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lipids, proteins, and carbohydrate mole
cules. Cholesterol and sphingolipidrich 
membrane microdomains, called lipid 
rafts, have attracted much attention 
from their critical roles in cellular pro
cesses through the structural organization 
and the regulation of protein activation,[1] 
signaling,[1a,2] and pathogenesis/treatment 
of neurological and psychiatric disorders.[3] 
In a dynamically fluctuating cellular 
membrane, membrane deformations 
and the resultant curvatures effectively 
remodel the spatial distribution of lipids, 
including raftassociated molecules,[4] 
depending on the geometrical shapes 
of lipids.[5] In addition to the lateral  
(inplane) raft formation within the mem
brane bilayer, the transverse (outofplane) 
compositional asymmetry through the raft 
formation across two leaflets is another 
fundamental feature of the cellular 
plasma membrane which is supported 
by theoretical works[6] as well as experi
mental results in model membranes.[4a,7] 

As an example, transverse compositional asymmetry through 
the raft formation across two leaflets (Figure  1a), followed by 
the “interleaflet raft coupling,” also called “domain registry” 
resulting in symmetric distributions of the rafts (Figure 1b), 

Membrane curvature is closely associated with spatial distribution of lipids 
and curvature can influence the formation of lipid rafts in biological mem-
branes. However, it is still unclear how the curvature elasticity plays a role 
on the asymmetric distribution of lipids across the membrane leaflets, 
especially, during the process of the raft domain growth. Using supported 
lipid membranes on wedge-shaped substrates with alternating positive and 
negative curvatures, curvature-mediated asymmetry of lipid raft domains is 
observed across the membrane leaflets accompanied by glycolipid receptor 
(GM1 and GT1b) localization. The raft domains initially appear only in a 
membrane leaflet possessing negative curvatures. In the presence of the 
interleaflet coupling, they evolve to generate the transverse registry across 
the membrane bilayer. It is shown that a human recombinant antibody 
rHIgM12 is co-localized with the rafts formed at the peaks and valleys of 
the wedge substrate, indicating that the spatial distribution of its receptor 
(GT1b) is indeed manifested by the site-specific formation of asymmetric raft 
domains through the curvature elasticity. The platform can be used to explore 
the mechanism for the leaflet asymmetry and lipid sorting in terms of the 
membrane curvature, the composition, and the receptor presentation.
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Cellular plasma membranes separate the cytosol from the 
extracellular space and contain the molecules that facilitate 
transmission of lifesustaining signals. Membranes also exhibit 
lateral heterogeneity through the compartmentalization of 
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was probed in supported lipid bilayer (SLBs) systems.[7b,c] 
Giant unilamellar vesicles were also examined to determine 
the role of the liquidordered (lo) domain (raftlike phase) on 
the domain coupling across the lipid bilayer membrane.[7a] 
However, such approaches encounter the following challenges: 
i) laborious steps to produce asymmetric membrane leaflets, 
ii) random outbreaks of the lo domains in time and space, 
and iii) no definite control over the size and the shape of the 
domain, prohibiting the systematic investigation of the phys
icochemical underpinnings of the domain registry or array
based assays of putative raftbinding molecules. Previously, we 
showed that the lo domains in the SLBs formed through the 
vesicle rupture were spatially sorted to the zones with only 
one type of the bilayer curvature (negative) according to the 
intrinsic spontaneous curvature.[5]

Here, with the help of a wedgeshaped, bidirection
ally curved substrate, we demonstrate that the direction of 
the membrane curvature plays a crucial role in the leaflet 
asymmetry, the lipid sorting, and the receptor binding in SLB 
membranes. The binding of proteins to raftassociated gly
colipid receptors (cholera toxin B (CTxB) for glycolipid receptor 
(GM1), and human recombinant antibody rHIgM12 to GT1b) 
was carried out to understand the mechanisms for the forma
tion of the monolayertype lo domain and the intercoupling 
across the membrane leaflets within the framework of the cur
vature elasticity.

