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bstract

This work describes the effects of the inclusion of ceramides with different chain lengths in the structure of bicelles formed by dimyristoylphos-
hocholine (DMPC) and dihexanoylphosphocholine (DHPC). By using a number of physical techniques we observed that the bicellar structures
ere affected by both the concentration and the type of ceramide. The 31P nuclear magnetic resonance showed that inclusion of the short chain

eramide in the system slightly affects the phosphorus resonance whereas the inclusion of the long chain ceramide promotes the differentiation of
he peaks. The decrease in the ceramide chain length is associated with a less miscibility in DMPC. The values of d-spacing obtained by small angle
-ray scattering suggest that ceramides are organized in domains along the DMPC bilayer. The bicellar system studied supported the inclusion
f 10 mol% of the long chain ceramide. This inclusion increased the particle size but did not affect the integrity of the structures. Freeze-fracture
lectron microscopy and dynamic light scattering techniques showed small bicelles with diameters around 15–20 nm and a low polydispersity

ndex for this system. The inclusion of 10 mol% of the short chain ceramide in the bicellar system resulted in the formation of aggregates with
wo different morphologies: small rounded structures 15–20 nm in diameter and elongated structures 40 nm in length. The inclusion of 20 mol%
f either of these two ceramides resulted in the formation of bigger structures in the range of 60–100 nm together with small bicelles.
 2007 Elsevier B.V. All rights reserved.

eywords: Bicelles; Ceramide domains; Small angle X-ray scattering; Freeze-fracture electron microscopy; 31P nuclear magnetic resonance; Dynamic light scattering
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. Introduction

Bicelles are discoidal aggregates constituted by a flat dimyris-
oylphosphocholine (DMPC) bilayer, stabilized by a rim of
ihexanoylphosphocholine (DHPC) in water [1]. These sys-
ems are normally used to orient membrane proteins that can

e inserted in their structures [2,3], and to study the superfi-
ial interaction between proteins and phospholipid bilayers [4].
iven the usefulness of these structures as membrane models

Abbreviations: C24-Cer, bovine brain ceramide (type III); C14-
er, N-myristoyl-d-erythro-sphingosine; DMPC, 1,2-dimyristoyl-sn-glycero-
-phosphocholine; DHPC, 1,2-dihexanoyl-sn-glycero-3-phosphocholine; cL,
otal lipid concentration; q, long/short chain phospholipid molar ratio; SAXS,
mall angle X-ray scattering; FFEM, freeze-fracture electron microscopy; 31P
MR, 31P nuclear magnetic resonance; DLS, dynamic light scattering; HD,
ydrodynamic diameter; PI, polydispersity index.
∗ Corresponding author. Tel.: +34 93 400 61 63; fax: +34 93 204 59 04.

E-mail address: lbbesl@cid.csic.es (L. Barbosa-Barros).
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5], the inclusion of specific cell membrane lipids in the bicelles
s a suitable “in vitro” strategy to study the role played by these
pecific compounds.

Ceramide (N-acylsphingosine) is the dominant lipid com-
onent of epidermal stratum corneum. Moreover, this lipid
s known to be involved in the regulation of several cellular
esponses to extracellular stimulus [6]. Crucial biological pro-
esses such as the cell proliferation [7], differentiation [8] and
poptosis [9] are induced by the increase in ceramide concen-
ration in the cells, which activates various cellular mediators
nd reactions. The differences in ceramide structure are usually
elated to changes in the membrane physical properties and in
he physiological state of the cells [10,11]. Given the importance
f ceramides in cell functions and the growing interest of bicelles
s a membrane model, the study of the effect of this lipid in the

icellar systems would be useful in clarifying events involving
eramide and phospholipids at cell membrane level.

