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Abstract. Using coarse grained models of heterogeneous vesicles we demonstrate the potential for small-
angle neutron scattering (SANS) to detect and distinguish between two different categories of lateral
segregation: 1) unilamellar vesicles (ULV) containing a single domain and 2) the formation of several
small domains or “clusters” (∼10 nm in radius) on a ULV. Exploiting the unique sensitivity of neutron
scattering to differences between hydrogen and deuterium, we show that the liquid ordered (lo) DPPC-rich
phase can be selectively labeled using chain deuterated dipalymitoyl phosphatidylcholine (dDPPC), which
greatly facilitates the use of SANS to detect membrane domains. SANS experiments are then performed in
order to detect and characterize, on nanometer length scales, lateral heterogeneities, or so-called “rafts”, in
∼30 nm radius low polydispersity ULV made up of ternary mixtures of phospholipids and cholesterol. For
1:1:1 DOPC:DPPC:cholesterol (DDC) ULV we find evidence for the formation of lateral heterogeneities on
cooling below 30 ◦C. These heterogeneities do not appear when DOPC is replaced by SOPC. Fits to the
experimental data using coarse grained models show that, at room temperature, DDC ULV each exhibit
approximately 30 domains with average radii of ∼10 nm.

PACS. 87.16.Dg Membranes, bilayers, and vesicles – 87.14.Cc Lipids – 87.64.Bx Electron, neutron and
X-ray diffraction and scattering – 87.68.+z Biomaterials and biological interfaces

1 Introduction

In recent years, much work has been devoted to under-
standing the mechanisms driving lateral organization in
both cell and model membranes. This interest in mem-
brane domains is primarily driven by their potential roles
in a variety of biological functions such as, immune re-
sponse [1], synaptic transmission [2], intracellular traffick-
ing [3], and as platforms for infection by viruses such
as HIV [4]. While there have been many membrane do-
main studies carried-out over the years, presently there is
continuing controversy regarding domain sizes and life-
times [5]. Nevertheless, in the case of cell membranes,
there is growing support for a model that describes
rafts (functional domains) as transient clusters undergoing
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continual formation and dispersion, which in response to
particular signals, or events, coalesce and stabilize form-
ing much larger functional domains [5–8]. There is also a
growing consensus that one of the key components of lipid
rafts is cholesterol, and that membrane cholesterol levels
are a determining factor in the stability and organization
of these rafts [6,9].

The commonly accepted model for putative lipid rafts
in vivo is of domains enriched in cholesterol and satu-
rated sphingolipid [5]. In model membranes, ternary mix-
tures of cholesterol, saturated sphingolipid and unsatu-
rated phospholipid, have been observed to separate into
“raft-like” domains composed mainly of cholesterol and
sphingomyelin, and non-raft domains composed primarily
of unsaturated phospholipid, thus supporting the model
of in vivo rafts [9]. When saturated sphingolipid is re-
placed by a saturated phospholipid in model systems,
ternary mixtures also separate into domains enriched in
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cholesterol and saturated lipid and those enriched in un-
saturated lipid. Consequently, the most general model of
raft forming lipid mixtures, though requiring cholesterol,
unsaturated and saturated lipid, may not necessarily re-
quire sphingolipid as the saturated lipid component.

An emerging picture of lipid rafts in vivo as being
spatio-temporally regulated by the cell, rather than be-
ing passively formed in thermally equilibrated systems,
raises the question as to the value or relevance of studies
on model systems which are inherently passive and tend
toward thermal equilibrium [8]. What then can studies of
model systems contribute, if anything, to our understand-
ing of domain formation in cell membranes?

Silvius [9] identifies two such categories of study for
cholesterol-lipid interactions: 1) thermodynamic and spec-
troscopic studies, which highlight the different interactions
of various lipid species with cholesterol, contribute to our
understanding of raft composition. 2) Spectroscopic and
fluorescence microscopy studies, which have shown the im-
portant role that cholesterol itself plays in modulating and
even promoting domain formation, contribute to our un-
derstanding of raft formation and stability.

A number of theoretical studies of model membrane
systems have also proven central to elucidating the pos-
sible interactions driving lateral segregation, as well as
concomitant changes to vesicle structure [10–15]. Such
theoretical studies have not only helped in our under-
standing of possible mechanisms for cell and model mem-
brane lateral organization, but have also motivated impor-
tant experimental work on such systems. For example, the
concept of and theoretical framework for domain-induced
budding of membranes has been known for some time [12],
but has only recently been confirmed experimentally by
fluorescence microscopy studies [16].

Thus, while it is true that studies of model systems
may not necessarily reveal absolute domain sizes and life-
times comparable to those possibly found in cell mem-
branes, these studies do provide valuable information as
to the relative importance of lipids and cholesterol in sta-
bilizing rafts and the potential impact of changes in mem-
brane composition, or environmental variables (e.g., tem-
perature, pH) on raft size and stability.

One of the central results from studies of laterally
heterogeneous model membrane systems is the observa-
tion of lateral heterogeneities on two independent length
scales. While fluorescence microscopy shows the forma-
tion of micron-sized domains (e.g. [17]), FRET and flu-
orescence quenching provide evidence of domains which
are <10 nm in diameter (e.g. [18]). Single dye fluores-
cence, while sensitive over all length scales to differences
between the cholesterol-rich and cholesterol-depleted en-
vironments, gives indications of lateral segregation, but
cannot provide information about domain sizes. Thus, the
size of domains cannot be probed by fluorescence on the
intermediate length scale range, between tens and hun-
dreds of nm.

Observations of micron-sized domains have recently
been used to construct phase diagrams for ternary lipid
mixtures, e.g. [19–21]. The region of these phase diagrams

that appears most relevant to lipid raft phenomena is
the two phase or liquid-liquid coexistence region. Follow-
ing the terminology initially introduced for two compo-
nent lipid-sterol mixtures [22], the cholesterol-rich and
cholesterol-depleted liquid phases are referred to as the
liquid-ordered (lo) and liquid-disordered (ld) phases, re-
spectively (e.g. [23]). Besides cholesterol, the lo and ld
phases in ternary mixtures are typically enriched in satu-
rated and unsaturated lipids, respectively.

