum when the ratio of
deuterated-to-nondeuterated DPPC is 50% (Fig. 10C). This then allows for
the reasonably facile determination of the Qlat contribution. Figure 10C
shows that the value ofQlat near the contrast match point is essentially equal
to the total Q [76].

The formation of domains and the concomitant identification of phase
boundaries as a function of either membrane composition or temperature
can be detected in changes to Q. However, Q alone cannot be used to
determine more precise details of heterogeneous vesicles. Consequently,
the determination of parameters such as, domain area fraction and compo-
sition still relies on fitting experimental data with the appropriate analytic
form factor.
4.2. Full Form Factor

The general findings from fluorescent microscopy studies suggest that the
formation of domains depends on both membrane composition and tem-
perature, and that their shapes exhibit various morphologies depending
on the thermodynamic phases of the components [77]. Nevertheless, in
the liquid–liquid coexistence phase, the most likely equilibrium state con-
sists of ULVs with single circular domains [78]. Note however, that the
assumption of completely segregated circular domains is not a necessary
condition. As ULVs undergo rotational diffusion over the course of an
experiment, SANS results are thus a description of an orientational and
ensemble average. This means that the results obtained using the single
circular domain approximation provide information regarding the circular-
domain-equivalent of membrane heterogeneities.

As shown in Fig. 11 the NSLD of a heterogeneous ULV is axially
symmetric [i.e., r(r,y,j) ¼ r(r,y)] and can be represented in spherical
coordinates (i.e., r and y) by a function that is equal to rld(r) in the liquid
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Figure 11 Schematic of a heterogeneous vesicle, where the circular domain is centered
on the vesicle’s z axis (adapted from Ref. [79]).
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disordered (ld) phase region and rlo(r) in the liquid ordered (lo) phase
region, where the domain is bounded by an angle a. This definition
makes Drmean þ rrad(r) from Eq. (20) equal to rld(r) � rW over the entire
surface of the vesicle, and rlat(r,y) equals to rlo(r) � rld(r) in the domain
region (i.e., y � a), while rlat(r,y) is zero everywhere else.

Although the calculation of the scattered intensity from a heterogeneous
ULV is more complicated (compared to Eq. (8)), it can still be resolved
analytically by expanding the scattering potential into spherical harmonics
using a convenient frame of reference (see Ref. [79] for more details). This
derivation assumes sharp boundaries between the two phases and that
the NSLD is separated into radial and angular components (i.e., r(r,y) ¼
rrad(r)rang(y)). Then, as in the previous case of model-independent analysis
(Section 4.1), the scattering intensity can be decomposed in to three
different components that reflect the three components of the NSLD
function (see Eq. (20)). The total scattered intensity from a heterogeneous
ULV of radius R can then be written as [79]

I q;Rð Þ ¼ 2Zmean q;Rð Þ þ 2Zrad q;Rð Þ þ Zlat;0 q;Rð ÞX0 að Þ� �2
þ
X
l

2l þ 1ð Þ2Z2
lat;l q;Rð ÞX2

l að Þ: ð22Þ

Here, Zmean(q,R) corresponds to the scattering arising from the contrast
between the mean NSLD of the vesicle, rmean, and that of medium, rW,

Zmean q;Rð Þ ¼
ðRþd=2

R�d=2

4pr2 rmean � rwð Þ sin qrð Þ
qr

dr; ð23Þ
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and Zrad(q,R) corresponds to the scattering due to the radial variations in the
NSLD

Zrad q;Rð Þ ¼
ðRþd=2

R�d=2

4pr2rrad rð Þ sin qrð Þ
qr

dr: ð24Þ

Both of these contributions together determine the scattering form factor
from a homogeneous vesicle. This is equivalent to Eq. (8).

The scattering due to the lateral contrast between the two phases
is incorporated through the functions Zlat, l(q,R) and Xl(a) that are calcu-
lated within the boundaries of the domain (where rlat(r,y) ¼ rlo(r) � rld(r))
as [79]

Zlat;l q;Rð Þ ¼
ðRþd=2

R�d=2

4pr2rlat r; yð Þjl qrð Þdr; ð25Þ

and

X0 að Þ ¼ 1� cos að Þ ð26Þ

and

Xl að Þ ¼ cos að ÞPl cos að Þð Þ � Plþ1 cos að Þð Þ
l

; l ¼ 0; ð27Þ

where jl and Pl are spherical Bessel functions and Legendre polynomials of
order l, respectively. Note that for the typical case of polydisperse ULVs, it is
important to integrate Eq. (22) over the vesicle size distribution as suggested
by Eq. (7). This can be done following the approach of SFF and Laplace
transforms described in Ref. [79].