We previously reported the self-assembly properties of var-
ous amphiphiles, the structural transitions involved in the

mailto:lbbesl@cid.csic.es
dx.doi.org/10.1016/j.colsurfa.2007.11.044
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nteractions of surfactants with liposomes [12], and the influ-
nce of ceramide in these interactions [13–15]. These works
emonstrate the important role of ceramides in the stability and
ermeability of bilayers. The present study describes the effect
f the incorporation of ceramides with different chain lengths
nto the DMPC/DHPC bicellar systems. To this end, as in our
arlier works [16,17], we used small angle X-ray scattering
SAXS), dynamic light scattering (DLS), and freeze-fracture
lectron microscopy (FFEM) techniques to perform our studies.
n addition, the 31P NMR technique, which has been used by
ther authors to investigate bicellar systems [18–23], was also
pplied.

. Materials and methods

.1. Chemicals

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) and
-myristoyl-d-erythro-sphingosine (C14-Cer) were purchased

rom Avanti Polar Lipids (Alabaster, Al). Deuterium oxide
nd bovine brain ceramide, type III (C24-Cer) were acquired
rom Sigma (St. Louis, MO). According to the information
upplied by the manufacturers, bovine brain ceramide (type
II) contains primarily stearic (18:0) (31.6%, w/w) and ner-
onic (24:0) (48%, w/w) fatty acids over 99% of purity. The
-myristoyl-d-erythro-sphingosine is a synthetic product from
-erythro-sphingosine over 99% of purity. The molecular
tructures of both ceramides are displayed in Fig. 1.

.2. Samples preparation

The following systems were prepared: (a) pure
MPC/DHPC, q = 2 (q = molar ratio DMPC/DHPC), (b)
MPC/DHPC, q = 2 including 10 mol% of C14-Cer, (c)
MPC/DHPC, q = 2 including 10 mol% of C24-Cer, (d)
MPC/DHPC, q = 2 including 20 mol% of C14-Cer and (e)

MPC/DHPC, q = 2 including 20 mol% of C24-Cer. The

oncentration of ceramide is given with respect to the long
hain phospholipid concentration. Appropriate amounts of
MPC, DHPC and ceramide were mixed in a chloroform

ig. 1. Molecular structure of the two ceramides used. (A) The N-myristoyl-d-
rythro-sphingosine, C14-Cer and (B) the bovine brain ceramide type III, C24-
er. R = mixture of fatty acids, primarily stearic acid (18:0) (31.6%, w/w) and
ervonic (24:0) (48%, w/w).
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olution and evaporated to dryness using a rotary evaporator.
he systems were hydrated to reach 20% (w/v) of total lipid
oncentration (cL) and then subjected to several cycles of
onication, freezing and heating until the samples became
ransparent. The measurements were carried out at room
emperature using freshly made samples.

.3. Dynamic light scattering

The hydrodynamic diameter (HD) and polydispersity index
PI) of the different systems were determined by means of a
LS equipment using a photocorrelator spectrometer (Malvern
utosizer 4700c PS/MV) equipped with an Ar laser source

wavelength 488 nm). Quartz cuvettes were filled with the sam-
les, and all the experiments were thermostatically controlled.
ll the experiments were performed at 90◦ scattering angle.
he analysis of the data obtained was performed using the ver-
ion of the program CONTIN provided by Malvern Instruments,
ngland.

.4. Freeze-fracture electron microscopy

Freeze-fracture electron microscopy (FFEM) study was car-
ied out according to the procedure described by Egelhaaf et
l. [24]. About 1 �l of suspension was sandwiched between
wo copper platelets using 400-mesh gold grids as spacer. Then
he samples were frozen by plunging in propane at −180 ◦C
nd fractured at −150 ◦C and 2 × 10−7 mbar in a Balzers BAF
00 freeze-fracturing apparatus (BAL-TEC, Liechtenstein). The
eplicas were obtained by unidirectional shadowing with 2 nm
f Pt/C and 20 nm of C, and they were floated on distilled water
nd examined in a JEOL 1010 TEM electron microscopy at
0 Kv.

