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A B S T R A C T

Sphingolipids-enriched rafts domains are proposed to occur in plasma membranes and to mediate important
cellular functions. Notwithstanding, the asymmetric transbilayer distribution of phospholipids that exists in the
membrane confers the two leaflets different potentials to form lateral domains as next to no sphingolipids are
present in the inner leaflet. How the physical properties of one leaflet can influence the properties of the other
and its importance on signal transduction across the membrane are questions still unresolved. In this work, we
combined AFM imaging and Force spectroscopy measurements to assess domain formation and to study the
nanomechanical properties of asymmetric supported lipid bilayers (SLBs) mimicking membrane rafts.
Asymmetric SLBs were formed by incorporating N-palmitoyl-sphingomyelin (16:0SM) into the outer leaflet of
preformed 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)/Cholesterol SLBs through methyl-β-cyclodex-
trin–mediated lipid exchange. Lipid domains were detected after incorporation of 16:0SM though their phase
state varied from gel to liquid ordered (Lo) phase if the procedure was performed at 24 or 37 °C, respectively.
When comparing symmetric and asymmetric Lo domains, differences in size and morphology were observed,
with asymmetric domains being smaller and more interconnected. Both types of Lo domains showed similar
mechanical stability in terms of rupture forces and Young's moduli. Notably, force curves in asymmetric domains
presented two rupture events that could be attributed to the sequential rupture of a liquid disordered (Ld) and a
Lo phase. Interleaflet coupling in asymmetric Lo domains could also be inferred from those measurements. The
experimental approach outlined here would significantly enhance the applicability of membrane models.

1. Introduction

Plasma membranes of cells present an asymmetric distribution of
their phospholipid components between the two membrane leaflets [1].
Most phosphatidylcholine (PC) and sphingomyelin (SM) are present in
the outer leaflet, whereas phosphatidylserine, phosphatidylethanola-
mine, and phosphatidylinositol are located in the inner leaflet. Cells
actively maintain this asymmetry by investing high amounts of energy

through ATP-dependent mechanisms [2]. The loss of this particular
distribution triggers cellular processes like apoptosis and platelet acti-
vation and has also been related to pathological conditions like in-
flammation, neurodegenerative processes, and cancer [3–6].
Besides transbilayer lipid asymmetry, lateral heterogeneities also

exist in plasma membranes, i.e., organized structures occur in the plane
of the membrane that differ in lipid and/or protein composition from
the surrounding membrane, and lipid-lipid interactions are of
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fundamental importance for the emergence of such domains [7,8].
Among these specialized structures, the so-called lipid rafts have been
proposed to act as key platforms for cellular functions like signal
transduction, trafficking, and binding of biomolecules [9–12]. Ac-
cording to the raft hypothesis, the interaction between sphingolipids
(SLs) and cholesterol (Chol) leads to the formation of segregated Chol-
and SLs-enriched domains in the membrane where proteins can be se-
lectively included or excluded [9,10,13]. It is worth mentioning that no
direct evidence for lipid rafts actually occurring in biological mem-
branes has been obtained yet—probably due to its proposed dynamic
characteristics and small size [14,15]. An important move in this di-
rection has been the work by Katsaras and colleagues who detected
nanoscopic lateral membrane structures (< 40 nm) in living bacterial
cells by neutron scattering, supporting the notion that nanoscopic lipid
assemblies are an integral feature of biological membranes [16]. Moon
and co-workers have also observed the formation of low-polarity na-
noscale heterogeneities in live-cell membranes upon cholera-toxin
treatment using spectrally resolved super-resolution microscopy with
polarity-sensing molecules. Nevertheless, those nanodomains were only
observed in treated cells suggesting that raft-like domains may be ab-
sent in native cells [17].
Studies in model membranes have shown that in lipid mixtures

comprising certain SLs plus Chol and a low-melting PC, SLs and Chol
indeed segregate forming domains which are in a liquid-ordered (Lo)
phase—an intermediate physical state between the highly mobile li-
quid-disordered (Ld) and the solid-ordered (gel) phase [13,18–21].
Notwithstanding, most of the information concerning phase segre-

gation and domain formation has come from studies using symmetric
model membranes and the impact of lipid asymmetry on membrane
properties has been disregarded. The distinctive lipid compositions of
the inner and outer leaflets give them different potentials to form lateral
domains. As next to no SLs are present in the inner leaflet, its potential
to form ordered domains is expected to be lower than that of the outer
leaflet. Consequently, the formation of raft domains would be limited to
the external leaflet of the plasma membrane giving rise to asymmetric
assemblies with an opposing leaflet formed by inner leaflet lipids which
are not prone to form ordered domains by themselves [22]. The pre-
sence of Chol, though, in combination with interleaflet coupling can
likely facilitate lateral structure in the inner leaflet as well [23].
Transbilayer coupling can, therefore, modulate the cell membrane or-
ganization and play a relevant role in signal transduction processes
across the membrane where raft-like domains are proposed to partici-
pate.
In the last years, new methodologies for preparing asymmetric

model membranes have been developed and improved [24–30]. Among
them, the exchange of outer membrane lipids catalyzed by cyclodex-
trins has been successfully applied in the design of asymmetric small,
large, and giant unilamellar vesicles (SUVs, LUVs, and GUVs)
[28,31,32]. These model membranes maintained a stable transbilayer
lipid asymmetry for several hours allowing the study of the physical
properties of each hemilayer through different biophysical approaches
including small-angle neutron scattering (SANS) [33], and fluorescence
techniques like Förster resonance energy transfer (FRET) [34], fluor-
escence correlation spectroscopy (FCS) [32,35], and fluorescence mi-
croscopy [23], among others. Interleaflet coupling was found to be
highly dependent on the lipid composition of each hemilayer. In some
cases, one leaflet can influence the physical properties of the other with
consequences in the formation of membrane domains, i.e., in certain
lipid mixtures, the presence of ordered domains in one leaflet can in-
duce ordered domains in the opposite leaflet while in others, the for-
mation of ordered domains can be prevented by a disordered phase in
the opposing leaflet. In other cases, neither leaflet dominates and an
intermediate order is found or no coupling at all occurs and each leaflet
retains its own physical properties [23,33–37].
Recently, Visco et al. applied the Methyl-β-cyclodextrin