The transition between the two phase region and the
single fluid phase region is referred to as the “miscibil-
ity” transition by Veatch et al. [17], and we will use
the same terminology here. While the temperature and
compositional boundaries for the two phase region have
been defined by fluorescence microscopy and related tech-
niques [20], there is evidence that lateral may segregation
also occur above the miscibility transition [18].

As such, we propose two possible scenarios consis-
tent with the observation of domains or rafts at two dif-
ferent length scales: 1) Domains in model systems vary
continuously in size from nanometers up to microns. Given
sufficient time at a fixed temperature, these nanometer do-
mains will form a single, stable domain whose size is de-
termined by the compositions of the lo and ld phases and
the size of the ULV on which it resides (or system size).
The upper bound domain size, in this case, is determined
by the vesicle size; i.e. micron-sized vesicles will produce
micron-sized domains, etc. 2) Domains are manifest as,
and possibly undergo a transition between a collection of
smaller length scale transient domains (which we refer to
as “clusters”) whose compositions differ slightly from that
of the rest of the membrane, and one or several larger,
stable domains. “Cluster” sizes are expected to be much
smaller than and independent of system size, while sta-
ble domains are as described in the former scenario. The
second scenario is proposed in analogy with the recently
proposed model of rafts in cell membranes discussed by
Mayor and Rao [8].

Small-angle neutron scattering (SANS) shows promise
as a technique able to detect formation and characterize
sizes of domains on length scales intermediate between flu-
orescence microscopy, FRET and fluorescence quenching
techniques. SANS thus provides an opportunity to rec-
oncile the disparate views provided by these fluorescence
techniques.

The significant differences in the neutron scattering
properties of hydrogen and deuterium opens the pos-
sibility for “contrast variation”. By judiciously varying
the H2O/D2O ratio of the solvent it is possible to min-
imize the scattering from membranes of uniform compo-
sition. In the case of laterally heterogeneous membranes
one can suppress the scattering contribution from any
of the phases present in the membrane or choose sol-
vent conditions which maximize the contrast between lipid
phases. For example, using deuterated dipalmitoyl phos-
phatidylcholine (DPPC) and the appropriate solvent con-
trast conditions, scattering arising from heterogeneities
in the membrane can be enhanced, allowing for the de-
tection of “raft” formation. Another advantage of SANS
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is its sensitivity to selective deuteration of the lipid, or
sterol component, a method far less likely to introduce ar-
tifacts than many others, especially compared to those
which require labeling with large fluorescent moieties.
Nevertheless, despite the potential of neutron scattering to
characterize laterally heterogeneous membranes, such ap-
plications have been few [24,25] and have only recently
been applied to ternary lipid/sterol mixtures [26].

For this study, we examine 30 nm radius ULV which,
compared to larger ULV, are more amenable to SANS
measurements. Restricting the system size to below
100 nm also allows us to examine whether system size
and membrane curvature influence lateral segregation of
ternary mixtures as compared to observations in giant
unilamellar vesicles (GUV). This information is useful
since vesicles used for FRET studies are likely to be closer
in size to ∼100 nm radius ULV than the micron-sized GUV
used in microscopy studies [18,27–29]. An additional ad-
vantage of the SANS technique to the study of ULV is that
SANS provides ensemble average information by sampling
a large number of vesicles (e.g. ∼1015 at lipid concentra-
tions comparable to those used in this study). We should
note that, while it is difficult using conventional SANS
to probe length scales greater than 100’s of nm, neutron
experiments combining SANS with ultra SANS (USANS)
could be used to study micron-sized GUV (see, e.g. [30])
typically used in fluorescence microscopy experiments.

Contrast matching gives the optimal condition for the
detection of membrane domains. The 1:1:1 mixtures of
DOPC:DPPC:cholesterol (DDC) and 1:1:1 mixtures of
SOPC:DPPC:cholesterol (SDC) samples are prepared un-
der contrast matching conditions at 50 ◦C, where it is
known that lipid components are homogeneously mixed.
Under these conditions, the scattering from the vesicles
will be minimized. Any scattering will be the result of in-
ternal variations in scattering length density (SLD), due
to differences between the acyl chain and headgroup re-
gions (shown schematically in Fig. 1) of the lipids. When
the samples are cooled, ULV exhibiting lateral segrega-
tion will show an additional contribution to the scattered
intensity from the contrast between domains (also shown
schematically in Fig. 1).

In order to interpret the SANS data, we investi-
gate theoretically and by coarse grained modeling, the
scattering from heterogeneous vesicles allowing us to
identify features, or “signatures”, in the SANS curves
characteristic of vesicles containing either domains or clus-
ters. SANS is then used to detect and characterize lateral
segregation in 30 nm radius DDC ULV, a system whose
mixing behavior has been well characterized by a variety
of techniques [17,18,20,23,31,32]. Additionally, measure-
ments are performed on similar ternary mixtures whereby
DOPC has been replaced by SOPC (SDC).

Here, we report on the lateral segregation of lipids in
DDC ULV as observed by SANS. At 20 and 25 ◦C, where
compositions of the lo and ld phases of the DDC mixture
and distribution of DPPC between the lo and ld phase
are known [20], we are able to fit the SANS data ex-
tracting reasonably accurate domain sizes. Furthermore,

Fig. 1. Schematic representation of lateral segregation in a
ULV as detected by SANS. A) A cartoon of a contrast matched
vesicle and B) of a vesicle with laterally segregated domains.
Beside each type of ULV is the expected SANS scattering
curve.

30 nm radius DDC ULV show domain formation over the
same temperature range as observed in GUV of the same
composition [20], demonstrating that neither membrane
curvature nor system size appear to influence the lateral
segregation taking place in these systems.