.5. Small angle X-ray scattering (SAXS) measurements

SAXS measurements were carried out using a Kratky cam-
ra of small angle (M Braun) coupled to a Siemens KF 760
3 kW) generator. Nickel-filtered radiation with wavelength cor-
esponding to the Cu K� line (1.542 Å) was used. The linear
etector was PSD-OED 50 M-Braun, and the temperature con-
roller was a Peltier KPR AP PAAR model. The sample was
nserted between two Mylar sheets with a 1 mm separation. The
AXS curves were smoothed by fitting a polynomial of degree

hree to an increasing number of points as the channel num-
er increased. The fitting software was designed to guarantee
onstant slopes and fixed peak position. The system uses a line
ollimated beam; therefore, to preserve sharpness, the smoothed
urves were desmeared using the procedure of Singh et al. [25].
he SAXS curves are shown as a function of the scattering vector
odulus

= 4π
sin θ (1)
λ

here θ is the scattering angle and λ the wavelength of the
adiation (1.542 Å). The position of the diffraction peaks are
irectly related to the repeat distance of the molecular structure,
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s described by Bragg’s law

d sin θ = nλ (2)

here n and d are the order of the diffraction peak and the repeat
istance, respectively. In the case of a lamellar structure, the
arious peaks are located at equidistant positions, then

n = 2πn

d
(3)

eing qn the position of the nth order reflection.

.6. 31P nuclear magnetic resonance

The NMR spectra were recorded on a Varian System
00 MHz spectrometer equipped with a 5 mm probe at room
emperature. 31P NMR spectra were recorded at 161.901 MHz
sing a single pulse, quadrature detection, complete phase
ycling of the pulses, and proton decoupling during the sig-
al acquisition. Typical acquisition parameters are as follows:
ulse length of 8.5 �s, recycle delay of 0.5 s, spectral width of
868.1 Hz, and 22 K data size. Spectra were referenced to 85%
hosphoric acid.

. Results

Visually, the samples without ceramide and containing
0 mol% of ceramides were fluid and completely transparent
t room temperature. However, the systems with 20 mol% of
eramides were slightly translucent.

.1. Morphological and dimensional evaluation

Dynamic light scattering (DLS), freeze-fracture electron
icroscopy (FFEM) and small angle X-ray scattering (SAXS)
ere used to study the morphology and dimensions of the

tructures. The pure DMPC/DHPC q = 2 (S-q2), DMPC/DHPC
= 2 + 10% C14-Cer (S-q2 C1410), DMPC/DHPC q = 2 + 10%
24-Cer (S-q2 C2410), DMPC/DHPC q = 2 + 20% C14-Cer (S-
2 C1420) and DMPC/DHPC q = 2 + 20% C24-Cer (S-q2 C2420)
ere analysed.

.1.1. Size and shape

The hydrodynamic diameter (HD) and polydispersity index

PI) of the systems are displayed in Table 1. These results rep-
esent the mean of three independent measurements of each
ample. The S-q2 shows HD of 15.9 nm and PI = 0.311. The

able 1
ydrodynamic diameters (HD) and polydispersity index (PI) of the systems

ormed by DMPC/DHPC and ceramides measured by dynamic light scattering
DLS)

ample HD (nm) PI

-q2 15.9 ± 1.84 0.311
-q2 C1410 15.2 ± 1.58 0.430
-q2 C2410 19.4 ± 0.87 0.220
-q2 C1420 84.5 ± 7.8 0.660
-q2 C2420 69.8 ± 0.78 0.286
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ddition of 10 mol% ceramides to the bicelles just slightly
hanged the HD of the systems. The S-q2 C1410 and S-q2
2410 show HD = 15.2 and 19.4 nm and PI = 0.430 and 0.220,

espectively. A marked increase in the average particle size in
he samples including 20 mol% of ceramides was obtained. S-
2 C1420 and S-q2 C2420 show HD = 84.5 and 69.8 nm and
I = 0.660 and 0.286, respectively. Although the particle size val-
es obtained for the bicellar systems in the presence of the same
oncentration of both kinds of ceramide (C14-Cer and C24-Cer)
ere similar, the polydispersity index was clearly more affected

n the samples containing C14-Cer.
FFEM images of the studied samples are shown in Fig. 2. In

