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membranes' have provided a useful platform for in

vitro studies of the lipid-raft model’”, in which signalling
membrane molecules are thought to be compartmentalized
in sphingolipid- and cholesterol-rich domains. These in
vitro studies, however, have relied on an uncontrolled
phase-separation process that gives a random distribution
of L, domains. Obviously, a precise control of the size and
spatial distribution of the L, domains would enable a more
systematic large-scale in vitro study of the lipid-raft model.
The prerequisite for such capability would be the generation
of a well-defined energy landscape for reconstituting the
Lo domain without disrupting the two-dimensional (2D)
fluidity of the model membrane. Here we report controlling
the reconstitution of the L, domains in a spatially selective
manner by predefining a landscape of energy barriers using
topographic surface modifications. We show that the selective
reconstitution spontaneously arises from the 2D brownian
motion of nanoscale L, domains and signalling molecules
captured in these nanodomains, which in turn produce a
prescribed, concentrated downstream biochemical process.
Our approach opens up the possibility of engineering model
biological membranes by taking advantage of the intrinsic 2D
fluidity. Moreover, our results indicate that the topographic
configuration of cellular membranes could be an important
machinery for controlling the lipid raft in vivo.

Our concept of topographically controlling the L, domain
formation is illustrated in Fig. 1. In a supported membrane
system'®, the L, domains and individual molecules that are
smaller than about 10 nm show significant 2D dynamics whereas
the L, domains with physical dimension (d) larger than about
10 nm are practically immobilized because of friction with
the solid support'®!'. We call these small dynamic L, domains
‘nanorafts’ and note that these are conceptually similar to
previously suggested lipid shells’ and condensed complexes'?. The
formation of mesoscopic or macroscopic L, domains (d > 10 nm)
in a supported membrane is thus made through coarsening of

I iquid-ordered (L,) domains reconstituted in model

nature materials | VOL 5 | APRIL 2006 | www.nature.com/naturematerials

Phospholipid with unsaturated
hydrocarbon chains

Sphingolipid
! Cholesterol

Topographic
wall

m Nanocorrugated
topography

Nanosmooth
topography

Coarsening Macroscopic
—» L,domain _Nanoraft

Figure 1 Schematic of the control of the reconstitution of L, domains by
topographic structures (not to scale). The supported membrane consists of the
fluid background phase (mostly containing unsaturated phospholipids) and the L,
domains that are formed by association of sphingolipid and cholesterol molecules.
a, The topographic wall produces elastic energy barriers at two edges (the white
lines). The coarsening process of nanorafts is restricted by the elastic energy
barriers. b, If the elastic energy barriers are integrated into the nanocorrugated
topography, the coarsening of nanorafts and the resulting growth of L, domains are
confined in a region with nanosmooth topography.

these nanorafts. Manipulating this coarsening process is essential
for controlling the L, domain formation in the supported
membrane system.

Let us consider a supported membrane formed on a simple
topographic structure, a topographic wall (Fig. la). The small
contact curvature radius of the supported membrane (owing to
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Figure 2 Solid support patterned to have different topographic structures. a, Scanning electron microscopy (SEM; XL30FEG, Philips) micrograph of the solid support. The
labels 1, 2, and 3 denote different topographic structures: the nanocorrugated topography, the nanosmooth topography, and the topographic wall, respectively. b,¢, Atomic
force microscopy (AFM; AutoProbe CP, Park Scientific) measurements of the nanocorrugated topography (b) and the nanosmooth topography (c). d, Enlarged SEM micrograph
of the topographic wall. e, Magnitude of | h,]? of the nanocorrugated topography (the red curve) and that of the nanosmooth topography (the blue curve). The Fourier
components were measured along the dark lines in the AFM measurements of b and ¢. The theoretical boundary of coarsening due to the elastic energy barrier is

represented by the black curve.

strong adhesion to the solid support)'>'* causes the membrane

to closely follow topographic structures. Elastic distortions of
the supported membrane are then produced at predetermined
positions, in this case, at the two edges shown in Fig. la as
white lines. Under these elastic distortions, the L, domains will
have a larger free energy gain than the background fluid phase
because of the larger bending rigidity (K, )" resulting from the
tighter packing of the hydrocarbon chains®*®. This difference in
the free-energy increase acts as an energy barrier that suppresses
the coarsening process of nanorafts at the edges. The potential
of this concept can be fully exploited by integrating the elastic
energy barriers into a nanocorrugated topography (Fig. 1b).
The coarsening process of nanorafts will be prohibited in the
nanocorrugated region, and the formation of macroscopic Lo
domains will then be confined in the nanosmooth region.