We first produced a wedgeshaped, bidirectionally curved 
substrate of polydimethylsiloxane (PDMS) with the peaks and 
the valleys (each local radius of curvature r ≈ 900 nm). The 
peaktopeak distance was 50 µm (Figure 1c). The substrate 

was made hydrophilic by the O2 plasma treatment prior to 
the SLB deposition.[5] The SLBs composed of 1,2dioleoylsn
glycero3phosphocholine (DOPC), sphingomyelin (SPM), 
cholesterol (CHOL), 1% GM1, and 1% Texas RedDHPE (TR
DHPE) were formed over the wedge structures through ves
icle rupture. The experimental setup is depicted in Figure S1 
in Supporting Information. The molar ratios of DOPC, SPM, 
and CHOL (=1/1/1 for this case) were chosen to spontaneously 
form lo domains at room temperature. The fluorophore TR
DHPE, a phase sensitive probe, is well known to partition into 
the liquiddisordered (ld) phases whereas GM1 partitions into lo 
phases.[4b,5] The fluorescence images taken immediately after 
the SLB formation revealed uniform distribution of TRDHPE 
over the wedge substrate (t = 0 h; Figures 1d,e, Movie S1, Sup
porting Information). We carried out fluorescence recovery 
after photobleaching (FRAP) experiments on the SLBs and 
measured the diffusion coefficient of D = 0.85 ± 0.4 µm2 s−1 
(mean ± s.d., n = 10, Figure S2, Supporting Information). This 
value is in agreement with other reports.[5] The confocal images 
together with the FRAP results clearly showed the uniform for
mation of the fluidic SLBs on the PDMS wedge substrate.

Having established that fluorescent TRDHPEs were uni
form upon the initial formation of the SLBs, we monitored 
timelapse spatial distributions of the TRDHPE during the evo
lution of the lo domains in the alternately curved membrane. 
The fluorescence zprojection images (Figure  2a) and the cor
responding fluorescence intensity profiles (Figure 2b; yellow 
dotted lines in 2a) clearly demonstrated that the depletion of 
the TRDHPE initiated in the highly curved membrane, espe
cially in the valley regions (2 h). Those fluorescencedepleted 
regions became wide up to 48 h. Before 24 h, no phase separa
tion was observed at the peak regions (Movie S2, Supporting 
Information). The TRDHPEdepleted regions were attributed 
to the formation of the lo domains. This is evident from the 
comparison of the phase behaviors of a nonraft mixture with a 
raft mixture (Figure S3, Supporting Information).

At the peak regions, the lo domains also appeared as iso
lated islands and then developed into lines at 48 h (Figure 2c), 
indicating the coalescence of nanorafts in the substratefacing 
leaflet as well, albeit at a longer time scale. The slower forma
tion of the lo domains in the inner leaflet at the peaks resulted 
from the smaller diffusional mobility of lipids, at about half of 
the speed in the inner SLB leaflet compared to that in the outer 
SLB leaflet.[7d] This shared the common features with what we 
observed previously; the cluster of the lo domains were formed 
only in the negatively curved membranes.[5] Considering that 
the outer (liquidfacing) SLB leaflet experiences the negative 
curvature at the valley whereas the inner (substratefacing) SLB 
leaflet does it at the peak, the microdomains of the rafts in each 
leaflet are likely to form in a monolayer fashion.