eneral terms, the micrographs present structures with diam-
ters in the range of 15–100 nm. Fig. 2A depicts the pure
MPC/DHPC bicellar system (S-q2), showing structures with

izes around 15–20 nm (black arrows). Fig. 2B and C corre-
ponds to the S-q2 C1410 and S-q2 C2410 systems, respectively.
ig. 2B depicts rounded structures with 15–20 nm (black arrows)
nd slightly elongated structures with approximately 40 nm in
ength (arrow heads). Fig. 2C also shows small rounded aggre-
ates of about 15–20 nm (black arrows). Fig. 2D and E related
o the samples with 20 mol% of ceramides (S-q2 C1420 and
-q2 C2420, respectively) reflect a heterogeneous population.
mall bicelles with diameters around 15–20 nm (black arrows)
imilar to those observed in Fig. 2A–C, and bigger aggregates
white arrows) of about 60–100 nm are visualized. As regards
he particle morphology and size, the images of the samples con-
aining C14-Cer seem to contain aggregates with more diverse

orphologies. This explains the high values of PI for these
amples obtained in DLS measurements. The big structures visu-
lized in both samples justify the translucent appearance of these
ystems.

.1.2. Bilayer thickness
SAXS profiles are shown in Fig. 3. In all cases the lamellar

epeat distance d was estimated from the analysis of the peaks by
ragg’s law and was attributed to the bilayer thickness as in the

tudies with liposomes and other bilayer models [16]. Fig. 3A
lots the scattering curve of pure DMPC/DHPC bicelles (q = 2).
repeat distance value of d = 4.5 nm was obtained. The incorpo-

ation of ceramides into the bicellar system led to the appearance
f additional peaks. The profiles of these samples reflect the
nfluence of these lipids in the phospholipid bilayer. The values
f d-spacing obtained for 10% of ceramide enriched samples are
bserved at d = 6.8, 5.3, 4.5 and 3.7 nm for S-q2 C1410 (Fig. 3B)
nd at d = 6.2, 5.4 and 4.7 nm for S-q2 C2410 (Fig. 3C). Likewise,
he values of d-spacing obtained for 20% ceramide enriched
amples (Fig. 3D and E) are observed at d = 6.4, 5.2 and 4.6 nm
nd d = 6.7, 5.3 and 4.7 nm for S-q2 C1420 and S-q2 C2420,
espectively.

.2. 31P NMR conformational study of bicelles
31P MR is commonly applied in the study of structural and
onformational aspects of bicellar systems. This technique was
sed in this study to observe the effect of the two types of
eramide on the phosphorus environment and on the orienting
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Fig. 2. FFEM replica images of the systems formed by DMPC/DHPC q = 2 (A), DMPC/DHPC q = 2 + 10 mol% C14-Cer (B), DMPC/DHPC q = 2 + 10 mol% C24-Cer
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C), DMPC/DHPC q = 2 + 20 mol% C14-Cer (D) and DMPC/DHPC q = 2 + 20 m
f 15–20 nm. The arrow heads in (B) show the slight elongated structures of ab
bout 60–100 nm.

roperty of bicelles. The aligned samples provide an anisotropic
nvironment in the magnetic field, producing a characteristic
pectrum composed of two differentiated resonances. By con-
rast, the presence of a low field resonance is characteristic of
he isotropic behaviour of non-aligned samples [5]. It is well
nown that bicelles with q ≤ 2.5 do not align in magnetic fields.
evertheless, the influence of ceramides could be detected in the

sotropic systems studied. Fig. 4 shows the 31P NMR spectra of
he five systems studied. Fig. 4A plots the spectrum for S-q2.
his spectrum presents a single peak resonance near −1 ppm,

hich indicates the presence of small disks in rapid rotation.
imilar result has been reported by other authors [22,26] for
icelles under similar conditions. The spectra of the samples
ontaining 10 and 20% of C14-Cer and C24-Cer also demon-

c
t
s
o

24-Cer (E). Black arrows point to rounded structures with an approximate size
nm in length and the white arrows in (D and E) indicate the big aggregates of

trate isotropic behaviour. However, the appearance of doublets
ndicates a slight differentiation of the phosphorus environment
n the bicellar structures. In Fig. 4(B–E), the spectra present
single peak for S-q2 C1410 (Fig. 4B) and doublets for S-q2
2410, S-q2 C1420, S-q2 C2420 (C–E) near −1 ppm.