2 Theory

Below, we consider a general model for laterally heteroge-
neous ULV and show that the scattering function can be
expressed as a sum of contributions corresponding to that
from an equivalent homogeneous vesicle and a contribu-
tion which is due entirely to lateral heterogeneities.

2.1 Scattering from laterally heterogeneous vesicles

The variation with q of scattered intensity from a vesicle
with heterogeneous SLD can be determined from [33]:

I(q) =
16π2

q2

[
1
4π

∫
r

[ρ(r) − ρs] exp(q · r)dr
]2

, (1)

where ρs is the solvent SLD, and the membrane SLD, ρ(r),
is a function of the distance r from the vesicle center. θ is
the angle formed with the z-axis, while φ is the angle in
the x-y plane, as shown in Figure 2.

Expansion of exp(q · r) in spherical harmonics,
makes it possible to express the orientational average of
equation (1) in terms of a corresponding expansion in
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Fig. 2. Schematic of a ULV containing a single domain. The
vesicle radius is, R, and the domain is defined by the bounding
angle θ. Also shown is the angle φ.

spherical Bessel functions (e.g. [33,34]) as follows

I(q) = 16π2

[∫ ∞

0

r2f0,0(r)j0(qr)dr

]2

+
∞∑

n=1

[
n∑

m=−n

16π2c−1
n,m

∣∣∣∣
∫ ∞

0

r2fn,m(r)jn(qr)dr

∣∣∣∣
2
]

,

(2)

where
cn,m =

(n + m)!
(n − m)!

1
2n + 1

(3)

and

fn,m =
1
4π

∫ π

0

sin θPm
n (cos θ)

×
[∫ 2π

0

[ρ(r, θ, φ) − ρs] exp(−imφ)dφ

]
dθ. (4)

Pm
n (x) and jn(x) are the associated Legendre and spheri-

cal Bessel functions.
It is possible to express the SLD of laterally heteroge-

neous ULV, ρ(r), as a sum of two contributions; an orien-
tationally averaged contribution ρ0,0(r), given by

ρ0,0(r) =
1
4π

∫ π

0

sin θ

∫ 2π

0

ρ(r, θ, φ)dφdθ (5)

and the component of the SLD that varies with θ and φ,
ρf(r, θ, φ), given by

ρf(r, θ, φ) = ρ(r, θ, φ) − ρ0,0(r). (6)

Substitution of ρ(r) = ρ0,0(r)+ρf(r, θ, φ) into equation (4)
gives f0,0(r) = ρ0,0(r) − ρs. The scattered intensity from
laterally heterogeneous vesicles can therefore be expressed
as

I(q) = I0,0(q) + If(q), (7)

where I0,0(q) is the intensity due to the orientationally
averaged SLD ρ0,0(r) and If(q) is due to the fluctuations
in SLD, ρf(r, θ, φ), around this value. For a laterally ho-
mogeneous vesicle, If(q) = 0.

The primary goal of this study is the measurement of
If(q), corresponding to the scattering contribution from
membrane domains. As will be discussed below, the rel-
ative contribution of If(q) to I(q) can be maximized by
working under contrast matching conditions. However, as
will be shown below, even under contrast matching con-
ditions, I0,0(q) makes a nonzero contribution to the scat-
tered intensity.

2.2 Scattering from laterally homogeneous vesicles

For laterally homogeneous spherical vesicles, ρ(r, θ, φ) =
ρr(r) and equation (1) reduces to

I0,0(q) = 16π2

[∫ ∞

0

r2 [ρ0,0(r) − ρs] j0(qr)dr

]2

. (8)

We can define a radial averaged SLD, ρ̄ as

ρ̄ =
4π

V

∫ ∞

0

r2ρ0,0(r)dr (9)

and a fluctuating radial SLD component, ρr(r)

ρr(r) = ρ0,0(r) − ρ̄. (10)

The scattered intensity I(q) can then be expressed as a
sum of three contributions: (i) that from the radially av-
eraged SLD, Iave(q), (ii) that from the radially fluctuat-
ing part of the SLD, Ir(q), and (iii) an interference term
FaveFr as follows

I0,0(q) = Iave(q) + Ir(q) + FaveFr. (11)

The contribution to the scattered intensity from ρ̄, Iave(q)
is determined from the integration of equation (8) over a
step function of thickness, t, and value ρ̄ inside the mem-
brane (and value zero outside the membrane), which gives

Iave(q) = (ρ̄ − ρs)
2

[
R3

o

j1(qRo)
qRo

− R3
i

j1(qRi)
qRi

]2

, (12)

where R is the average vesicle radius, t is the thickness,
Ro = R + t/2, Ri = R − t/2, and j1(x) is the first-order
spherical Bessel function, expressed as

j1(x) =
sin(x)

x2
− cos(x)

x
· (13)

We can determine a form for Ir(q) using a multishell model
for radially heterogeneous ULV. Differences between the
SLD of the headgroup and acyl chain regions of the mem-
brane, suggest a three shell model, where the innermost,
central and outer shells correspond to the inner head-
group, acyl chain, and outer headgroup layers, respectively
(e.g. Ref. [35]). If we assume that the SLD of each shell is
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uniform and that the interfaces between shells are sharp,
we obtain

Ir(q) =

{
3∑

i=1

ρi

[
R3

i

j1(qRi)
qRi

− R3
i−1

j1(qRi−1)
qRi−1

]}2

, (14)

where R is the average ULV radius, and tt and th are the
thickness of the acyl chain and headgroup layers, respec-
tively. R3 = R + th + tt/2, R2 = R + tt/2, R1 = R− tt/2,
R0 = R − th − tt/2, ρ3 = ρh − ρ̄, ρ2 = ρt − ρ̄, ρh is head-
group region SLD, ρt is the acyl chain region SLD, and
ρ1 = ρ3.