(MβCD)–mediated lipid exchange method to prepare supported lipid

bilayers (SLBs) with asymmetric lipid composition [38]. By in-
corporating brain SM (bSM) into the outer leaflet of DOPC supported
bilayers, asymmetric membranes were obtained that maintained their
lipid asymmetry for several hours. Interestingly, when bSM and Chol
were sequentially incorporated into DOPC bilayers, no phase segrega-
tion was observed when inspected by fluorescence microscopy if no
bSM was present in the inner leaflet.
In this study, we extend the analysis of the physical properties of

asymmetric ternary SLBs prepared by MβCD-mediated lipid exchange
to the nanoscale resulting in the first detailed characterization of
asymmetric bilayers obtained by lipid substitution that mimic mem-
brane rafts. To this end, we performed AFM imaging to study the to-
pographic properties and phase behavior of lipid bilayers after the in-
corporation of N-palmitoyl sphingomyelin (16:0SM) into the outer
leaflet of DOPC/Chol supported bilayers, and compared them with
those of symmetric DOPC/16:0SM/Chol SLBs, a segregated two-phase
system that has been thoroughly characterized by our group and which
is relevant as a mammalian membrane model [39–42]. Force spectro-
scopic (FS) measurements were used as a complement to AFM topo-
graphy to gain insights into the nanomechanical properties of the
asymmetric bilayers [43,44]. These combined techniques provide
nanometer/nanonewton resolution allowing the study of phase segre-
gation and the physical properties of the bilayers avoiding the use of
fluorescent probes or labeled lipid analogs. Measurements revealed
phase segregation after incorporation of 16:0SM to DOPC/Chol sup-
ported bilayers, although differences in domains morphology, size,
apparent height, and mechanical properties were found when com-
pared to the symmetric DOPC/16:0SM/Chol ternary system depending
on the temperature at which the lipid exchange process occurred. These
results are discussed in terms of the mechanism of domain formation
when using this methodology. Finally, interleaflet coupling in Lo do-
mains is analyzed based on Force vs. Distance curves data.

2. Experimental section

2.1. Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), N-palmitoyl-D-
erythro-sphingosyl phosphorylcholine (16:0SM), and cholesterol (Chol)
were purchased from Avanti Polar Lipids (Birmingham, AL, USA) and
used without further purification. Methyl-β-cyclodextrin (MβCD), N-(2-
Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES), NaCl,
CaCl2, and other reagents, all analytical-grade, were acquired from
Sigma–Aldrich (St. Louis, MO, USA). HPLC-grade chloroform and me-
thanol were purchased from Merck (Darmstadt, Germany). Muscovite
mica grade V-1 was purchased from SPI supplies (West Chester, PA,
USA). All the solutions were prepared in ultrapure MilliQ water (re-
sistivity of 18.2MΩ.cm at 23 °C; Merck Millipore, Burlington, WI, USA).

2.2. Vesicles preparation

Multilamellar vesicles (MLVs) were prepared by mixing the appro-
priate amounts of synthetic pure lipids (DOPC, Chol, 16:0SM (2:1:1
mole ratio)) dissolved in chloroform/methanol (2:1, v/v). The samples
were dried by evaporating the solvent under a stream of nitrogen and
then placed under vacuum overnight to further remove the solvents.
The dried lipid films were hydrated in HEPES-buffered saline (HBS
Buffer: 20mM HEPES, 150mM NaCl, pH 7.4) at 65 °C, helping disper-
sion by stirring, until complete lipid detachment (the final lipid con-
centration was 150 μM). For obtaining small unilamellar vesicles
(SUVs), MLVs were introduced in a Branson 1200 bath sonicator
(Branson Ultrasonics Corp., Dansbury, CT, USA) and kept at 65 °C for
1 h. For vesicles containing only DOPC or DOPC/Chol (3:1 mole ratio),
the same protocol was used but performed at 40 °C.
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2.3. Preparation of MβCD-16:0SM complexes

MLVs of 16:0SM were prepared as described previously and mixed
with a MβCD stock solution prepared in HBS buffer. The final con-
centrations in the mixture were 20 and 5mM, respectively. After in-
cubating for 3 h at 70 °C with continuous shaking, the mixture was
centrifuged at 54,000g for 20min at 4 °C. The supernatant containing
the MβCD−16:0SM complexes was then separated, filtered through
0.22 μm filters and stored at −20 °C until used.

2.4. Formation of supported lipid bilayers (SLBs)

For AFM imaging and force spectroscopic measurements, SLBs were
prepared on mica substrates using the vesicle adsorption technique
[45]. Freshly cleaved mica previously mounted onto a liquid cell was
pretreated with 120 μL of HBS Buffer containing 3mM CaCl2 for 15min
at 55 °C. Sonicated vesicles (65 μL, 150 μM) were then added on top of
the mica and left to adsorb and extend for 30min with the sample
temperature maintained at 55 °C for DOPC/16:0SM/Chol mixtures or at
40 °C for DOPC and DOPC/Chol SLBs. The samples were left for further
60min to equilibrate at room temperature after which the nonadsorbed
vesicles were removed by washing 10 times with HBS buffer. A small
amount of buffer was always left on top of the substrate to maintain
hydration of the supported bilayers at all times. The liquid cell was set
to 24 °C and the lipid bilayers were left to equilibrate for another
30min before measurements.

2.5. Formation of asymmetric SLBs through MβCD-mediated lipid exchange

To prepare asymmetric DOPC/16:0SM/Chol bilayers, DOPC/Chol
(3:1 mole ratio) supported bilayers were initially obtained. SLBs were
inspected through AFM imaging to verify the formation of a completely
covered defect-free surface, and FS measurements were performed on
the binary system. To incorporate 16:0SM into the outer hemilayer,
60 μL of MβCD−16:0SM complexes (5mM) were added to the DOPC/
Chol SLBs and incubated at 24 °C or 37 °C for 30min. SLBs were then
delicately washed 10 times with HBS buffer and left to equilibrate at
24 °C.

2.6. AFM imaging

The measurements were performed using an XE-Bio AFM (Park
Systems Corp., Korea) at 24 °C. Silicon nitride cantilevers (MSNL-10,
Bruker Nano Inc.) with nominal spring constants of 0.01–0.1 N/m and
nominal tip radius of 2 nm were used. Images were collected in contact
mode at 512× 512-pixel resolution at a scanning rate between 1 and
1.5 Hz maintaining the minimum possible force and were analyzed
using the XEI Image Processing program from Park Systems.
For calculating the average height of the domains, at least 3 in-

dependent samples (n) were analyzed. 10–20 domains heights (N) were
measured for each sample from three different images by tracing dif-
ferent line profiles. Average heights are reported as mean ± SD
(N=125, n=6, for symmetric SLBs; N= 93, n= 5 and N=40,
n=3, for asymmetric SLBs prepared at 37 °C and 24 °C, respectively).
Roughness measurements were performed by surface analysis on

2 μm2 areas at different locations of three AFM images (10× 10 μm2)
taken from each sample, using three different samples for DOPC/Chol
(N= 52) and two independent samples for DOPC (N=33) SLBs. Mean
values± SD are reported.