To describe our concept more quantitatively, the elastic
energy barrier is represented as the Helfrich-type free energy™",
(AKd*/2) Zq q'lhg|*, in the 2D Fourier space of the wavevector
q = (gx, q,). Here, AK denotes the difference in the rigidity
coefficients, Ky — Kpya (Kgua is the bending rigidity of the
fluid phase), |q] =g, and hgy is the Fourier component of
the topographic structure. The gaussian and the spontaneous
curvatures are assumed to have negligible effects. In this Fourier
space representation, each wavevector has an independent degree
of freedom" and corresponds to a length scale of 27t/g. Suppose
that the energy barrier at q with d = 2m/q becomes larger than
thermal fluctuations of kz T (where kg is Boltzmann’s constant and
T is temperature). In this situation, that is, the magnitude of |A,|*
is larger than (ks T/87* AK) - (q/27) 2, the coarsening process of
nanorafts will be limited on the length scale of 27t/g. This means
that the formation of L, domains with the physical dimension
of d > 2n/q will be energetically unfavourable. This theoretical
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criterion for the coarsening process is plotted as a function of
q/2m in Fig. 2e (see the black solid curve). The magnitude of
AK =2.5k; T, deduced from the measured value'® of Kgq =10k T
and the ratio* of K /Kyuq = 1.25, was used for our calculations. It
is worth mentioning that the coarsening criterion for |hy|* would
be larger if the line tension energy* that favours coarsening was
taken into account.

On the basis of the predictions made above, we implemented
different coarsening criteria into a solid support with various
topographic structures, as shown in Fig. 2. The solid support
consists of a SiO, layer (1.5 wm thick) formed on a (100)
quartz wafer. For nanocorrugation, the tetraethoxysilane (TEOS)
chemical vapour deposition method was used in forming the
SiO, layer (Fig. 2b). The nanosmooth topography was obtained
by chemically etching the nanocorrugated topography by 1 um
(Fig. 2¢). Topographic walls were formed at the interfaces between
the nanocorrugated and the nanosmooth regions (Fig. 2a,d). Note
that our lithographic texturing is designed to alter only the surface
topography. The solid support has a uniform surface chemistry
of SiO, irrespective of the types of topographic structure (see
Supplementary Information, Fig. S1).

As shown in Fig. 2e, |h,|* of the nanocorrugated topography
(the red line in Fig. 2e) is much larger than the coarsening criterion
in the range of q/2m < 1/50 nm™". In this case, the formation
of the L, domains with d > 50 nm will not be energetically
favourable in the nanocorrugated region. In contrast, because the
magnitude of |h,|” in the nanosmooth topography (the blue line
in Fig. 2e) lies below the boundary in the whole range of q/2mx,
the formation of L, domains will be promoted without physical
limitations. Hence, the Lo domain formation will be confined
within the nanosmooth region although the entire supported
membrane contains nanorafts.
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Figure 3 L, domain microarray. a, SEM micrograph of the solid support used for the L, domain microarray (the scale bar is 40 um). The definitions of 1 and 2 are identical
to those in Fig. 2. b—d, FRAP studies on the Texas red-DPPE molecules in the nanocorrugated topography (b, the scale bar is 40 um), in one nanosmooth region

(¢, A= 200 um, the scale bar is 40 um), and in the presence of topographic walls (the white lines) (d, A =100 um, the scale bar is 40 um). In particular, the fluorescence is
recovered uniformly in all the azimuthal directions despite the presence of the topographic walls (the white lines of d), which indicates the lateral fluidity of the supported
membrane across the topographic walls. Epifluorescence microscopy (Eclipse E600-POL, Nikon) was used in the Texas red channel. To minimize the decrease in the diffusion
coefficients owing to the formation of macroscopic L, domains'®, the FRAP studies of ¢ and d were carried out right after the vesicle fusion (within 20 min). e, Time evolution
of the Ly domain formation in an array of four nanosmooth regions (A = 200 um, the scale bar is 200 um). The time ¢= 0 corresponds to the moment of the vesicle fusion.
Epifluorescence microscopy was used in the Texas red channel. f, Time evolution of fluorescence intensity profiles. All of the profiles were measured along the white line of e

at the corresponding time. In particular, the influx of nanorafts from the nanocorrugated background to the nanosmooth regions is reflected in the accumulation of Texas
red-DPPE molecules at the boundaries of the nanocorrugated region (inside the grey circle). g, Epifluorescence micrograph of the L, domain microarray with A values of
10 um, 20 um and 40 um as observed in the Texas red channel (f= 18 h, the scale bar is 200 um).