2.3 The scattering contribution from lateral
heterogeneities

Combining equations (7) and (11), we find that the scat-
tered intensity from laterally heterogeneous vesicles can
be described as a sum of four contributions: (i) the scat-
tered intensity due to the mean SLD (averaged both radi-
ally and orientationally) Iave(q), (ii) the intensity due to
the radially fluctuating orientational averaged SLD Ir(q).
(iii) an interference term between Fave(q)Fr(q) and finally,
(iv) the laterally heterogeneous contribution of ρ, given by
If(q). These four contributions can be written as follows

I(q) = Iave(q) + Fave(q)Fr(q) + Ir(q) + If(q). (15)

Under contrast matching conditions, ρs = ρ̄, Iave(q) = 0
and Fave(q)Fr(q) = 0, resulting in

Imatch(q) = Ir(q) + If(q). (16)

Under exact contrast matching conditions, homogeneous
ULV will show a scattering contribution Ir(q). Thus, we
should expect to see only this contribution at high tem-
peratures. However, on cooling if lateral segregation does
take place then we should expect to see an additional
contribution to the scattering from If(q) which will cause
an increase in the scattered intensity at finite q. Prior to
our discussion of experimental results, we will investigate
the contribution of If(q) relative to Ir(q) using the coarse
grained modeling method described below.

3 Experimental procedures

3.1 Materials

1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC),
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-
dipalmitoyl-d62-sn-glycero-3-phosphocholine (dDPPC),
solubilized in chloroform, were purchased from Avanti
Polar Lipids, Inc. (Birmingham, AL) and used without
further purification. Upon arrival, the ampules containing
the various lipids were stored at −40 ◦C. Cholesterol
of >99% purity was purchased as lyophilized powder
from Sigma-Aldrich (St. Louis, MO), and used without

further purification. 99% purity D2O was purchased from
Cambridge Scientific (Andover, MA), while all other
chemicals were reagent grade. (Reference to commercial
sources and products used in this study does not consti-
tute endorsement by the National Institute of Standards
and Technology (NIST), nor should it be inferred that
the products mentioned are necessarily the best available
for the purpose used.)

3.2 Vesicle preparation

30 nm radius ULV were prepared by extrusion using the
method of Nayar et al. [36]. Lipids solubilized in chlo-
roform were transferred to round bottom flasks and the
chloroform was removed under a stream of N2 followed
by vacuum pumping. Vacuum pumping was performed
with lipid films at ∼60 ◦C to ensure that mixtures did
not phase separate during solvent removal. Lipid films
were then dispersed, by agitation, into deionized water
that was filtered using a Millipore Milli-Q water purifica-
tion system (mixed in appropriate proportions with D2O),
which had also been preheated to 60 ◦C. The lipid dis-
persions were then extruded using a device described in
references [36,37]. The extruder was preheated to 60 ◦C
and pressurized to ∼700 kPa using N2. Total lipid con-
centrations ranged from 1 to 10 mg/ml. 30 nm radius
ULV were formed by successive extrusions using three dif-
ferent pore diameter polycarbonate filters and a total of
27 passes [e.g., 200-nm (9 times), 100-nm (9 times) and
50-nm (19 times)].

3.3 Small-angle neutron scattering

SANS measurements were performed using the 30 m NG7
instrument [38] located at NIST (Gaithersburg, MD).
1.5 and 12 m sample-to-detector distances (SDD) were
used along with a neutron wavelength, λ, of 8 Å
(δλ/λ = 10%), resulting in a total range in scattering vec-
tor, q = 4πsin(θ/2)/λ, of 0.004 < q < 0.3 Å−1. Additional
measurements were performed on the NG1 8 m SANS us-
ing an SDD of 3.84 m and λ = 6 and 10 Å (δλ/λ = 12%),
resulting in a total range in q of 0.006 < q < 0.18 Å−1.

In order to account for vesicle polydispersity, the scat-
tering function is integrated over the Schulz, or Gamma
distribution given by

G(R) =
(

m + 1
Ra

)m+1
Rm

Γ (m + 1)
exp

(−R(m + 1)
Ra

)
,

(17)
where the number average vesicle radius is equal to Ra,
the variance is σ2 = R2

a/(m + 1) and the polydispersity
(relative variance) is ∆2 = 1/(m + 1). Data were also
corrected for instrumental resolution, as discussed in [38].
As discussed in reference [39], detailed information in the
scattering function related to the membrane SLD profile
appears above roughly q = 0.05 Å−1 and is difficult to
distinguish because of the large contribution to scattering
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from the incoherent background. As such, SANS data col-
lected for homogeneous vesicles were fit using the form
factor given by equation (13), where the thickness de-
termined corresonds to an average weighted by the SLD
profile of the membrane. Fits to scattering curves from
heterogeneous vesicles were performed using the model-
ing procedure described below and in tandem with the
program OLIGOMER [40].

3.4 Contrast matching of homogeneous vesicles

ULV used in SANS measurements were prepared in
H2O/D2O mixtures and, unless specified otherwise, in
proportions expected to produce contrast matching con-
ditions when the lipids are homogeneously mixed, which
we assume takes place on heating above 50 ◦C. For
the contrast matching condition of binary 1:1 mix-
tures of deuterated DPPC (dDPPC) and hydroge-
nous DPPC, we used 49% D2O by volume, while for
ternary 1:1:1 mixtures of DOPC:dDPPC:cholesterol and
SOPC:dDPPC:cholesterol, we used 40% D2O. Contrast
matching conditions were determined from known nu-
clear scattering lengths [41] and the molecular volumes
of DOPC, DPPC [42] and cholesterol [43], as shown be-
low. Table 1 shows scattering lengths, molecular volumes
(or estimated molecular volumes) and SLD of the lipids
used in this study, as well as those of light (H2O) and
heavy (D2O) water. These parameters are also given for
the lipid components, denoted “head” and “chain”. Here,
the lipid “head” is composed of the choline, phosphate,
glycerol and two carbonyl groups, while the lipid “chains”
contain the remaining CH2 and CH3 groups in the acyl
chains.