. Discussion

The results show that ceramides induce modifications in
he structure of the DMPC/DHPC bicelles. The presence of

eramides causes alterations in the size, morphology and bilayer
hickness of bicelles and may result in the appearance of bigger
tructures. The magnitude of these effects depends on the type
f ceramide and on the concentration used.
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ig. 3. SAXS profiles of the systems formed by DMPC/DHPC q = 2 (A), DMP
MPC/DHPC q = 2 + 20 mol% C14-Cer (D) and DMPC/DHPC q = 2 + 20 mol%

Bicellar systems made up of DMPC/DHPC with a high pro-
ortion of DHPC consist of small non-aligning disks [27,28].
he distribution of the DMPC and DHPC molecules in these
ystems accounts for its isotropic behaviour. In the bicelle model
29] the DMPC forms the bilayer and the DHPC is partitioned
n the edges of the structures and in the DMPC bilayer. Accord-
ng to Sanders and Schwonek [26], the higher the number of

HPC molecules, the larger the increase in the bilayer zone

nd the smaller and more spherical the structures. Thus, the
hape of these small bicellar structures does not allow for mag-
etic orientation. In the light of our results, the behaviour of the

b
c

p

PC q = 2 + 10 mol% C14-Cer (B), DMPC/DHPC q = 2 + 10 mol% C24-Cer (C),
Cer (E).

-q2 system is consistent with these data. We obtained small
tructures of about 15–20 nm, with a bilayer thickness of 4.5 nm
hat are fully consistent with the small non-aligned bicelles. The
sotropic peak obtained by 31P NMR reflects the superposition
f the DMPC and DHPC resonances given that, separately, the
hosphorus chemical shifts of the two phospholipids used are
ndistinguishable (data not shown). This spectral behaviour has

een reported by other authors [22,26] in similar experimental
onditions.

As for the influence of ceramides on the spectra of S-q2 sam-
le, these lipids seem to produce alterations in the phosphorus
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ig. 4. 31P NMR spectra of the systems formed by DMPC/DHPC q = 2 (A), D
C), DMPC/DHPC q = 2 + 20 mol% C14-Cer (D) and DMPC/DHPC q = 2 + 20 m

nvironment. All spectra of samples containing ceramide present
hanges in the peaks when compared with the pure bicelles spec-
rum. The NMR spectra for C14-Cer enriched samples present

broad resonance indicating an initial differentiation of the
eaks in S-q2 C1410 (Fig. 4B) and a slightly differentiated peak
n S-q2 C1420 (Fig. 4D). On the other hand, the spectra for
he C24-Cer enriched samples clearly show doublets (Fig. 4C
nd E). The peak differentiation in NMR spectra is indicative

f ceramide incorporation into the structures since the phos-
horus environment is affected by this inclusion. The spectra
eveal that the presence of C14-Cer altered the phosphorus signal
lightly less than the C24-Cer. A number of authors have reported

i
h
l
p

/DHPC q = 2 + 10 mol% C14-Cer (B), DMPC/DHPC q = 2 + 10 mol% C24-Cer
C24-Cer (E). Spectra were referenced to 85% phosphoric acid.

he ceramide property of forming domains along phospholipid
ilayers. These domains are due to the small miscibility of both
omponents [30,31]. In this regard, the smaller influence of the
14-Cer on the phosphorus signal indicates that this ceramide
as a lower capacity to be mixed in the phospholipid structures
ompared with the C24-Cer.