2.7. Force spectroscopy measurements

For FS measurements on SLBs, the optical lever sensitivity for each
silicon nitride MSNL-10 cantilever (Bruker, Billerica, MA, USA) was
calibrated acquiring a force curve in a lipid-free mica substrate. The
spring constant of each cantilever was independently determined using

the thermal noise method routine included in the XEI software. SLBs
were first imaged and then Force vs. distance (FvsD) curves were ac-
quired at 1 μm/s and 1 Hz. The curves were taken in a 2D grid of 256
individual curves over representative areas of the bilayer (1 μm×1 μm
or 3 μm×3 μm). Approach and retraction curves were composed of
1024 (distance, force) ordered-pairs each. FvsD curves were analyzed to
obtain the Breakthrough force (Fb) values using a home-made Matlab
(MathWorks) routine adapted from Li et al. [46]. Matlab was also used
to generate the corresponding Fb histogram plots. The FvsD curves were
transformed to Force vs. Tip-sample Separation (FvsS) curves by cal-
culating Tip-sample separation as S=D + (F / kc); where kc is the
calibrated cantilever spring constant. In this scheme, the signal of the
rupture process is enhanced. By taking the derivative of the Force, the
highest peak yields the rupture force while the width yields the pene-
tration depth into the membrane (d). The bilayers Young's modulus was
calculated by fitting the indentation region of FvsS curves using the
classical Hertz contact model [47].
Distributions were generated from at least three independent

sample preparations measured with at least three different tips (each
sample prepared independently on a different day). Values were ob-
tained from Gaussian fits of the corresponding distributions using
Origin 8.5 software (OriginLab Corp, Northampton, MA, USA) and are
presented as mean ± SD. Analysis of variance was performed using
SigmaPlot 11.0 (Systat software, San Jose, CA, USA). Differences were
significant for p < 0.05.

3. Results and discussion

3.1. Symmetric DOPC/16:0SM/Chol SLBs

The symmetric ternary mixture DOPC/SM/Chol has been widely
studied as a relevant mammalian membrane model [20,39,48–50]. As
mentioned before, the preferential interaction between SM and Chol in
these systems results in the formation of SM/Chol-enriched Lo domains
segregated from a DOPC-enriched Ld phase. The Lo phase is char-
acterized by a lipid packing similar to the gel state, with ordered and
relatively extended acyl chains, that nonetheless also exhibits high ro-
tational and lateral diffusion rates similar to those of the Ld phase [51].
This difference in lipid packing produces Ångstrom- to nanometer-scale
height differences between the lipid phases that can be evidenced by
AFM microscopy [52].
In order to compare the structural and physical properties of

asymmetric bilayers obtained by MβCD-mediated lipid exchange with
their symmetric counterparts, we first characterized the DOPC/
16:0SM/Chol (2:1:1 mole ratio) SLBs obtained by the conventional
vesicle fusion method with the same experimental conditions as for the
asymmetric membranes. Phase segregation was clearly observed in
AFM images of DOPC/16:0SM/Chol SLBs with well-defined bright Lo
domains embedded in a continuous darker Ld phase (Fig. 1, Panel A).
The height difference between the Lo domains and the Ld phase was
0.68 ± 0.06 nm (line profile in Fig. 1, Panel A) which is in agreement
with previous reports [39,40,48].
FS measurements were performed on DOPC/16:0SM/Chol SLBs to

study the nanomechanical properties of the lipid phases. Force curves
were obtained by applying a constantly increasing force with the AFM
cantilever tip on the SLBs. From these curves, the breakthrough force
(Fb) was obtained which corresponds to the maximum force that the
bilayer is able to withstand before rupture. This force represents a di-
rect measurement of the membrane mechanical stability at the nan-
ometer scale which is highly related to the intermolecular interactions
between the lipid molecules. Two main distributions of Fb were ob-
served centered at 4.2 ± 2.0 nN and 12.0 ± 2.7 nN (Fig. 1, Panel B),
corresponding to Ld and Lo phases, respectively. These values were in
close agreement with previous results on DOPC/16:0SM/Chol sym-
metric bilayers in which average values of 4.8 and 5.7 nN were reported
for Ld phases and 12.3 and 11.3 nN for Lo phases [39,41]. Similar
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results have also been reported for DOPC/18:0SM/Chol supported bi-
layers with average Fb values of 6.5 and 12.0 nN for the Ld and Lo
phases, respectively [53]. The higher Fb values in the Lo phase reflect a
more ordered packing between SM and Chol in that phase in compar-
ison to the lipid packing in the DOPC-enriched Ld phase. It is worth
mentioning that Fb values depend not only on the specific lipid com-
position but also on several variables like temperature, and buffer
conditions (pH, ionic strength, presence of divalent cations), for in-
stance, which affect the mechanical stability of the lipid bilayers
[54–57]. Moreover, the chemical properties and geometry of the can-
tilever and its tip, the loading force, and approach velocity also influ-
ence the Fb values measured [20,58,59]. Therefore, the absolute values
of rupture forces can only be compared when measurements are per-
formed under very similar experimental conditions, even for the same
lipid mixture.

3.2. DOPC/Chol SLBs as the starting point

To gain insights into the phase behavior of asymmetric membranes,
the aim was to obtain ternary SLBs by incorporating 16:0SM into the
outer leaflet of DOPC/Chol (3:1 mole ratio) bilayers. In order to limit
the interaction of 16:0SM-MβCD complexes with the outer leaflet of the
supported bilayer, DOPC/Chol SLBs were properly formed, free of bi-
layer defects and yielding a complete surface coverage as revealed by
inspection of several areas of the mica. As an initial step, DOPC/Chol
(3:1) SLBs were characterized, to confirm the correct formation of the
bilayer and also to study the physical properties of the binary system
before the incorporation of 16:0SM. Panel A in Fig. 2 shows a topo-
graphic image (shown as inset) and the Fb histogram obtained for
DOPC/Chol (3:1) SLBs. Images showed smooth homogeneous surfaces
with an average roughness (rms) of 0.055 ± 0.015 nm. Accordingly, a
single distribution of Fb was measured at 7.5 ± 0.6 nN, in corre-
spondence with a single lipid phase.
The Fb values of DOPC/Chol (3:1) bilayers were intermediate be-

tween those of the Ld and Lo phases of the ternary DOPC/16:0SM/Chol
SLBs (cf. Fig. 1) and reflected a more ordered but still Ld phase. The
interaction of Chol with DOPC is known to produce an ordering of the
phospholipid hydrocarbon chains condensing the lipid and increasing
its packing density giving a more compact bilayer structure [60,61]. In
the ternary DOPC/16:0SM/Chol (2:1:1) system, Chol is assumed to be
mostly concentrated in the Lo phase due to its interaction with SM and,
consequently, the amount of Chol in that Ld phase is expected to be low,
being DOPC its main lipid component. Considering this, we also per-
formed measurements on neat DOPC SLBs to further study to which

extent Chol could segregate from the Ld phase due to the incorporation
of SM. DOPC formed uniform SLBs (inset in Fig. 2, Panel B) with rms
values of 0.071 ± 0.040 nm. The bilayer rupture events occurred at
average Fb of 3.1 ± 1.4 nN (Fig. 2, Panel B). These results are in good