Let us now examine how the monolayertype lo domains in two 
leaflets interact with each other through the transverse (outof
plane) compositional asymmetry. The SLB membrane (DOPC/
SPM/CHOL/TRDHPE/GM1 = 32.5/32.5/33/1/1 mole %), 
including a raftassociated 1% GM1, was prepared on the wedge 
substrate and phaseseparated for 48 h (Figure  3a). The distri
bution of GM1 receptors was marked with Alexa 488conjugated 
cholera toxin Bsubunit (CTxB488).[8] Interestingly, CTxB488 
bound only in the valley regions (Figure 3b) although the 
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Figure 1. SLB formation on the wedge topography. a,b) Concept of the 
raft domain organization and the interleaflet raft coupling accompanied 
by the initiation of the monolayer-type raft formation only in the outer 
leaflet a) and the subsequent assembly of the intracellular signaling 
molecules (ISMs), lipids, and proteins induced by the interleaflet raft 
coupling b). c) SEM images of the PDMS wedge substrate showing the 
peaks (P) and the valleys (V). d,e) Fluorescent cross-sectional micro-
scopic images d), and 3D image e) of the SLBs formed at a raft-forming 
lipid composition before the phase separation (t = 0 h).
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lo domains exist in the peak regions as well (Figure 3a–c and 
Movie S3, Supporting Information). This shares the common 
features with the case for t = 24 h where the lo domains were 
formed only in the valleys but not yet at the peaks (Figure S4 
and Movie S4, Supporting Information). Figure 3d shows the 
magnitudes of the membrane curvature and the fluorescence 

intensity profiles of TRDHPE and CTxB488 across the SLBs 
on the periodic wedges. Due to the lo domain formation, weaker 
TR fluorescence was observed both at the peaks and in the val
leys whereas stronger CTxB488 fluorescence was seen only at 
the valleys. Note that CTxB binds only to GM1 exposed to water. 
Therefore, we speculate that the selective binding of CTxB in 
the valleys can be attributed to the asymmetric distribution of 
the monolayertype lo domains between two leaflets, i.e., trans
verse membrane asymmetry (Figure 3e).

To expand this concept beyond the GM1CTxB system, we 
turned to a clinically relevant molecule (rHIgM12), which 
is a neurite outgrowthpromoting recombinant human IgM 
antibody.[9] rHIgM12 is therapeutic in mouse models of a neu
rologic disease, colocalizes with rafts, and binds a glycolipid 
receptor (GT1b).[10] We prepared an SLBcontaining GT1b 
(DOPC/SPM/CHOL/TRDHPE/GT1b = 39/39/20/1/1 mole %) 
on the sharper PDMS wedge substrates (see Figure S7, Sup
porting Information; r ≈ 280 nm). The TR fluorescence showed 
the characteristic exclusion of fluorescencelabeled TRDHPEs 
from the valley regions of the membrane at t = 18 h (Figure 4a). 
Note that the dark domains were formed only in the valley regions 
but not in the peak regions, where no phaseseparation occurred. 
A fluorescent antihuman IgM secondary antibody (2nd Ab) was 
used to mark the position of rHIgM12 and thereby confirm the 
localization of GT1b on the phaseseparated SLB (Figure 4a). 
The 2nd Ab binds solely in the valley regions, and thus it is evi
dent that that rHIgM12 was bound to GT1b in the lo domains 
(Figure 4b,c). To rule out nonspecific binding of the GT1B directly 
with 2nd Ab or other proteins, further control experiments were 
performed (Figure S5, Supporting Information).