In light of the above idea, periodic arrays of nanosmooth
regions (denoted by 2’ in Fig. 3a) were created in a
nanocorrugated background region (denoted by ‘1’ in Fig. 3a)
by a selective chemical etching process. The size of one
nanosmooth region (1) was varied from 3 um to 200 um. A
supported membrane was produced on this solid support by
the vesicle fusion method” at t = 0. The lipid composition
used was the well-studied lipid-raft mixture'” doped with
Texas red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
(Texas red-DPPE) and glycolipid Gy;. One important issue
in our topographic control is that the 2D fluidity of the
supported membrane should not be disrupted by the topographic
structures. As a direct assessment, the fluorescence recovery
after photo-bleaching (FRAP) studies' on the Texas red-DPPE
molecules were carried out within individual topographic
structures. Our FRAP studies indeed confirm that the 2D
continuity and fluidity of the supported membrane are completely
preserved in the nanocorrugated background (Fig. 3b, the diffusion
coefficient of 1.06 um* s™'), in one nanosmooth region of
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A=200 um (Fig. 3c, the diffusion coefficient of 1.27 um?* s™'),
and across the topographic walls (Fig. 3d).

As predicted, Fig. 3e shows that nanorafts coarsen and grow
into macroscopic L, domains only in the nanosmooth regions
(A =200 wm). As the Texas red-DPPE molecules are strongly
excluded from the Lo domains', the Lo domain formation can
be monitored by the distribution of the red fluorescence from
Texas red-DPPE. Importantly, the nanorafts initially present in the
nanocorrugated background actively participate in the formation
of Lo domains in the nanosmooth regions. This is clearly shown
by the fact that the L, domain formation is much faster at
the boundaries than at the centre of each nanosmooth region
(Fig. 3e,f). Using the 2D fluidity shown in Fig. 3b—d, when
nanorafts that are kept from coarsening in the nanocorrugated
background diffuse into a nanosmooth region, they begin to
coarsen with other nanorafts. Such aggregated nanorafts are
significantly hindered in their 2D brownian motion by the surface
friction effect’. Thus, they are effectively trapped at the boundaries
of the nanosmooth regions. This influx of nanorafts from the
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Figure 4 Selective reconstitution of the CTB-Gy, binding process in the L,
domain microarray. a, Epifluorescence micrograph of the L, domain microarray of
Fig. 3g, having been incubated with the Alexa Fluor 488-CTB, as observed in the
Alexa Fluor 488 channel (the scale bar is 200 um). b, FRAP study on the CTB—Gy
complexes (A = 40 um, the scale bar is 40 um).

nanocorrugated background becomes saturated between t = 42
and 72 h in the case of A =200 um (Fig. 3f). Furthermore, the
Lo domain formation at the centre of the nanosmooth region is
abruptly accelerated after about ¢ = 6 h (Fig. 3f). As the coarsening
process itself has no reasons for such acceleration, it is likely that
the nanorafts previously trapped at the boundaries are effectively
transported to the centre area. As a result, the final equilibrium
state of the highly uniform L, domain is reached at t =72 h
(Fig. 3e,f). It is observed that the time required for the equilibrium
state decreases with the size of the nanosmooth region. For 4 <
40 wm, the equilibrium state is attained earlier than ¢t =18 h
(Fig. 3g). The topographic wall also plays a certain role in regulating
the coarsening process, which is discussed in the Supplementary
Information, Fig. S2.

In Fig. 3g, we show a microarray of the L, domains, in which
macroscopic Lo domains having different A values of 10 pum,
20 wm and 40 um are reconstituted in prescribed regions, the
nanosmooth regions. It should be emphasized that this is the first
time that model biological membranes have been engineered by
taking advantage of the intrinsic 2D fluidity. No modifications of
the typical supported membrane system are involved in controlling
the L, domain reconstitution except for the topographic structures.

We now show that a biochemical process with high affinity for
the lipid raft acts selectively on the L, domain microarray. The
standard lipid-raft-marking process, the specific binding of cholera
toxin unit B (CTB) to glycolipid receptor Gy, (ref. 19) was used as
a model biochemical process. It is presumed that Gy;, molecules
that have high raft affinity are captured by the nanorafts®® and
show the same collective dynamics as the nanorafts (shown in
Fig. 3e,(f). Thus, the final equilibrium state will be a uniform
concentrated distribution in each nanosmooth region, suggesting
that the CTB-Gy, binding processes will predominantly occur in
the nanosmooth regions.