1

0

nm BA
4.2 ± 2.0 nN

12.0 ± 2.7 nN

Fig. 1. AFM-FS measurements on DOPC/16:0SM/Chol SLBs. Panel A: AFM topographic image and height profile of a DOPC/16:0SM/Chol (2:1:1, molar ratio)
supported bilayer obtained by vesicle fusion. The height profile was measured along the dashed red line depicted in the image. Panel B: Distribution of breakthrough
force events in DOPC/16:0SM/Chol SLBs. The solid line corresponds to the Gaussian fitting of the data (N=4300; from 8 independent tip/sample preparations). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

nm

0

1

DOPC/Chol 3:17.5 ± 0.6 nN

DOPC

nm

0

1

3.1 ± 1.4 nN

A

B

Fig. 2. AFM-FS measurements on DOPC/Chol and DOPC SLBs. AFM topo-
graphic images (insets in Panels A and B) and breakthrough force histograms of
DOPC/Chol (3:1 mole ratio) (Panel A) and neat DOPC (Panel B) SLBs. The solid
black lines in the histograms correspond to the Gaussian fitting of the data
(N=1450 from 3 independent tip/sample preparations for DOPC/Chol 3:1;
N= 600 from 2 independent tip/sample preparations for DOPC).
Measurements were performed at 24 ± 1 °C.
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agreement with data from other groups reporting average values in the
range of 1.7–5 nN for DOPC [53,59,62,63]. The ordering effect of Chol
on DOPC SLBs was therefore reflected in the higher values of Fb ob-
tained for DOPC/Chol (3:1) SLBs (7.5 nN) than for neat DOPC bilayers
(3.1 nN). This same behavior has previously been shown in FS studies
performed by Redondo-Morata et al. in which an increment in Fb values
from 10 nN to 17–20 nN was registered when Chol was included up to
40mol% in DOPC SLBs [60]. Notice that those measurements were
performed in the presence of Mg2+ that stabilizes lipid bilayers and,
therefore, higher Fb values were measured in both, DOPC and DOPC/
Chol SLBs.
The Fb values registered in DOPC SLBs (3.1 nN) were similar to

those of the Ld phase (4.2 nN) in DOPC/16:0SM/Chol (2:1:1) bilayers,
reinforcing the notion that DOPC is the main lipid component of that
phase in the symmetric ternary systems.

3.3. MβCD-mediated incorporation of 16:0SM into the outer leaflet of
DOPC/Chol SLBs

DOPC/Chol (3:1) SLBs were then incubated with 5mM MβCD-
16:0SM complexes at 24 °C or 37 °C for 30min and left to equilibrate at
24 °C before AFM-FS measurements. When the incubation was per-
formed at 24 °C, AFM images revealed the presence of segregated mi-
crometer-sized domains protruding from a continuous phase (Fig. 3,
Panel A), evidencing the incorporation of 16:0SM. Also, smaller

inhomogeneities were observed in the continuous phase that could
account for submicrometer-sized domains. Microdomains presented an
average height of 1.2 ± 0.2 nm, higher than that registered for Lo
domains in the DOPC/16:0SM/Chol symmetric system (~0.7 nm).
Membrane defects were detected inside these micrometer domains that
reflected a less fluid phase than the Lo phase of the symmetric bilayers.
The height and morphology of microdomains resembled more to SM-
enriched domains in gel state rather than to the Lo domains observed in
the symmetric system (cf. Fig. 1) [64,65]. When analyzing the FvsD
curves, a broad range of Fb values was observed (Fig. 3, Panel B).
Notwithstanding, few rupture events could be registered inside the
micrometer-sized domains at the loading forces applied, which did
occur at domains boundaries. The lower Fb forces were centered at ~6
nN which corresponded to a Ld phase and the higher rupture forces
were centered at ~19 nN, although forces up to 35 nN were detected.
Neat 16:0SM SLBs have been reported to yield Fb values of

36.8 ± 3.7 nN when measured at 22 °C, temperature at which they are
expected to be in a gel phase (Tm ~42 °C) while in mixtures with Chol,
Fb forces decreased, as reported for 16:0SM/Chol (7:3) mixtures with
Fb values of 23.7 nN [39]. AFM-FS studies performed by Sullan et al. on
symmetric DOPC/18:0SM/Chol SLBs showed that domains formed in
lipid mixtures with 5% Chol were predominantly in the gel phase while
those formed in bilayers with 10% Chol appeared as a mixture of gel
and Lo phases. When Chol contents were between 10 and 15%, the SM/
Chol-enriched domains also presented less fluid characteristics than

nm

0

2

1

0

nm

BA

DC
5.6 ± 2.3 nN

13.4 ± 4.1 nN

Fig. 3. AFM imaging and FS measurements on asymmetric membranes. Panels A and C: AFM topographic images and height profiles of DOPC/Chol SLBs after
incubation with MβCD-16:0SM complexes at 24 °C (Panel A) or 37 °C (Panel C). Height profiles were measured along the dashed red lines depicted in the images.
Panels B and D: Distribution of breakthrough forces measured in asymmetric ternary bilayers obtained at 24 °C (Panel B) or 37 °C (Panel D). The solid line in D
corresponds to the Gaussian fitting of the data (Panel B: N= 1054, from 3 independent tip/sample preparations; Panel D: N=2190 from 4 independent tip/sample
preparations). All measurements were performed at 24 ± 1 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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those observed at 25% Chol which were in a Lo state [20]. Our results
pointed to the formation of a mixture of gel and Lo 16:0SM-enriched
domains over a wide range of SM/Chol compositions when 16:0SM was
incorporated at 24 °C, being the richer in Chol the ones with the lower
Fb. Accordingly, the Fb values of the Ld phase were lower than those of
the initial DOPC/Chol (3:1) bilayer, indicating that the level of Chol
decreased there due to its incorporation into the SM/Chol domains,
although the partial removal of Chol from the SLBs by MβCD should not
be discarded [66].
Next, we explored the results of lipid exchange when DOPC/Chol

