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Supported membranes,1 single fluid phospholipid bilayers de-
posited on solid surfaces, have been of considerable interest as
models for biological membranes both for fundamental studies of
cell surface mechanisms and for designing biosensors and assays
for membrane targets.2 To this end, many support surfaces now
spanning a broad range of oxides (glass, SiO2, TiO2, SrTiO3, mica,
and oxidized PDMS) and polymeric substrates3 have proved useful.
Although one key application of supported membranes is in
designing recognition-specific biomimetic devices, it is notable that
examples of supported membranes integrated directly to optical
transducers are limited.4 Here, we report the formation of a new
class of supported membranes comprising a fluid phospholipid
assembly coupled directly to a broadly tunable colloidal crystal with
a well-defined photonic band gap.

Monodisperse colloids (e.g., silica and polystyrene microspheres)
spontaneously organize under certain conditions to form 3D face-
centered cubic (fcc) lattices on solid substrates.5 These planar
crystals exhibit a periodic spatial variation of refractive index with
lattice constants on the order of the wavelength of light, thus
exhibiting a well-defined photonic band gap (PBG).6 The ability
to couple membranes with colloidal crystals opens useful optical
transduction possibilities for probing membrane-mediated molecular
recognition and transport. Furthermore, from the experimental point
of view, colloidal crystals offer at least two additional properties
of significant interest in fundamental studies of membranes.First,
the surfaces of colloidal crystals exhibit 2D patterns of curvature
in a tunable range (dependent on colloid dimensions), thereby
allowing systematic studies of many curvature-dependent properties
of lipid membranes.7 Second, the presence of water-filled pores in
the interstices between the hydrated colloids provides a much
sought-after aqueous transition layer8 for cushioning the membrane-
substrate interface and for functional incorporation of integral
membrane proteins.

Recent studies indicate that a favorable interaction between a
porous surface and small unilamellar vesicles (SUVs) might exist.9

These studies show that solid substrates exhibiting nanoscale
porosity prompt surface-induced rupture and spreading of vesicles,
yielding 2D continuous bilayers spanning the pores. We have
produced fluid-supported membranes by rupture and spreading of
SUVs onto a variety of colloidal crystals (Figure 1a). Our colloids
were organized into a photonic fcc lattice (Figure 1b) by adapting
a previously reported physical confinement method.10 Briefly, a
10-20 µL aliquot of silica colloidal solution near the critical
concentration (44-56% v/v) is sandwiched between one hydrophilic
and one hydrophobized glass plate and left standing for∼3 days
to allow slow solvent evaporation. Separating the two glass surfaces
leaves planar colloidal crystals on the hydrophilic plate. UV/vis
spectra (Supporting Information, SI) of the crystals reveal a
characteristic dip when in air. When immersed in water, the
spectrum shifts by∼50 nm and narrows as expected,11 confirming
the retention of the band gap. The crystal surfaces were then

oxidized using ozone-generating UV radiation (184-257 nm) for
∼30 min. SUVs of∼110 nm diameter comprising 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) doped with 1 mol %
of fluorescent Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phos-
phoethanolamine triethylammonium salt (TR-DHPE) were fused
onto the planar crystals by incubating the substrate with SUV
solution for∼1 h, and excess vesicles were rinsed extensively using
deionized water before further characterization (SI).

The bulk of the characterization discussed below has focused
on two classes of colloidal crystals: fcc lattices of nanoscale (330
nm) and microscale (5.66µm) silica microspheres. The observed
bright and homogeneous fluorescence signal (Figure 1d insets and
SI) indicates the formation of a laterally uniform POPC bilayer on
a 330 nm colloidal crystal. Despite the presence of interparticle
interstices, trapping of unfused vesicles is not observed. The long-
range fluidity of these bilayers is established using fluorescence
recovery after photobleaching (FRAP) measurements12 (Figure 1d),
which indicate 2D continuous bilayer spanning multiple beads. In
contrast, when larger (5.66µm) beads are used, neither the long-
range fluidity nor the homogeneous deposition occurs. Instead, a
fluorescence pattern revealing the crystal lattice is seen, which does
not display long-range lateral fluidity in FRAP studies (SI). This