The SLD of lo and ld phases, as well as homogeneous
mixtures, can be expressed as

ρi =
xaiba + xbibb + xcibc

xaiV ai + xbiV bi + xciV ci
, (18)

where i = 1, 2, ρi is the SLD of phase i, and xai, xbi, xci

are the mole fractions of components a, b, and c in phase
i, respectively. ba, bb and bc are the scattering lengths of
components a, b and c, and V ai, V bi and V ci are the
molecular volumes of a, b and c, respectively, in phase i.
Equation (1) can also be used to evaluate the SLD for the
case where all three components are mixed homogeneously
into a single phase i. Here, we assume that the volume of
each component is the same in both the lo and ld phases.
To verify this assumption, we have calculated and com-
pared SLD of ternary mixtures containing dDPPC using
the volume of DPPC either in the gel or fluid phase. We
find, that in all cases the resulting differences are less than
∼1%.

Summarized in Table 2 are the calculated SLD for
uniform DDC and SDC. These SLD were calculated
from the scattering lengths and molecular volumes of
the individual components given in Table 1. For com-
parison, we also determine the SLD for phases com-
posed of 1:1 DPPC:cholesterol, 1:1 dDPPC:cholesterol

Table 1. Neutron scattering lengths, molecular volumes and
corresponding scattering length densities of lipids and sterols
used in this study. Data for H2O and D2O are also shown for
comparison. a = vol. at 20 ◦C, b = vol. at 50 ◦C, c = vol. at
30 ◦C, and d = estimated molecular vol.

Molecule Chem. Formula b (fm) V (Å3) SLD
(fm/Å3)

DPPC C40H80NO8P 27.63 1144a 0.024
1232b 0.022b

head C10H18NO8P 60.1 326b 0.184
chains C30H62 −32.4 891b −0.036
dDPPC C40H18NO8PD62 672.99 1144a 0.588

1232b 0.546b

head C10H18NO8P 60.1 326b 0.184
chains C30D62 613 891b 0.688
DOPC C44H84NO8P 39.26 1303c 0.030
head C10H18NO8P 60.1 337b 0.178
chains C34H66 −13.3 981b −0.014
SOPC C44H86NO8P 31.78 1303d 0.024
head C10H18NO8P 60.1 337b 0.178
chains C34H68 −19.1 963b −0.020
Chol. C27H46O 13.25 629 0.021
Water H2O −1.68 30 −0.056
Heavy D2O 19.15 29.9 0.64
Water

Table 2. SLD and corresponding contrast match points for
lipid/sterol mixtures, as determined using equation (2), and
scattering lengths and volumes from Table 1. Values are deter-
mined from the molecular volume of DPPC in the fluid phase
(i.e. at 50 ◦C).

Mixture SLD (fm/Å3) Match Point
(% D2O)

1:1:1 DPPC/DOPC/chol 0.025 12.0
1:1:1 dDPPC/DOPC/chol 0.229 41.1
1:1:1 dDPPC/SOPC/chol 0.227 40.8
1:1 dDPPC/DPPC 0.285 49.0
1:1 DPPC/chol 0.022 11.0
1:1 dDPPC/chol 0.369 61.2
lo phase, 0.53:0.05:0.42
dDPPC/DOPC/chol 0.375 61.8
ld phase, 0.18:0.60:0.22
dDPPC/DOPC/chol 0.130 26.8

and for the lo and ld phases of 1:1:1 mixtures of
DOPC:DPPC:cholesterol using the phase compositions es-
timated in [20] at 25 ◦C. Contrast match points are deter-
mined for the various mixtures and written as a percentage
of D2O, in an H2O/D2O mixture.

3.5 Modeling of SANS data

SANS profiles from homogeneous and heterogeneous vesi-
cles are calculated using a modified coarse graining
method as described in [44,45]. Briefly, a vesicle is coarse
grained via the replacement of atoms in the scattering
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volume with a fixed number of uniformly-sized beads
whose SLD correspond to the appropriate lipids, or col-
lections of lipids. Beads are randomly placed within the
scattering volume using a pseudo-random number genera-
tor which is used to calculate the coordinates of the beads.
These beads, and their corresponding SLD, are then used
to generate an SLD weighted distance distribution func-
tion, p(r), which in turn is used to calculate the orienta-
tionally averaged scattered intensity. Because this method
uses a pseudo-random number generator, it is often re-
ferred to as a “Monte Carlo” method. However, it should
not be confused with commonly used “Monte Carlo sim-
ulations”, where similar random number generators are
used to construct ensembles of particles for the purpose
of simulating particle interactions and calculating thermo-
dynamic quantities [46].

3.6 Measurements of lateral segregation

The detection of lateral segregation using SANS relies on
the use of a deuterated component and medium compo-
sitions that contrast match the mean SLD of the ULV.
At high temperatures, when the lipid components are ex-
pected to be homogeneously mixed, contrast matching
conditions result in a significant reduction in scattered
intensity. In particular, the only scattering under these
conditions will result from differences between the SLD of
the lipid’s acyl chains and headgroup. As the vesicles are
cooled, if lateral segregation occurs, the SLD of the seg-
regated phases will deviate significantly from that of the
surrounding medium, resulting in an excess of scattering
compared to contrast matched vesicles (Fig. 1).

3.7 Characterization of vesicle stability

To measure ULV size and polydispersity, vesicles were also
characterized under high contrast conditions at 70 and
100% D2O content. Measurements were taken at 50 ◦C
before and after cooling sequences. In order to character-
ize vesicles away from contrast matching conditions, con-
trast matched samples were diluted into equal volumes
of D2O, yielding a final D2O concentration of 70%. The
data were fit using the form factor for homogeneous vesi-
cles, the Schulz distribution to describe ULV polydisper-
sity (e.g. [47]) and a Gaussian approximation to the in-
strumental resolution (e.g. [38,48]).