From the viewpoint of the transverse membrane asymmetry, 
the central question is whether the domain formation in one 
leaflet can indeed modulate the composition in the opposite 
leaflet, a phenomenon referred as “interleaflet raft coupling” or 
“domain registry”[6c,7c,d,11] An SLBcontaining GT1b was allowed 
to phase separate for 24 h and then exposed to the rHIgM12 
followed by the 2nd Ab (Figure 4d–f, top panels). A different 
SLB with the same composition was exposed to the rHigM12 
and 2nd Ab after 48 h of the phase separation (bottom panels). 
At t = 48 h, the dark domains were rather wider in the valley 
regions and the fluorescent intensity was dimmer at the peak 
regions than at t = 24 h (Figure 4d). After incubation with the 
rHIgM12 and the 2nd Ab for 1 h each, in the case of t = 24 h, 
the rHIgM12 was mostly bound in the valley regions, indicating 
that the lo domains in the outer leaflet were concentrated only  
in the negative curvature zones (Figure 4e, top). In case of 
t = 48 h, however, the rHIgM12 was bound in the valleys and 
at the peaks as well (Figure 4e, bottom). This tells us that the 
lo domains were indeed formed in the outer leaflet at the peaks 
after 48 h. Since the development of the lo domains may not be 
energetically favorable in the positively curved outer leaflet, the lo 
domains observed at the peaks are presumably formed adjacent 
to the apexes. The formation of the lo domains in two different 
time scales are schematically illustrated in Figure 4g. More real
istically, the monolayertype lo domains formation in one leaflet 
and the subsequent induction of the lo domain in the other 
leaflet were shown in Figure 4h. Similar interleaflet raft coupling 
on wedge substrates was also demonstrated by CTxB binding to 
GM1 in the SLBs (Figure S6, Supporting Information).
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Figure 2. Spatial heterogeneity and the time evolution of 
the curvature-induced lo domain formation. a,b) The confocal fluores-
cence z-projection images a) and the fluorescence intensity profiles 
across the valley along line a–a′ in separate time frames (b; yellow dotted 
lines). c) The z-projection fluorescence images showing the growth of the 
lo domains along the edge of the peak (dark regions). d) A series of the 
confocal fluorescent micrographs in time (3D; cross-sectional; top view) 
and the corresponding illustrations (bottom row) of the monolayer-type 
lo domains in each leaflet.
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The formation of the monolayertype lo domains in one of two 
apposing leaflets is an essential prerequisite for “interleaflet raft 
coupling.” The curvaturemediated lipid sorting in membrane 
nanotubes[12] and the associated membrane pore (100–200 nm 
diameter) formation in a single cell organism of Tetrahymena 
thermophila[9] seem to support our elasticitydriven lipid sorting. 
The curvature alone may not be sufficient to overcome the 
entropic penalty of reorganizing individual lipids[1b] through 
the reduction of the curvature energy within highly bent mem
branes. In fact, the superimposed interplay among the spon
taneous curvatures with distinct bending rigidities,[13] distinct 
thicknessdriven line tensions,[14] and the lateral pressure at 
the lo/ld phase boundaries[15] provides the driving force for the 
lateral aggregation of specific lipids toward the monolayertype 
lo domains. In our case, the preferential migration of building 
blocks (nanorafts) of the lo domain and their coarsening in a 
shape of the monolayertype lo domain at a negatively curved 

membrane leaflet can be explained in terms 
of the elastic energy relaxation. This results 
from the minimization of the total line ten
sion generated from the thickness mis
match between the lo and ld phase at the lo/
ld boundary. Details of an energetic model 
for the interleaflet membrane heterogeneity 
by preferential coarsening of monolayer
type lo domain in a negatively curved region 
is described in the Supporting Information 
material of our previous report.[5]

Under the circumstance that the mono
layertype lo domain is formed in one of two 
apposing leaflets, a few mechanisms for the 
interleaflet raft coupling across two leaflets 
can be speculated. First, long fatty acids of 
the sphingolipids in one leaflet can couple to 
the apposing leaflet via interdigitation. The 
lo domains are mostly comprised of satu
rated sphingolipids, e.g. SPM, consisting 
of longer acyl chains along with relatively 
shorter CHOLs. Due to the mismatch in the 
lengths between SPMs and CHOLs, packing 
defects (i.e., vacant pockets) occur.[16] The 
vacant pockets may facilitate complemen
tary interdigitation[1a,17] of the components 
of the apposing lo domain through the reduc
tion of the freeenergy dissipation caused by 
translational fluctuations of the membrane 
components. The interdigitation mechanism 
is likely because the interleaflet friction coef
ficient in the midplane of an SPM/CHOL 
bilayer is fivefold larger than a phospho
lipid with both saturated and unsaturated 
tail groups.[18]