Figure 1. (a) A FRAP fractional recovery plot of a Texas-Red doped POPC
bilayer on a 330 nm colloidal crystal. Insets: 200× 160µm2 epifluorescence
images of a bleached spot (40µm diameter) at times,t ) 0, 630, and 1530
s. (b) An SEM image of a 330 nm silica colloidal crystal. (c) A cartoon
illustrating a bilayer on top of a nanocolloidal crystal.
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apparent discrepancy in the vesicle spreading behavior appears to
be related to the relative sizes of the SUVs and that of the interstices
between the colloids: 100 nm SUVs cannot permeate through the
interstitial space (estimated to bee49.5 nm) between 330 nm beads
and thus rupture across multiple beads. However, with 5.6µm
beads, the same SUV could pass through the interstitial space and
“wet” the crystal interior. This steric argument suggests the
existence of a relationship between colloidal and vesicles diameters,
which determines the vesicle spreading behavior. We note that the
bilayer deposition does not change the band gap characteristics of
the colloidal crystal.

Adapting a rigorous data analysis protocol first developed by
Axelrod et al.12 (SI), we estimate a 2D projected probe diffusion
coefficient of 2.1((0.4) × 10-9 cm2/s with a fractional mobility
of 74.3((0.3)% for POPC bilayers (doped with TR-DHPE) spread
over 330 nm colloidal crystals. By comparison, a bilayer on clean
coverglass yields higher values of 8-12 × 10-9 cm2/s by our
method of analysis. To better understand the observed quantitative
disparity in probe diffusion characteristics, we consider two factors.
First, the membrane can be expected to roughly follow the colloidal
topology due to a strong adhesion between membrane and glass.
Effective surface area due to spherical caps is∼91% larger than
the corresponding flat topography,13 possibly partially accounting
for the lower FRAP recovery rates.Second, for the nanoscale
colloids, the high bending penalty competes with the glass-
membrane adhesion energy,14 presumably resulting in an optimal
bilayer folding pattern. This imposition of periodic arrays of
curvatures on the bilayer may result in spatially varying lipid
packing densities, thus impacting bilayer diffusional properties on
the colloidal crystals.

Next, we show that a spatial control of crystal wettability allows
the creation of binary patterns of band gaps and corresponding
patterns of lipid morphologies (Figure 2). We usedn-octadecyl-
trichlorosilane (OTS) self-assembly to render the crystal water-
repellent. When submerged in water, the PBG does not shift or
narrow as it does for hydrophilic crystals (SI). These hydrophobic
colloidal crystals can then be spatially patterned using a simple
UV/ozone treatment in conjunction with a physical mask to produce
corresponding binary patterns of wettability. When vesicles are
incubated with these patterned surfaces, single homogeneous
bilayers and monolayers form on hydrophilic and hydrophobic
regions, respectively,15 “epitaxially” reflecting the underlying pattern
of band gaps and substrate wettabilities.15 We expect that such
constructs juxtaposing alternating monolayers and bilayers on PBG
patterns will be useful for parallel assays of membrane functions
that require both leaflets (e.g., ion-channel-induced transport).

In summary, a fluid lipid bilayer can be supported by a colloidal
crystal with a well-defined photonic band gap. An interplay between
vesicle sizes and the interstices between the colloidal particles
determines the spreading behavior. For nanoscale beads, the bilayer
spreads as a two-dimensionally contiguous sheet covering the crystal
surface. This configuration should enable future studies of mem-
brane transport, such as by ion channels, by monitoring shifts in
band gaps of nanoscale crystals. For the microscale colloidal
crystals, where each colloid is individually wrapped by a bilayer,
accessible membrane per unit projected area is significantly
enhanced. We envisage optical assays of recognition properties of
membranes utilizing this construct.
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Figure 2. (a) A cartoon illustrating spatially patterned columns of hydrated,
hydrophilic colloids (blue) in hydrophobic surroundings (yellow) of a
colloidal crystal. (b) A 10X bright-field image of UV-patterned OTS-coated
330 nm silica crystal in water. The darker region corresponds to an
unhydrated, OTS-coated region (band gap∼ 605 nm), and the brighter
region is the hydrated region (band gap∼ 658 nm). (c) A 10X fluorescence
image of a TR-DHPE doped POPC bilayer on a patterned colloidal crystal.
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