4 Results and discussion

4.1 Modelling

As mentioned previously, a coarse graining method is
used to determine lateral segregation from SANS data.
When two phases (lo and ld) coexist we assume, that
the boundaries between these two phases are sharp, or,
in other words, that the composition within each phase
does not vary. While such an assumption may constitute

an oversimplification, we feel justified in making it, since
it would appear consistent with observations elsewhere,
e.g. [31,20]. In this case, the SLD is ρ(r, θ, φ) = ρ1 for
phase 1 and ρ(r, θ, φ) = ρ2 for phase 2. As in the case
with laterally homogeneous membranes, the variation of
ρ with r is related to the membrane bilayer structure,
which will have two forms corresponding to the density
profiles of phase 1 and 2, ρ1(r) and ρ2(r), respectively.
Based on the observations of Gandhavadi et al. [49], we
take the thickness of the acyl chain region for the lo phase
to be 40 Å and 30 Å for the ld phase. For both phases,
we assume that the thickness of the headgroup regions are
the same, 5 Å.

In order to calculate model scattering curves, we use
the composition of the lo phase at 20 ◦C, having the ra-
tio DOPC:DPPC:cholesterol = 5:53:42 [20], and assume
that this composition does not depend on domain size.
Calculations are performed for ULV under near contrast
matching conditions, corresponding to a 40% D2O con-
centration in the medium. In order to vary the domain
size, we use the distribution of DPPC between the lo and
ld phase as a free parameter. Since the composition of the
lo phase is fixed, and the total amount of each compo-
nent is also fixed, the composition of the ld phase is then
set by this distribution. In particular, if x is the relative
amount of DPPC in the lo phase, for a 1:1:1 mixture, the
composition of the ld phase is then given by

DOPC:DPPC:cholesterol =(
1 − 5

53

)
x : (1 − x) :

(
1 − 42

53

)
x. (19)

To estimate the relative areas of the lo and ld phases, we
assume that the cross sectional areas of the lipid and sterol
components are the same in these two phases and that the
cross sectional areas of DOPC and DPPC are equal, and
twice that of cholesterol. We then use the parameter a0 to
denote the area of the lo phase relative to that of the total
vesicle area. The SLD for the acyl chain and headgroup
regions are given in Table 3 for several compositions of the
ld phase.

We can define a single circular domain with SLD, ρ2,
by setting ρ(θ, φ) = ρ2 for θ < θc and ρ(θ, φ) = ρ1 for
θ ≥ θc, and consider domain sizes between 0 ≤ θc ≤ π/2.
θc = 0 corresponds to homogeneous ULV and θc = π/2
describes a domain which makes up half the ULV surface.
A domain bounded by θc on a ULV of radius R will have
an area, A, given by

A = 2πR2(1 − cos θc). (20)

We define a reduced area, a0 to be the area fraction oc-
cupied by the lo phase. In the case where this phase is
entirely found in a single domain, the reduced area is then

a0 =
1
2
(1 − cos θc). (21)

A single domain of radius r then has an area, A = πr2,
which results in

r = R
√

2(1 − cos θc). (22)
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Table 3. Parameters used for the calculation of scattering
models depicted in Figure 3. x is the fraction of total DPPC
in the lo phase, a0 is the relative area of the lo phase and r is
the domain radius. comp. refers to the composition of the ld or
lo phase as the molar ratio DOPC:DPPC:cholesterol, and ∆ρ
is the SLD contrast of the acyl chain region (ACR) of either
the lo or ld phase. For both phases, the SLD contrast of the
headgroup region is −0.047.

1–x a0 r (Å) comp. ∆ρ ACR (fm/Å3)

ld phase
0.8 0.12 225 37:31:32 0
0.6 0.24 318 43:27:30 −0.033
0.4 0.36 390 51:21:28 −0.079
0.2 0.48 450 62:13:25 −0.140
0.0 0.60 503 81:0:19 −0.216
lo phase
n/a n/a n/a 5:53:42 0.195

It should be noted that, given the definition of domain
radius, r, which is determined by the vesicle surface area,
r can achieve values greater than the vesicle radius, R; e.g.,
when a domain occupies half the vesicle surface, r =

√
2R,

and when the domain occupies the entire vesicle, r has a
maximum value of 2R.

Figure 3 depicts calculated SANS curves from poly-
disperse ULV containing variable size, single domains. Pa-
rameters used for these models are summarized in Table 3.
Homogeneous vesicles at near contrast matched conditions
show a scattering curve that appears qualitatively similar
to that seen for the ULV under high contrast conditions
(e.g. ULV in 60% D2O, as shown in Fig. 6 below). ULV
containing single domains, however, show a positive slope
at low q. This positive slope reflects the contributions of
the non-zero order spherical Bessel functions, which be-
come significant when lateral heterogeneities appear. The
domain size in heterogeneous ULV does not appear to in-
fluence the q position of the scattering minimum, but does
influence the overall shape of the scattering curves.

For vesicles with N clusters, we assume that all clusters
on the ULV are identical, having a relative area a0/N , are
placed at random locations on the ULV surface, and do
not overlap. In this case, the radius, rN of the domains
can be related to that of a single domain of radius r1,
enclosing the same area, as rN = r1/

√
N . In order to

account for the different possible relative arrangements
of the clusters, scattering curves for vesicles are averaged
over at least 50 different configurations.

Figure 4 depicts scattering curves for ULV with mul-
tiple domains, ranging in number from 1 to 32. For this
set of models, the composition and total area of the lo
phase are fixed, corresponding to x = 0.8 and a0 = 0.48,
respectively.

When the number of domains is below ∼10 the scatter-
ing curves of ULV with multiple clusters appear qualita-
tively similar to those for single domains. These curves
show a positive slope at low q, followed by a peak at
intermediate q and then a small scattering minimum at
a slightly higher q. The scattering peak and subsequent

Fig. 3. Predicted scattering profiles from polydisperse ULV
with single domains. Curves are shifted on the vertical axis to
facilitate viewing. The domain sizes increase on going from the
bottom to the top curves.