The presence of ceramide domains also account for the addi-
ional reflections obtained in the SAXS profiles and for the

ncrease of particle sizes observed in the FFEM images. It
as been reported that the inclusion of ceramides in DMPC
iposomes strongly influences the phase behaviour of this phos-
holipid [32]. Ceramides can broaden the phase transition of



5 es A:

p
[
c
i
o
r
I
4
b
5
a
d
i
f
t
s
T
e
o
[

C
c
d
o
r
t
D
p
h
t
p
b
t
c
a
p
n
p
d
p
a
t
t
t
z
T
m
b
f
a
S

S
t
T
T

s
t
s
s
h
t
b
f
D
s
s
t
t
w
t
T
P
s
t
c
p
o
t
s

d
m
c
i
t
T
h
h
e
b
t
i
t
o
a
p
v
p
T
a
T
t
G
t
a
t
c
a

82 L. Barbosa-Barros et al. / Colloids and Surfac

hospholipids and increase the midpoint transition temperature
31]. This results in the coexistence of domains with different
ompositions and phases. Our results are in line with these find-
ngs. The existence of multiple reflections in the SAXS profiles
f bicelles indicates that the ceramides have been incorpo-
ated into the bicelles forming domains as in DMPC liposomes.
n all scattering curves, reflections with a d-spacing around
.5–4.8 nm can be identified and assigned to the pure DMPC
ilayer. Higher values of d-spacing are also detected around
.2–5.4 and 6.2–6.7 nm. These additional reflections may be
ttributed to the formation of phase separated domains with
ifferent phospholipid–ceramide compositions. Ceramides can
nduce gel phase in DMPC assemblies [31] and the d-spacing
or the DMPC gel phase bilayer is around 5.6 nm [33]. Given
hat, the values of d-spacing around 5.2–5.4 nm obtained in our
tudy can be assigned to domains of DMPC in the gel phase.
he values of d = 6.2–6.7 nm are attributed to the ceramide
nriched domains. An earlier work has reported similar value
f d-spacing for mixtures of DMPC liposomes and ceramides
34].

Moreover, a value of d = 3.7 nm was also found in the S-q2
1410 sample. This reflection may be ascribed to non-lamellar
eramide structures in the medium. A number of authors have
iscussed the effects of the different hydrophobic chain lengths
f ceramide on membrane models [11,35]. These studies have
eported the property of long chain ceramides to diminish the
endency to lateral separation, increasing the miscibility with
MPC. By contrast, ceramides with a shorter chain reflect tight
acking and immiscibility in DMPC because of the efficient
ydrogen bonding between the ceramide molecules [34]. In
his way, given the smaller N-acyl chain and consequent tight
acking, the amount of C14-Cer that could not be included in
icelles was probably segregated. This segregation gave rise to
his reflection at 3.7 nm, which resembles the one found for
eramide-III by Garidel et al. [36,37] using Synchroton radi-
tion. In this regard, this peak would be expected to be more
ronounced in the scattering curve of S-q2 C1420. Interestingly,
o similar reflection was detected in this sample. In Fig. 3D, the
eak assigned to the pure DMPC (d = 4.6 nm) is seen as a shoul-
er partially overlapping the peak assigned to the DMPC gel
hase enriched domains (d = 5.2 nm), whose intensity showed
considerable increase. Accordingly, the greater intensity of

he DMPC gel phase peak indicates an increased incorpora-
ion of ceramide into the phospholipid structures. This means
hat this system would have undergone a structural reorgani-
ation because of the inclusion of larger amounts of ceramide.
his is confirmed in the FFEM image (Fig. 2D), which shows a
ixed system containing bigger aggregates together with small

icelles. This reorganization of the structures probably allowed
or the incorporation of all C14-Cer to the system. Hence, the
bsence of the d-spacing around 3.7 nm in the SAXS profile of
q-2 C1420 is justified.