The lipid membrane, even in the case of a laterally homogeneous vesicle,
typically has an NSLD profile that varies across the bilayer (see Section 3).
In the simplest representation there are, at a minimum, differences between
the lipid headgroup and acyl chain regions, as was discussed in Section 3.1.
On the other hand, the discussion in Section 4.1 outlines the experimental
possibility of producing ULVs with a radially homogeneous NSLD profile
through the partial deuteration of the lipid acyl chains. According to Fig. 10,
such a contrast condition provides the best possibility for separating radial
and lateral scattering components. In addition, it is also possible to nullify
the contribution of the Zmean form factor by utilizing the appropriate
H2O/D2O mixture, such that rmean ¼ rW. By doing so, this results in
the optimal condition for detecting and characterizing domains.
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4.3. The Influence of Curvature on Domains

As was discussed, the optimal conditions for the detection and characteriza-
tion of membrane domains are significantly different from those that are
optimal for the measurement of the vesicle form factor used for the pur-
pose of determining vesicle size and/or membrane transverse structure
(Section 3). While the vesicle form factor is obtained from scattering
measurements of protonated ULVs in 100% D2O, domains are best
observed at the contrast matched condition (Section 4.1). It is nevertheless
equally important to have access to both conditions, something that is
conveniently achieved by SANS.

An interdependence between local curvature and membrane structure
has been observed in model membranes in both the transverse (see
Section 3.2) and recently, in the lateral directions [80]. Lateral direction
measurements were performed using two contrast conditions allowing for
a separate assessment of the vesicle form factor and any contributions
to the scattering from lateral heterogeneities. Figure 12 emphasizes the
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Figure 12 SANS curves obtained from heterogeneous vesicles. The top part shows
measurements performed at the contrast condition that enhances the vesicular form
factor (i.e., Zmean and Zrad), while the contrast condition at the bottom accentuates the
contribution from lateral heterogeneities (i.e., Zlat and X).
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significant differences between SANS intensities for these two cases.
Overall, vesicle features (e.g., size and shape) are obtained when the
Zmean contribution (see Eq. (22)) is accentuated by the large contrast
made possible between the fully deuterated water and the fully protonated
lipid vesicles. Under these contrast conditions, lipid lateral heterogeneity
does not produce significant lateral variations in the NSLD and conse-
quently, the data can be successfully analyzed using the homogeneous
vesicle form factor.

The bottom of Fig. 12 shows SANS data obtained at the contrast
condition where lateral heterogeneities are accentuated. The radial variation
of the NSLD, reflected in Zrad, was minimized by utilizing a mixture
of protonated and deuterated lipids such that the lipid acyl chain NSLD
was equal to that of the headgroups. In addition, ULVs were dispersed in
36% D2O solution to minimize the contribution of Zmean. As the remaining
terms in Eq. (22) depend predominantly on the difference between the
NSLDs of the two phases, it is possible to detect and characterize the
formation of domains. Equation (22) defines the domain size by the angle a.
The spherical cap area is calculated as

a ¼ 2pR2 1� cos að Þð Þ; ð28Þ

and the apparent domain radius is defined via the planar projection as

Ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1� cos að Þð Þ

p

r
R; ð29Þ

where R is the radius of the vesicle. Pencer et al. [80] discovered that the
apparent size of the circular domain decreased slightly with increasing
vesicle radius, and revealed more a substantial change when compared to
the vesicle size. This result may imply that the demixing of lipids depends
on vesicle size and thus on membrane curvature.

There is ongoing controversy regarding the size and stability of mem-
brane domains in both cell and model membranes. This controversy is
further complicated by the variability in sensitivity among the different
techniques used to detect domains, and by the different model membrane
systems used. In particular, the observation of lateral heterogeneities in
ULVs by fluorescence resonance energy transfer (FRET), where none
was observed in GUVs by fluorescence microscopy (FM), has led to
fundamental questions regarding the nature and existence of membrane
domains [81]. However, the possibility for studying lateral membrane
heterogeneities using a single experimental technique has helped to recon-
cile these apparent discrepancies. The recently developed SANS approach
has clearly shown that membrane curvature has an important role to play in
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the miscibility of the various lipid components [80]. It therefore seems that
the apparent inconsistencies between ULV FRET and GUV FM studies
may merely be due to differences in membrane curvature.
5. Concluding Remarks

Over the years many of the most important properties of lipids have
been determined through various physical techniques. In the mean time,
the plasma membrane has been shown to be considerably more complex
than originally thought, especially with regard to the diversity of lipids and
their unique functions. Although the importance of proteins in biology has
been known for some time now, the importance of lipids in general and
their role in protein function in particular—through functionalised lipid
platforms - has been a recent phenomenon. Even though scattering tech-
niques in the past have played a role in evaluating lipid–lipid and lipid–
protein relationships, recent advances in the analysis of small-angle scatter-
ing data have opened doors for understanding these relationships that were
not previously imaginable, even a decade ago.

In this chapter, we presented some of the basic scattering principles
together with some of the latest developments regarding the application
of small-angle X-ray and neutron scattering methods used to explore the
structure of biologically relevant membranes. The possibilities of model-
independent approaches have been demonstrated in the case of model
membranes with homogeneous as well as heterogeneous lateral structures.
In particular, the latter case lends itself ideally to neutron scattering methods
because of the unique sensitivity of neutrons to H/D substitution and the
possibility to nullify or enhance scattering contrast. On the other hand, high
resolution X-ray scattering data have been shown to be well suited for the
detailed internal structure of lipid bilayers using model dependent analysis to
elucidate the bilayer’s transverse structure. Structural biophysics is evolving to
take advantage of recent developments in small-angle scattering to accurately
determine the structure of lipid bilayers that will help to reveal the numerous
relationships between structure and function in biological membranes.
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