Fig. 4. Predicted scattering from polydisperse ULV containing
multiple domains. The number of domains increases on going
from the bottom to the top curves. Curves are shifted on the
vertical axis to facilitate viewing.

minimum shift to higher q values as the number of do-
mains increases. This behavior suggests that the q posi-
tions of the scattering maxima and subsequent minima
may be correlated to the domain size; as the domains
get smaller, the scattering contribution moves to shorter
length scales, or larger q. For ULV having more than
∼10 domains, the scattering function shows a negative
slope at low q. This negative slope likely reflects the un-
derlying contribution to the scattering function from the
homogeneous ULV contribution I0,0(q), which could begin
to dominate the scattering function as the contribution
from heterogeneities shifts to sufficiently high q.
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Fig. 5. SANS measurements of protonated DDC ULV mea-
sured at 25 and 55 ◦C, both in 40% D2O. The inset to the
figure shows the vesicle radius as a function of increasing tem-
perature.

Fig. 6. Neutron scattering from 30 nm radius DDC and SDC
ULV, in 70 and 100% D2O, respectively. Fits to the data are
shown as solid lines.

4.2 Vesicle size, polydispersity and stability

In order to verify the stability of extruded vesicles through
the miscibility transition, we performed measurements on
DDC ULV containing protonated DPPC in 40% D2O. At
these contrast conditions, the homogeneous part of the
form factor dominates over the heterogeneous parts. Scat-
tering curves measured at 25 and 50 ◦C are shown in
Figure 5, along with temperature dependent changes in
vesicle size and membrane thickness (inset to Fig. 5). Over
the entire temperature range, fits to the data show that
the DDC ULV are spherical with a low polydispersity,
0.26 ± 0.01, which is temperature independent. On heat-
ing from 25 to 50 ◦C, ULV size increases, while membrane
thickness decreases.

We also performed measurements on ULV containing
deuterated DPPC after temperature cycling between 50
and 5 ◦C. Figure 6 depicts scattering data for DDC and
SDC mixtures, along with fits to the data. We find that

for each mixture, temperature cycling has not disturbed
the overall vesicular structure and differences in composi-
tion do not appear to make a significant impact on ULV
size or polydispersity. The mean radii of these vesicles
are 327.8 ± 2.8 and 314.2 ± 1.5 Å for DDC and SDC
ULV mixtures, respectively. The thicknesses are 54.3±0.8
and 53.0±0.9 and corresponding polydispersities (relative
standard deviation, σ/〈R〉) were both 0.26 ± 0.01 (error
bars correspond to the error in the fit to the data).

4.3 Lateral segregation

In Figures 7 and 8 SANS scattering data are shown for
ULV composed of DDC and SDC, respectively, in 40%
D2O, near the contrast match conditions for both mix-
tures. The scattered intensity is plotted on a linear scale
in the inset of each plot, with a larger plot showing the
intensity on a log scale. The data in each case are plotted
on an absolute scale. Figure 9 shows similar plots for a 1:1
mixture of dDPPC and DPPC.

The scattering observed at 50 ◦C is most likely the re-
sult of the difference between the SLD of the acyl chain
and headgroup regions (as discussed above). On cooling
from 30 to 25 ◦C, the DDC sample shows significant in-
creases in scattered intensity at low and intermediate q,
while the SDC sample does not. Results for the DDC sam-
ple could be due to changes in the differences between the
acyl chain and headgroup regions, such as those due to
changes in the density of the acyl chain region, e.g. arising
from the gel-fluid phase transition of a pure lipid mem-
brane. Since our measurements on 1:1 dDPPC/DPPC
show no such change, we dismiss this possibility. Alter-
natively, our observations could be due to changes in ULV
shape. This possibility can also be discounted, since no
changes to vesicle shape are observed for the DDC sam-
ples with hydrogenous DPPC over the same temperature
range.

The most likely explanation for the observed behaviour
of the DDC sample is the formation of domains which is
consistent with the observation of a miscibility transition
between 25 and 30 ◦C for DDC. Interestingly, the temper-
ature range where we observe evidence for lateral segre-
gation corresponds to the two phase region identified by
Veatch et al. [20]. Below, we use our coarse grained models
to provide a quantitative interpretation of the results for
the DDC mixtures.

4.4 Characterization of domains

The compositions of lo and ld phases are known for 1:1:1
mixtures of DDC at 20 and 25 ◦C [20]. We can therefore,
calculate the SLD and respective areas of these phases at
these two temperatures, thus allowing us to directly com-
pare our experimental scattering data with the models
discussed in the Theory section. Table 4 shows the com-
positions and corresponding SLD of the lo and ld phases
in DDC at 20 and 25 ◦C. The data are best fit using a
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Table 4. Parameters used for the calculation of scattering models. These models were used to fit the data in Figures 10 and 11.
x is the fraction of total DPPC in the lo phase, a0 is the relative area of the lo phase, ρlo and ρld are the SLD of the acyl
chain regions of the lo and ld phases, respectively, while ∆ρlo and ∆ρld are the corresponding SLD contrasts in 40% D2O.
Compositions of the lo and ld phases at 20 and 25 ◦C are taken from [20].

T (◦C) x a0 lo comp. ld comp. ρlo (fm/Å3) ρld (fm/Å3) ∆ρlo (fm/Å3) ∆ρld(fm/Å3)

20 0.75 0.45 5:53:42 59:14:27 0.423 0.093 0.203 −0.127
25 0.70 0.40 5:53:42 60:18:22 0.423 0.119 0.203 −0.101

Fig. 7. Small angle scattering from 30 nm radius DDC ULV,
with chain deuterated DPPC, in 40% D2O. The inset shows
the full range of scattering data while the low angle region is
shown expanded in the main plot.