The second possible mechanism is 
the relaxation of the mismatching in the 
freeenergy (γ) cost by the creation of a sym
metric compositional configuration across 
the two leaflets. Compared to the configura
tion where one leaflet has the composition 
of the lo phase while the apposing leaflet has 

that of the ld phase, the transverse (outofplane) compositional 
matching by the formation of the lo/lo and the ld/ld domains, 
where both of the leaflets have the equal composition, reduces 
the freeenergy penalty. Since the mismatching between the 
lo/ld and the ld/lo domains generate a surface energy penalty of 
order of γ ≈ 0.1 kBT/nm2, the domains larger than a critical size 
(≥13 nm2) tend to suppress overhang fluctuations, yielding the 
interleaflet raft coupling at a macroscopic level.[6b,f ]

The third possible mechanism is the midplane 
(the leaflet–leaflet interface) hydrophobicity increase by the 
compaction of the lo domains. The lo domains are largely 
composed of CHOL, having a hydrophobic steroidal ring struc
ture, and saturated SPM consisting of longer acyl chains than 
unsaturated DOPC. Therefore, the tail group in the monolayer
type lo domain has higher hydrophobicity at the midplane.[19] 
As a result, the lo domain in one leaflet may recruit nanorafts 
to ripen the lo domain in the apposing leaflet through 
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Figure 3. Transverse membrane asymmetry and spatial distribution of GM1 receptors.  
a–c) The confocal micrographs of raft domains (a, TR-DHPE), the proteins (b, CTxB-488), and 
the merged images (c, TR + CTxB-488) for t = 48 h. d) Curvatures and the fluorescence intensity 
profiles of TR-DHPE and CTxB-488 across periodic wedge patterns along the yellow dashed 
lines (a–a′, shown in the lower right image of c)). e) Schematic illustration of CTxB-488 bound 
to GM1 in the outer leaflet of the SLB in a valley.
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hydrophobic–hydrophobic interactions across the two leaflets. 
Details of the hydrophobic driving force for the lo domain for
mation were elucidated in our previous work.[8c] Although 
a definite assertion for the interleaflet raft coupling cannot 
be made, it is likely that the interplay among the above three 
mechanisms is responsible for our observations.

In summary, we demonstrated that the 
wedge substrate with alternating curvatures 
could manipulate both the lateral and vertical 
compositional heterogeneities of the model 
membranes formed from the vesicles with 
the symmetric leaflet compositions. This plat
form was used to control the spatial distribu
tion of glycolipid receptors and the binding of 
a human IgM antibody. Beyond our previous 
findings on the phase separation in highly 
curved membranes,[4b,5,20] the alternating 
curvature approach enables generation of lo 
domains in a lipid monolayer, followed by 
the domain registry across two leaflets. It 
also provides the formation of transbilayer 
lipid rafts through the interleaflet coupling 
which could play a role in signaling phe
nomena across the membrane.[7a] Further
more, given that the lipid composition of the 
inner leaflet of a cell is not amenable to the 
spontaneous formation of lipid rafts,[21] our 
findings imply that lipiddriven interleaflet 
raft coupling could provide a cellular mecha
nism for the organization of local domains 
of the inner leaflet raftassociating proteins 
such as Lck, LAT, Src family kinases, and the 
GPIanchored proteins.[1a,2] Our raft platform 
could be applied to onestep, sitespecific bio
assays for putative raftbinding molecules, 
facilitating the highthroughput discovery 
of new raftbinding drugs. Considering that 
the assembly of raft lipids and associated 
proteins is implicated in diverse biological 
phenomena including a cellular fusion,[22] 
apoptosis[23] and carcinogenesis,[24] cardio
vascular disease,[25] and neurological disease 
(e.g., Alzheimer, Parkinson’s, and Prion dis
ease),[26] our system could be a useful tool to 
guide the systematic study of therapeutics 
for the disorders that target rafts. The results 
using rHIgM12, an antibody discovered 
based on its ability to increase the neurite 
outgrowth, support this conclusion.