(3:1) SLBs were incubated with MβCD-16:0SM complexes at 37 °C to
form asymmetric bilayers. Again, phase segregation was observed with
light domains arising from a darker fluid phase (Fig. 3, Panel C). In this
case, domains were smaller than those obtained at 24 °C with an
average height of 0.72 ± 0.08 nm. The smaller height difference be-
tween the coexisting phases suggested that more Chol was incorporated
in the SM/Chol domains, causing a loosening of SM lipid packing that
led to a decrease in the height of the ordered phase. When the nano-
mechanical properties of the bilayers were measured, two main dis-
tributions of Fb were detected with average values of 5.6 ± 2.3 nN and
13.4 ± 4.1 nN which could be attributed to Ld and Lo phases, re-
spectively (Fig. 3, Panel D). These Fb values were in accordance with
those reported for Ld and Lo phases in the symmetric system (Ld: 4.2
nN; Lo: 12.0 nN, cf. Fig. 1, Panel B; [39] [41]), reflecting that the in-
corporation of 16:0SM by this procedure, when performed at 37 °C,
favored SM/Chol interactions allowing the formation of Lo domains
with similar mechanical stability as those observed in symmetric bi-
layers. Still, the Ld phase presented an average Fb lower than DOPC/
Chol (3:1) SLBs (5.6 nN Ldasym vs. 7.5 nN DOPC/Chol) but higher than
neat DOPC bilayers (3.1 nN).
The Chol levels in SM/Chol-domains affect their morphology and

nanomechanical properties. While round domains are observed at high
Chol concentrations (15–30%) in PC/SM/Chol mixtures, at low Chol
content (5–15%) small taller domains appear that tend to form close
networks with other domains [20]. Accordingly, the Fb of domains
decreases as the Chol content increases, consistent with the fluidizing
effect of Chol on SM-enriched domains and its role in the formation of
the Lo phase [18,20]. Considering our results, the segregated Lo do-
mains that formed after incorporation of 16:0SM into the outer leaflet
of DOPC/Chol SLBs at 37 °C must differ in SM/Chol ratio within a
narrow range (being all in a Lo phase), resulting in a broader dis-
tribution of Fb values compared with the symmetric system (cf. Fig. 1).
On average, domains seemed to have less Chol content than symmetric
Lo domains and, therefore, higher height and Fb values. Also, the Ld
phase accounted for higher Chol levels remaining in this phase com-
pared to the Ld phase of symmetric systems, as reflected in the higher
Fb measured (5.6 nN Ldasym vs. 4.2 nN Ldsym). The lower Fb values of
the Ld phase in asymmetric SLBs (5.6 nN) in comparison with those of
the initial DOPC/Chol SLBs (7.5 nN), indicated that Chol levels de-
creased in that phase after the incorporation of SM but it was still
present to some extent since this value was higher than the one ob-
tained for neat DOPC bilayers (3.1 nN). Therefore, as in the asymmetric
SLBs prepared by incubation at 24 °C, the overall final levels of Chol in
the bilayers seem not to have been drastically affected by MβCD ex-
traction after 16:0SM was delivered at 37 °C, as inferred from the Fb
values of the Ld and Lo phases.
In line with Fb results, asymmetric bilayers presented slightly higher

Young's moduli in the Lo and Ld phases than their symmetric counter-
parts (Fig. 4). Average Young's modulus of 9.8 ± 6.6MPa and
12.4 ± 4.6MPa were calculated for symmetric (Panel A) and asym-
metric (Panel B) Lo domains, respectively, indicating that asymmetric
domains showed similar resistance against the elastic deformation in-
duced by the tip in the indentation region than symmetric ones. Higher
contents of SM with an increased lipid packing in the external leaflet of
asymmetric domains may account for the small differences observed as
were also reflected in their higher Fb values. It is worth mentioning,

though, that different probes were used to get the force curves and
small variations in the tip's radius could affect the absolute values of the
calculated Young's moduli. On the other hand, in each system, the Ld
phase showed lower Young's modulus than the Lo phase, as expected
from its more fluid characteristics, with average values of
1.5 ± 1.0MPa and 3.8 ± 2.6MPa in symmetric (Panel C) and asym-
metric (Panel D) SLBs, respectively. These results correlated with the
relative higher Fb found in the Ld phase in asymmetric SLBs and likely
resulted from a higher Chol content when compared to the symmetric
system.
Sullan et al. have reported Young's moduli of ~80MPa and

~140MPa in Ld and Lo phases, respectively, in DOPC/SM/Chol SLBs
[67]. The lower values obtained in our study may result from differ-
ences in the experimental conditions, most likely from the AFM tips
used to acquire the force curves. Saavedra et al. have recently reported
that small indenters—as the 2 nm tips used in this study—can produce
lower Young's moduli than expected [59]. In their study, DOPC bilayers
yielded Young's modulus of ~2MPa when using 2 nm in-
denters—similar values than the ones reported here for the fluid Ld
phases—and 34MPa when 20 nm probes were used. Low values of
Young's modulus have also been reported in fluid (4–6MPa) and gel
(10–20MPa) phases in phase-separated SLBs containing milk SM
measured with 2 nm indenters [47]. Therefore, the absolute values re-
ported here should be considered with caution.

3.4. Transbilayer lipid asymmetry and interleaflet coupling in Lo domains

AFM images showed that partial replacement of lipids occurred
after lipid exchange, inducing phase segregation while maintaining the
integrity of the lipid bilayers. Notwithstanding, the average Fb value

DOPC/16:0SM/Chol
Symmetric Asymmetric

BA

DC

9.8 ± 6.6 MPa 12.4 ± 4.6 MPa

1.5 ± 1.0 MPa 3.8 ± 2.6 MPa

oLoL

dLdL

Fig. 4. Young's moduli of symmetric and asymmetric SLBs. Distributions of
Young's modulus in DOPC/16:0SM/Chol SLBs prepared by vesicle fusion
(symmetric, Panels A and C) and those prepared by MβCD-mediated SM ex-
change at 37 °C (asymmetric, Panels B and D). Gray histograms correspond to
Liquid-ordered (Lo) phases (Panels A and B) and red histograms to Liquid-dis-
ordered (Ld) phases (Panels C and D). Solid lines represent the Gaussian fitting
of the data. Values are reported as mean ± SD from 3 independent experi-
ments measured with 3 different tips (each histogram contains N=300). All
measurements were performed at 24 ± 1 °C. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)
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corresponding to the Lo domains in the asymmetric SLBs was similar to
that of the symmetric bilayers. The question that then arises is whether
both leaflets were coupled or not and to what extent those domains
were asymmetric in lipid composition.
To explore transbilayer lipid asymmetry and possible coupling of