Fig. 8. Small angle scattering from 30 nm radius SDC ULV,
with chain deuterated DPPC, in 40% D2O. The inset shows
the full range of scattering data while the low angle region is
shown expanded in the main plot.

mean radius and polydispersity of 324.5 Å and 0.17, re-
spectively. The results presented here correspond to fits
using these values.

Since the compositions of the lo and ld phases are fixed,
the amounts of each component and total area of the lo
phase are then, also fixed. Thus the only free parameter
for fitting the scattering data is the number of domains or
clusters making up the lo phase. In order to fit the data

Fig. 9. Small angle scattering from 30 nm radius 1:1
dDPPC/DPPC ULV, in 49% D2O. The inset shows the full
range of scattering data while the low angle region is shown
expanded in the main plot.

from DDC ULV at 20 and 25 ◦C we systematically vary
the number of domains per vesicle from 1 to 32, observing
the constraints that the total area of the lo phase, and its
composition (therefore SLD), remain fixed. We also con-
sider the situation where samples may contain a mixture
of ULV with varying number of domains.

Figures 10 and 11 show the best fits to the data for 20
and 25 ◦C ULV. At 20 ◦C, nearly 95% of the ULV contain
∼30 domains of radius 80 Å, while the remaining ULV
have either one or ∼8 domains of radii ∼400 or 140 Å, re-
spectively. At 25 ◦C, the vesicle fractions are again ∼95%
ULV, with approximately 30 domains of radius 70 Å, and
the remaining ULV with approximately 6 domains each of
size ∼150 Å.

At both 20 and 25 ◦C, we observe that the majority
of ULV show a large number of lo domains surrounded
by the ld phase, which makes up the remaining ULV sur-
face. Based on the observations of Veatch and Keller [17],
we would have expected the domains to coalesce over the
time scale of our measurements. However, in certain cases,
such as when the areas of the lo and ld phases are com-
parable in size, Veatch and Keller [17] have also observed
that small domains can become kinetically trapped in a
larger domain of the opposite phase. While we have al-
lowed samples to equilibrate for at least 30 mn prior to
each measurement, the actual cooling rate of ∼5 ◦C/min
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Fig. 10. Small-angle neutron scattering from DDC ULV at
20 ◦C and fit to the data corresponding to a superposition of
signals from vesicles with single and multiple domains. Also
shown are the individual curves that compose the fit, shifted
on the vertical axis.

Fig. 11. Small-angle neutron scattering from DDC ULV at
25 ◦C and fit to the data corresponding to a superposition of
signals from vesicles with single and multiple domains. Also
shown are the individual curves that compose the fit, shifted
on the vertical axis.

between measurements may have led to the presence of
kinetically trapped domains.

Because we know the exact compositions of the lo and
ld phases of DDC ULV at 20 and 25 ◦C, we have been able
to predict the number of domains and their size. However,
such detailed analysis of the data is not possible at the
other temperatures, since the compositions of the lo and
ld phases are not known. For DDC mixtures at 30 ◦C or
above (Fig. 7), we see no evidence of lateral segregation.
Cooling below 25 ◦C, however, leads to further increases
in the absolute scattered intensity at finite q.

For data between 5 and 25 ◦C, the appearance of a
broad peak in the scattered intensity at intermediate q and
a negative slope at low q are suggestive of the presence of
a large number of domains per ULV. However, since our
fits at 20 and 25 ◦C show populations of ULV containing
either one or several domains coexisting, potentially, with
ULV having a large number (i.e. >30) of domains, we can-
not discount the presence of ULV, at lower temperatures,
containing a few domains.

As previously discussed, we see no change in either the
scattered intensity or angle dependent scattering for SDC
mixtures (Fig. 8), clearly demonstrating that lateral seg-
regation does not occur for this system in the temperature
range examined.

In contrast to FRET studies, which report nanometer
length scale heterogeneities at 37 ◦C we do not observe
domain formation near that temperature in DDC ULV.
This discrepancy between our results and those obtained
by FRET is somewhat unexpected, as we are able to ob-
serve small (∼10 nm) radius domains in low temperature
DDC ULV. This would seem to indicate that, either there
is no lateral segregation above the liquidus boundary or
miscibility transition, or that heterogeneities appearing at
temperatures outside the two phase region are either too
small (i.e. composed of only a few lipids) or have too little
contrast with the rest of the membrane, to be detected by
SANS.

5 Conclusions

Using SANS, we have shown evidence for lateral segre-
gation in ULV of so-called “raft” forming lipid mixtures.
More importantly, we have demonstrated the ability of
SANS to distinguish between the formation of single do-
mains, of the order of the size of the ULV, and smaller,
multiple clusters. Formation of dDPPC-rich domains is
clearly seen in DOPC:dDPPC:cholesterol mixtures, while
no such observation is made when DOPC is substituted
with SOPC. In the case of DDC mixtures, the miscibility
transition and macroscopic phase separation occur at the
same temperature and over the same temperature range as
observed by fluorescence microscopy, demonstrating that
neither vesicle size nor curvature greatly modify domain
formation in these membranes.

While our findings regarding domain formation in ULV
are unambiguous, detailed knowledge of the phase di-
agrams is required in order to quantitatively interpret
SANS data using coarse grained models. Here, we have
determined the sizes and numbers of domains present for
DDC ULV at 20 and 25 ◦C, where such information was
available.

For certain cases (e.g. one domain per ULV), it is pos-
sible to derive analytic models for scattering from het-
erogeneous ULV. We are currently developing a series of
such models in order to develop a fitting method which
does not require a priori knowledge of domain composi-
tion. Concomitant to this work, we are also investigat-
ing ULV of varying size and a wider range of membrane
compositions in order to further study the influence of



458 The European Physical Journal E

membrane curvature and the architecture of lipids and
sterols on membrane lateral organization. We hope that
the present results may stimulate work complementary to
SANS, in determining the behaviour of ternary lipid-sterol
mixtures and their phase diagrams, as well as the broader
application of SANS to study lateral organization in model
membranes.
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