Figure 4a shows the L, domain microarray of Fig. 3g,
which was incubated with a solution of Alexa Fluor 488-labelled
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CTB at t = 180 h. The strong green fluorescence in each
nanosmooth region illustrates that the CTB—G,,, binding processes
are highly concentrated in these preset regions. From the ratio
of the green fluorescence in the nanosmooth regions to that in
the nanocorrugated background, we obtained the partitioning
coefficient of the CTB-G,;, binding process as approximately 2.28.
The Lo domains with the CTB-G,;, complexes in the microarray
show excellent temporal stability; they remained intact over 100
days (see Supplementary Information, Fig. S3). Moreover, the
FRAP studies show that the CTB-Gy; complexes possess 2D
fluidity with a diffusion coefficient of about 0.04 um?* s™" (Fig. 4b).
This result again leads to a definite conclusion that the domains
reconstituted in the nanosmooth regions are indeed in an L, phase,
which has been essentially assumed in the lipid-raft model’”.

The approach described here offers a fundamental concept
of organizing lipid rafts in model and cellular membranes. The
paradigm of the lipid-raft model is being shifted from an image
of a static huge domain to a concept that lipid rafts are extremely
small and highly dynamic entities®. Then, there should be certain
mechanisms for regulating coarsening of such extremely small
lipid rafts and for tuning the kinetics of these lipid rafts to
manipulate associated biochemical processes. We speculate that
the nanoscale topographic configuration of the cellular membrane
is one of the most important machineries for tuning lipid rafts
in vivo. This machinery might provide a general pathway that
translates a mechanical signal, that is, membrane curvature® to the
biochemical processes that are mediated by the lipid raft.

METHQODS
FABRICATION OF SOLID SUPPORTS

The solid support consists of a SiO; layer of 1.5 um thick formed on a (100)
quartz wafer. To produce a SiO, layer with the nanocorrugated topography
shown in Fig. 2b, the TEOS chemical vapour deposition method using P-5000
(Applied Material Korea, South Korea) was used under the following
conditions: (TEOS, O,) = (220, 220) s.c.c.m., 9 torr and a deposition
temperature of 390 °C. The resultant deposition rate was 125 A s~!. The
nanosmooth topography as shown in Fig. 2c was obtained by chemically
etching the nanocorrugated topography using buffered HF (7:1 (v/v)
NH,F:HF). The etching was carried out at room temperature without stirring,
giving a resultant etching rate of approximately 1,000 A min~". For the selective
etching, the standard photolithography process was used, which produced the
topographical structures shown in Fig. 2a. Owing to the small difference in the
refractive index between SiO, and quartz (of the order of 107?), the interference
effect occurring as a function of the SiO; layer thickness® is negligible.

EORMATION OF SUPPORTED MEMBRANES

The well-studied lipid-raft mixture, 1:1:1 (mol/mol/mol)
1,2-dioleoyl-sn-glycero-3-phophocholine:sphingomyelin (brain,
porcine):cholesterol (all purchased from Avanti Polar Lipids, Birmingham,
Alabama), was prepared, doped with a red fluorescent dye-labelled lipid, Texas
red-DPPE (Molecular Probes, Eugene, Oregon) at 1 mol% of the total lipid
composition. For the CTB-Gyy; binding process, this lipid-raft mixture was
further doped with ganglioside Gyy; (brain, ovine-ammonium salt, Avanti
Polar Lipids) at 1 mol%. All ingredients were dissolved in chloroform. To
prevent demixing of cholesterols, the rapid solvent exchange method® was
used, in which evaporation of solvent, desiccation and hydration processes were
carried out simultaneously. The buffer contained 100 mM of NaCl and 10 mM
of Tris at pH 8.0, and hydration was performed at a concentration of

0.2 mg ml™". Small unilamellar vesicles were obtained by the extrusion method
(Mini-Extruder, Avanti Polar Lipids) with at least 60 filtering processes through
a 50 nm filter at 50 °C. The solid support was cleaned in piranha solution (3:1
(v/v) HSO4:H,0;) at 125 °C for more than 15 min before use in experiments.
A supported membrane was produced by fusion of the small unilamellar
vesicles on the solid support for more than 100 s at room temperature®?. Excess
vesicles were removed by changing the subphase from the vesicle suspension to
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the phosphate buffer saline at pH 7.2, and this subphase was kept during the
subsequent experiments.

CTB-Gy: BINDING PROCESS

For the CTB-Gy; binding process, the subphase of the Gy -reconstituted lipid
raft microarray was changed to a 5 ug ml™! solution (in phosphate buffer saline
at pH 7.2) of the Alexa Fluor 488 conjugated CTB (Alexa Fluor 488-CTB,
Molecular Probes) for 75 min in the dark. During the binding process, the
physiological temperature of 36.5 °C was maintained. After incubation, the
subphase of the phosphate buffer saline at pH 7.2 was recovered.
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