both leaflets in Lo domains, we then analyzed the FvsD curves. In FS
measurements, the AFM tip approaches the bilayer at a constant speed.
When the tip contacts the surface, an increasing force is observed in the
FvsD curves; the bilayer is first indented as it is softer than the tip and
finally, when the bilayer is no longer able to withstand the loading
force, the tip breaks through the bilayer and reaches the substrate.
Beyond this point, the cantilever starts to deflect since the substrate
cannot be indented [46]. From FvsD curves, the corresponding Force vs.
Tip-sample Separation (FvsS) curves can be obtained. Fig. 5 shows re-
presentative FvsS curves for Ld and Lo phases of symmetric DOPC/
16:0SM/Chol SLBs prepared by vesicle fusion (Panel A) and asymmetric
DOPC/16:0SM/Chol SLBs formed through MβCD-lipid exchange (Panel
B). In symmetric SLBs, both, the Ld phase and Lo domains showed ty-
pical FvsS behavior, with one breakthrough event. From these curves,
the rupture depth (d) could be estimated to be 3.7 ± 0.6 nm in the Ld
phase (Fb=4.4 ± 1.6 nN) and 4.3 ± 0.2 nm in the Lo phase
(Fb= 11.0 ± 1.0 nN), which can be used as an estimation of the bi-
layer thickness at the rupture point. Rupture depths of 3.6 ± 0.2 nm
have been reported for DOPC/Chol 9:1 bilayers which are in close
agreement with our results for the Ld phase [61]. The higher rupture
depth in the Lo phase reflects the more ordered packing of lipids ren-
dering a thicker bilayer and is in accordance with the height differences

between Lo/Ld phases observed in AFM images (cf. Fig. 1). It is worth to
note that the rupture depths can only be considered as an estimation of
the true bilayer thickness since they are measured at a point in which
the bilayer is in compression and, therefore, those values are likely
underestimated.
FvsS curves on the Ld phase of asymmetric bilayers also showed a

single breakthrough step yielding an average rupture depth of
3.3 ± 0.7 nm at Fb values of 6.03 ± 0.9 nN, consistent with a Ld
phase. A different behavior was observed in FvsS curves obtained in
asymmetric Lo domains. Interestingly, two consecutive rupture events
were detected, a clear breakthrough event that occurred at higher Fb
values Fb2= 12.9 ± 3.6 nN (these higher Fb2 values correspond to
those included in the Fb histogram of Fig. 3 D) but also a less-defined
breakthrough event appeared at 7.5 ± 2.4 nN (Fb1). The rupture
depths of these first events (d1) were always lower than those of the
second events (d2), with average values of 1.6 ± 0.4 nm and
2.6 ± 0.3 nm for d1 and d2, respectively. Considered together, the two
steps showed a total breakthrough of 4.1 ± 0.7 nm in asymmetric Lo
domains, a value slightly smaller than the 4.3 nm observed in the
symmetric ones. Panels C and D in Fig. 5 show the Fb vs. d distributions
for symmetric and asymmetric bilayers, respectively.
Alessandrini et al. have studied the mechanical properties of single

POPG and POPE bilayers prepared by different experimental proce-
dures that enabled the obtention of SLBs with both leaflets in the same
phase state (i.e., symmetric SLBs) or in different phase states (i.e.,
asymmetric SLBs). Measurements showed that, depending on the in-
terleaflet coupling, the force curves on the bilayers can show one or two

5 nm 5 nm

Ld
phase

Lo 
phase

A
Symmetric

C

5 nm5 nm

Ld
phase

Lo 
phase

Asymmetric

D

B

DOPC/16:0SM/Chol bilayers

Fig. 5. Rupture events in symmetric and asymmetric DOPC/16:0SM/Chol SLBs. Force vs. Tip-sample separation (FvsS) curves were obtained from the corresponding
FvsD curves. Panels A and B show typical FvsS curves obtained for the Liquid disordered (Ld) (left figures) and Liquid ordered (Lo) (right figures) phases in symmetric
(A) and asymmetric (B) bilayers. From FvsS curves, the rupture depths (d) for the single breakthrough events observed in the Ld phases of both systems (symmetric
and asymmetric) and in Lo domains of symmetric bilayers, as well as each consecutive rupture event observed in the Lo phase of asymmetric bilayers were calculated.
Panels C and D show the Breakthrough force distributions as a function of the rupture depths obtained for each system. In both panels, red circles correspond to the
rupture events registered in the Ld phase. Gray circles in Panel C correspond to the single rupture events registered in symmetric Lo domains while open circles and
filled black circles in Panel D correspond to the first and second rupture events, respectively, registered in asymmetric Lo domains. FvsS curves from three in-
dependent samples measured with three different tips were analyzed for each system. N=1120 for symmetric SLBs (600 Ld, 520 Lo); N=800 for asymmetric SLBs
(450 Ld, 350 Lo). All measurements were performed at 24 ± 1 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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rupture events: for uncoupled bilayers, the tip penetration occurred
sequentially through the two leaflets giving rise to two penetration
events, while in bilayers with coupled leaflets the jump of the AFM tip
through the SLBs occurred in only one step [68]. A similar behavior
comprising two breakthrough events was reported for DOPC/Chol SLBs
with an asymmetric distribution of Chol between the two leaflets [61].
In those reports, the proximal leaflet, the one in close contact with the
solid support, presented higher lipid density and, therefore, higher Fb
values than the distal (external) leaflet. As a result, two well-defined
rupture events were observed, with the second one occurring at higher
Fb, consistent with these considerations. On the contrary, in our system,
if 16:0SM was incorporated only in the outer leaflet, the Lo domains
should be lying on top of a disordered DOPC-enriched hemilayer. In this
situation, if the two leaflets are not strongly coupled, the force needed
to rupture the Lo domains in the outer leaflet would be greater than that
needed to break through the proximal leaflet. Considering this, it is
tempting to propose that the first less-defined breakthrough step ob-
served in FvsS curves of asymmetric Lo domains could be a result of the
DOPC-enriched leaflet rupture not by means of tip penetration since Lo
domains were still not pierced at those loading forces, but from the
compression exerted by the whole tip-Lo phase system. When the tip
reached the Lo domain surface, the high mechanical stability of the SM/
Chol ordered phase could produce the compression of the less cohesive
disordered DOPC-enriched hemilayer as the AFM tip pushed against the
top of the Lo domains and the loading force increased. In the symmetric
system, the proximal leaflet presents similar mechanical stability than
the distal one and offers resistance to bilayer deformation and break-
through, and the bilayer is then punctured as a whole when a force
threshold is reached. In the asymmetric array, the presence of a less
ordered phase with loosened lipid packing in the proximal leaflet offers
a less effective mechanical barrier. As the DOPC-enriched hemilayer is
then compressed, a force limit could be attained (~7.5 nN) at which
this leaflet collapses but that it is still not high enough to break through
the Lo domains. Only when the loading force reaches higher values
(~13 nN), the tip jumps through the Lo domains and the second rupture
event is observed. A schematic representation of these events is shown
in Fig. 6.
In line with these considerations, the rupture depths of either event