Experimental Section
Fabrication of the Wedge-Shaped Master Template: 

Two different methods were used for fabricating 
the PDMS templates with nanocurved wedge 
patterns. See details in Figure S7 in the Supporting 
Information. The master for the wedge substrate 
with r ≈ 900 nm was prepared mechanically 
(Figure S7a, Supporting Information). First, a 

blank plate of stainless steel electroplated with nickel was machined 
using a diamond-cutting tool. In this process, the pitch and the angle 
of a carved pattern (periodicity of 50 µm, angle of 45°), and the height 
of the pattern corresponded to those of the diamond blade, and the 
cutting depth of the diamond tool, respectively. For the sharper features 
and smaller values of r, the etching with potassium hydroxide (KOH) 
was used for producing a silicon master with r ≈ 280 nm (Figure S7b, 
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Figure 4. Interleaflet raft coupling between the inner leaflet and the outer leaflet of the SLBs by 
the curvature-induced lo domain with GT1b and subsequent binding of rHIgM12. a–c) A series 
of z-projection confocal micrographs of TR-DHPE a) and rHIgM12 (DyLight 488 conjugated 
antihuman IgM secondary antibody, b) fluorescence together with a merged images c) at 
t = 18 h with a phase-separated SLBs (SPM/CHOL/DOPC/GT1b/TR-DHPE = 39/39/20/1/1). 
d–f) Time-lapse images before (t = 24 h, upper), and after (t = 48, bottom) raft-coupling across 
the leaflets. g) Schematic illustrations of the rHIgM12 binding to the GT1b concentrated lo 
domains at t = 24 (left) and t = 48 h (right). h) Schematic illustrations of the transverse 
interleaflet raft coupling.
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Supporting Information). A positive photoresist material (S1813) was 
spin-coated on a 4 in. silicon wafer (100) with thermally grown silicon 
nitride of 100 nm thick at 3000 rpm for 60 s and baked on a hot plate at 
115 °C for 1 min. A series of rectangular (46 µm wide and 5 mm long) 
patterns with the periodicity of 50 µm were created by conventional 
photolithography using a Karl Suss Contact Mask Aligner (MA6) and a 
developer (CD 26). The exposed silicon nitride was then etched using 
a reactive ion etcher (STS 320 etcher) with fluorine-based gas, oxygen, 
and argon, followed by the removal of the remaining photoresist with 
oxygen plasma and acetone. Then, the silicon (Si) wafer covered with the 
patterned silicon nitride mask was placed in a bath of 30% diluted KOH 
and 10% isopropyl alcohol at 70 °C, leaving an array of v-shaped pits 
on the Si wafer. The KOH wet etching was performed until v-shaped 
pits became to be wedge structures. The wafer was then cleaned with 
a piranha solution (a mixture of sulfuric acid and hydrogen peroxide) to 
remove any remaining KOH. The silicon nitride mask was later removed 
using 49% hydrofluoric acid, followed by DI water rinse. Prior to the 
replication of wedge PDMS, drops of the poly urethaneacrylate, Minuta 
Tech, Korea were dispensed onto the patterned master and covered with 
a supporting PET film (thickness: 50 µm) after being uniformly spread 
on the master, followed by UV light of 100 W cm−2 for 30 s (Fusion Cure 
System, Minuta Tech, Korea) to cure the prepolymer. The polymer 
replica was later peeled off from the master, leaving the replicated 
structures of the wedge-shaped master. After the preparation of the first 
replicated master, a mixture of a base and a curing agent (10:1 w/w) of 
PDMS elastomer (Sylgard 184) was poured onto the master and peeled 
off from the patterned master after cured at 80 °C for 2 h on a hot plate.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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