Another possibility to explain the multiple reflections in the

AXS profiles would be the presence of different bicellar struc-

ures in the systems, some with ceramides and others without.
his possibility seems reasonable for the S-q2 C1410 sample.
he DLS for this sample shows the smallest value of particle

a
w
a
s
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ize, but the FFEM micrograph displays two kinds of struc-
ures: small objects with about 15–20 nm and slightly elongated
tructures with about 40 nm in length. Although these 40 nm
tructures were not detected by DLS, they could account for the
igh value of PI obtained for this sample. The appearance of
hese structures could be attributed to a reorganization of the
icellar structures. The addition of C14-Cer would promote the
ormation of structures with a longer bilayer. Consequently, the
HPC molecules would be displaced and incorporated into the

tructures without ceramides, forming bicellar aggregates with
maller sizes. Indeed, the HD of S-q2 C1410 is smaller than
he pure S-q2. Given the smaller miscibility of the C14-Cer and
he DMPC, the formation of the aggregates with ceramides and
ithout ceramides would have been energetically favoured. In

he case of the S-q2 C2410, this hypothesis can be discarded.
he slight increase in the particle size and the low value of
I of this sample are compatible with the homogeneous inclu-
ion of ceramide in the bicelles, and the fact that only one
ype of structure was visualized by FFEM corroborates this
onclusion. Thus, 10 mol% of C24-Cer seems to have been incor-
orated into the bicellar structures, increasing the particle size
f the system. In general, the transparency of samples con-
aining 10 mol% of ceramide indicates the presence of small
tructures.

The inclusion of 20 mol% of C14-Cer would promote the
estabilization of bicelle structures and the formation of a
ixed system containing big non-bicellar structures including

eramides. The appearance of these slightly translucent samples
nitially suggested the presence of big structures in addition to
he small bicelles, which was confirmed by the techniques used.
he membrane destabilization effect of ceramides on vesicles
as been reported [31,35]. This effect has been ascribed to the
igh intrinsic curvature of ceramide, which gives rise to lat-
ral phase separations [30,37]. These effects were observed for
oth samples containing 20 mol% of ceramides. Evidence for
he destabilization induced by ceramides is shown in FFEM
mages. The micrographs (Fig. 2D and E) show bigger struc-
ures in addition to small bicelles. The size distribution curves
btained by DLS (Table 1) are consistent with these results from
qualitative point of view. We obtained an increased average

article size for these samples. The S-q2 C1420 presented a high
alue of PI and the corresponding FFEM image (Fig. 2D) sup-
orted the high diversity of structures present in this sample.
he differences in the particle size values obtained by FFEM
nd DLS could be attributed to the sensitivity of each method.
he HD obtained by DLS is that of a hypothetical hard sphere

hat diffuses at the same speed as the particle under experiment.
iven the different morphologies displayed by the bicelle struc-

ures, the particle size obtained in our experiment is regarded
s a relative measurement of the structure dimensions. Thus,
he values of particle sizes should be interpreted taking into
onsideration FFEM data. In resume, both techniques showed
similar behaviour for the systems containing ceramides: the
ddition of low concentrations of this lipid increases bicelle size
hereas the addition of larger amounts of ceramides induces
reorganization of the system with the appearance of bigger

tructures.
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. Conclusions

Our results demonstrate that differences in ceramide struc-
ure and concentration give rise to diverse effects on bicelles.
he system studied can incorporate 10 mol% of C14-Cer and
24-Cer, which are probably organized in domains along the
MPC bilayer. The multiple reflections obtained in the SAXS
rofiles suggest the coexistence of different domain composi-
ions in the systems. Because of its smaller miscibility in DMPC,

14-Cer exerts less influence than C24-Cer on the 31P NMR
esonance. The system enriched with 10% of C14-Cer forms
longated aggregates in addition to rounded bicelles, whereas
0% of C24-Cer is homogeneously incorporated into the bicelles,
ncreasing the average particle size. The addition of 20% mol of
ither of the studied ceramides promotes the destabilization of
icelles, resulting in the formation of mixed systems with bigger
tructures and higher values of polydispersity. Bicelles proved to
e an adequate system for our study. This system opens up new
ossibilities of studies and applications owing to its size, shape
nd the possibility of modulating its structure. Our study demon-
trates that it is possible to create a model membrane made up
f bicelles including ceramides. These bicellar systems could
e useful as membrane mimics for studies in which ceramides
ould offer an environment that is more similar to the one found
n cell membranes.
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