registered in asymmetric Lo domains were lower than that registered
for symmetric domains (~4.3 nm) and could be attributed to a dis-
ordered hemilayer that collapsed first (~1.6 nm) at lower Fb forces, and
a thicker ordered leaflet that was punctured in the second event
(~2.6 nm) at the higher Fb. These depths cannot be unambiguously
assigned, though, since the first rupture depth could correspond to only
the partial breakdown of the proximal leaflet in which case the rupture
depth of the second event would result from the combined rupture of
the external Lo leaflet and the remaining proximal Ld leaflet com-
pressed after the first rupture step. In any case, the Ld leaflet seemed to
be ruptured first as inferred from the Fb values.
Domains formed in symmetric model membranes by conventional

procedures are mostly aligned in both leaflets, implying the presence of
strong interleaflet coupling [69]. In asymmetric model membranes,
however, different levels of coupling have been reported depending on
lipid composition, temperature, and curvature of the bilayer
[33,34,70,71]. In our asymmetric system, if the two leaflets in the Lo
domains were strongly coupled they would have been expected to break
as a single unit as in the case of symmetric domains. The presence of the
two rupture steps evidenced the absence of such a strong coupling, at
least while under pressure—the pressure of the tip could also be in-
ducing the uncoupling of both leaflets in which case FS measurements
would result in an underestimation of the coupling phenomenon. In-
terestingly, the first rupture events occurred at ~7.5 nN, the mean
value registered for DOPC/Chol (3:1) SLBs (cf. Fig. 2) while the second
events occurred at ~13 nN, the values reported for SM/Chol-enriched
Lo domains. If no coupling at all occurred between the two leaflets, the
DOPC-enriched Ld phase in the proximal hemilayer of domains would

have been expected to rupture at lower forces, such as those registered
in the continuous Ld phase of this system (~6 nN). The actual higher Fb
needed to rupture the proximal hemilayer could be indicative of cou-
pling between the SM/Chol-enriched external leaflet and the DOPC-
enriched proximal one rendering a Ld phase that differed from the
overall Ld proximal leaflet, having probably more Chol content. That
the mechanism proposed for the rupture of the proximal Ld leaflet in
asymmetric Lo/Ld domains is different from that of the Ld/Ld array and
that higher forces may be required to produce the proposed rupture by
compression, should also be considered.
Topographic findings in our asymmetric system could also be in-

dicative of transbilayer coupling. The height difference between the Ld
and the Lo phase may be expected to be lower in asymmetric mem-
branes where domains are formed only in the outer leaflet. Our results
showed, however, that Lo domains formed after incubation with MβCD-
SM at 37 °C, had similar average height as those observed in the sym-
metric system (0.72 nm vs. 0.68 nm, respectively) suggesting that the
presence of SM-enriched Lo domains in the external leaflet could induce
the ordering of the DOPC-enriched Ld proximal one producing a thicker
bilayer than that expected from the sum of two independent Lo/Ld
hemilayers.
Based on FS measurements, the coupling between leaflets in asym-

metric Lo domains was neither strong nor too weak but likely occurred
at an intermediate level. These findings agree with the observations
made in asymmetric GUVs and LUVs in which the presence of ordered
outer leaflets induced by the incorporation of SM increased the degree
of inner-leaflet order [31,32]. Coupled leaflets in ordered domains have
also been reported in asymmetric supported bilayers prepared by the
Langmuir Blodgett-Vesicle fusion technique [36,70,72].
In summary, results presented here show that asymmetric SLBs with

raft-like domains in the external leaflet can be obtained by in-
corporating 16:0SM into DOPC/Chol supported bilayers through
MβCD-mediated lipid exchange and their topography, nanomechanical
properties, and interleaflet coupling explored by AFM-FS.
Our results show that no SM is needed in the preformed SLBs to

achieve phase segregation when 16:0SM is incorporated through
16:0SM−MβCD complexes. A similar procedure was applied by Visco
et al. to prepare asymmetric SLBs [38]. In that study, the authors found
that basal levels of SM were needed in the proximal leaflet to detect
phase segregation when brain SM and Chol were introduced in the
upper leaflet of DOPC bilayers. These discrepancies could result from
the different acyl chain composition of the SMs that were used in each
study, a factor that crucially affects phase segregation and domain size
[73]. Brain extracts of SM have mainly 18:0SM (50%) but also a high
proportion of unsaturated acyl chains (21% of nervonoyl-SM, 24:1-SM)
and, both, unsaturation and N-acyl chain length affect lipid-lipid in-
teractions and phase behavior in PC/SM/Chol mixtures [39,74–77].
24:1-SM, in particular, can eventually prevent phase segregation in
these ternary systems [39,42].
The phase state of the segregated domains obtained in our study

varied from a mixture of gel/Lo to mainly Lo domains if 16:0SM was
introduced into the preformed SLBs at 24 °C or 37 °C, respectively. Even
when bilayers were always equilibrated at 24 °C before inspection,
AFM-FS measurements revealed that the thermal history of the sample
affects the morphology and physical properties of the resulting do-
mains. The incorporation of 16:0SM in a more fluid bilayer (at higher T)
favored its interaction with Chol allowing the formation of Lo domains,
the physical phase state proposed for membrane rafts. One thing to take
into consideration is the mechanism of domain formation when using
the MβCD-mediated lipid exchange method. In this procedure, SM is
incorporated from an exogenous source to preformed SLBs carried in a
water-soluble MβCD-lipid complex. The dynamics of domain formation
in these conditions must certainly be different from that occurring in
symmetric bilayers prepared by conventional methods, and lipid or-
ganization can drastically depend on how the lipid composition is lo-
cally generated [78]. Domain structure is highly dependent on lipid
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composition, kinetics of nucleation and domain growth [79]. Nuclea-
tion processes proceed as a result of the demixing of the lipid compo-
nents and respond to compositional changes according to equilibrium
thermodynamics. Nevertheless, in the process of domain formation and
growth, membrane dynamics plays a central role and, both, the rate of
the perturbation that induces the phase transition and the time of re-
sponse of the membrane are important. So far, most of the information
regarding phase separation in ternary lipid systems has come from
studies on fixed lipid compositions [80]. Phase segregation in in situ
generated ternary mixtures—as produced by MβCD-mediated lipid ex-
change—may take a different path in the phase diagram as the lipid
composition will be varying locally and in time. Small variations in the
local lipid composition will result in different transient locations in the
phase diagram and this in turn will further influence the dynamics of
domain formation. As a result, nucleation and growth dynamics may
differ from that in phase transitions in fixed lipid mixtures. In addition,
the diffusion in supported membranes is slower than in free-standing
bilayers and, therefore, the processes that involve lipid and domain
motion are expected to be slower, turning membrane dynamics even
more relevant [81]. Domains formed in SLBs are therefore likely ki-
netically trapped non-equilibrium structures.
Phase diagrams for SM-containing systems present regions of gel-

fluid coexistence (Ld+gel and Lo+gel), fluid-fluid coexistence
(Ld+ Lo) and three-phase coexistence (Ld+ Lo+gel) [80]. In studies
by Veatch et al. on the phase behavior in GUVs of DOPC/16:0SM/Chol,
coexisting fluid and solid phases were detected over a wide range of
compositions using order-sensitive probes [82]. At 23 °C, gel/Liquid
phase coexistence was detected at low Chol levels (0–10%) for 2:1 and
1:1 DOPC/SM mole ratios while at higher SM contents (DOPC/SM 1:2
and 1:4), coexisting gel/Liquid phases appeared up to 20–30% Chol.

Notwithstanding, Gel/Liquid phase separation was not observed in any
of the previous mixtures when studied at 37 °C, and only Lo/Ld phase
coexistence was detected at this temperature. Coexisting gel/Lo/Ld
phases were also detected by AFM microscopy in DOPC/eggSM/Chol
(eggSM ~86% 16:0SM) bilayers containing between 44–72% SM and
10–12% Chol when SLBs were cooled from an initially homogenous
bilayer at 50 °C to 25 °C [83]. Domain structure was found highly de-
pendent on the cooling rate and the nucleation pathway. The proposi-
tion was made then that gel phases containing Chol were difficult to
equilibrate sufficiently with a varying balance of lipids and Chol
trapped in a non-equilibrium state.
Considering all these, the incorporation of 16:0SM into the outer

leaflet of DOPC/Chol bilayers at 24 °C could produce local SM con-
centrations high enough to induce the formation of gel phases with
varying SM/Chol contents. The solid characteristics of the gel phase and
the proximity of the rigid substrate may prevent the equilibration with
the overall mixture once the domains are formed (at least in our ex-
perimental time scales) and, hence, more ordered domains are found
coexisting with a Ld phase at 24 °C. When SM is incorporated at 37 °C,
Lo domains may form, even at high SM contents. As both phases are
liquid (Lo/Ld), they are able to flow and equilibrate to a higher extent
even though diffusional processes are slowed down by the substrate.
Finally, it is worth to note that solid supports can alter domain

formation and coupling behavior. Studies by Garg et al. in bilayers of
PC/SM/Chol produced by Langmuir Blodgett (LB)/Langmuir-Schäfer
deposition showed that domain registration—i.e., domains perfectly
matched in both leaflets—was only achieved if bilayers were decoupled
from the solid support via a sufficiently thick hydrophilic polymer layer
(~58 Å) [84]. Thus, the degree of interleaflet coupling detected in our
asymmetric system could have been influenced by the presence of the
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Fig. 6. Schematic representation of the rupture events in symmetric and asymmetric Lo domains. Typical Force vs. Tip-sample separation (FvsS) curves for symmetric
(Panel A) and asymmetric (Panel B) Lo domains are presented. In these curves, the AFM tip approaches the bilayer at a constant speed. In symmetric Lo domains
(Panel A) the two domain leaflets have similar mechanical stability. Once the tip contacts the surface, the loading force increases, and the bilayer is indented as it is
softer than the tip (a). When the bilayer is no longer able to withstand the loading force, the tip breaks through the whole bilayer and reaches the substrate, producing
a single breakthrough step in the FvsS curves from which the Fb can be obtained (b). In asymmetric Lo domains (Panel B), if no strong coupling occurs, the two
leaflets will have different mechanical stability, with a highly ordered phase in the external leaflet and a disordered phase in the proximal leaflet. When the tip
reaches the surface of the Lo domains, the SM-enriched ordered phase could produce the compression of the disordered DOPC-enriched proximal leaflet as the AFM
tip pushes against the top of the more stable Lo domains and the loading force increases (a). As the DOPC/Chol leaflet is compressed, a force threshold could be
attained at which this leaflet collapses but that it is still not high enough to break through the Lo domains. The collapse of the proximal DOPC/Chol leaflet could be
detected as a less-defined rupture event in the FvsS curves that occurs at lower Fb (b). The loading force continues to increase until it reaches a value high enough to
pierce the Lo domain present in the remaining external leaflet. Then, the tip jumps through the Lo domain and a second rupture event is observed at higher Fb (c).
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solid support. Tamm and co-workers have used polymer-tethered bi-
layers to study interleaflet coupling in asymmetric SLBs produced by
the LB-vesicle fusion technique [70,72,85]. In their cushioned systems,
proximal monolayers composed of lipids typically found in the outer
leaflet of plasma membranes that formed Lo domains—PC, SM, and
Chol—induced the formation of Lo phases in several combinations of
lipids mimicking the inner leaflet of plasma membranes. Strikingly, Lo
phases could be induced in complex mixtures but not in simple mixtures
of PC/Chol.

4. Conclusion

The asymmetric transbilayer distribution of phospholipids in the
plasma membrane of cells confers the two leaflets different potentials to
form raft domains as next to no sphingolipids are present in the cyto-
plasmatic leaflet. An important question that has plagued the hypoth-
esis of signal transduction through rafts for as long as it has been around
is: to what degree are the physical properties in the outer leaflet of the
plasma membrane coupled to those of the inner leaflet? Asymmetric
model membranes are thus gaining increasing interest nowadays and
stand as promising platforms to further elucidate this issue. So far, lipid
asymmetry and bilayer physical properties of these systems have been
investigated mainly through fluorescent methods, using order-sensitive
probes or lipid analogs. In this study, we combined AFM and Force
spectroscopy measurements resulting in a detailed nanoscale char-
acterization of asymmetric supported bilayers obtained by lipid sub-
stitution that mimic membrane rafts. Unraveling the rules that govern
domain formation and interleaflet coupling will be facilitated by the
experimental strategy outlined here which enables direct measurement
of inner and outer leaflet mechanical properties in probe-free bilayers
as well as structural characteristics. Furthermore, the lipid exchange
method could provide a mechanism to generate asymmetric systems in
a biologically relevant way since specific lipids can be incorporated into
a preexisting bilayer. The lipid composition of natural membranes is
changing continuously due to the incorporation of plasma lipids,
membrane recycling, and enzymatic activity, among other cellular
processes, and in situ modifications in lipid composition can drastically
alter membrane properties and protein function. For instance, how the
incorporation of omega-3 fatty acids—and other dietary fats—may
alter, in real-time, the partition behavior of membrane receptors be-
tween Lo and Ld phases can now be explored in a more realistic model
system enabling to study the effects of dietary fats on physiological and
pathological conditions. How lipid asymmetry could modulate the in-
teraction with extracellular pathogens is another topic widely dis-
regarded that can be studied using these versatile systems.
Finally, the ability to control Lo-domains (rafts) formation by lipid

exchange and its application in live cells is particularly promising for
future studies in order to gain deeper insights into the functions of
membrane domains in vivo.
We hope that these lines of research in asymmetric systems will

contribute to a better understanding of membrane biology, eventually
supporting the existence of those still hypothetical lipid rafts.
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