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ABSTRACT: Ultraflat nanostructured substrates have been
used as a template to create patterned solid-supported bilayer
membranes with polymerizable tethered lipids acting as diffu-
sion barriers. Patterns in the size range of 100 nm were
successfully produced and characterized. The diffusion barriers
were embedded directly into the phospholipid bilayer and could
be used to control the fluidity of the membrane as well as to
construct isolated membrane corrals. By using nanosphere
lithography to structure the templates it was possible to system-
atically adjust the lipid diffusion coefficients in a range comparable to those observed in cellular membranes. Single colloids applied
as mask in the patterning process yielded substrates for creation of isolated fluid membrane patches corralled by diffusion barriers.
Numerous potential applications for this new model system can be envisioned, ranging from the study of cellular interactions or of
molecular diffusion in confined geometries to biosensor arrays.
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B INTRODUCTION

Lipid bilayer model systems that mimic cellular environments
have been successfully introduced in the biophysical and medical
sciences and have made a significant impact toward the under-
standing of processes occurring at cell interfaces.”” Numerous
commercial and scientific applications have been envisioned,
where nonbiocompatible planar devices such as CMOS- or FET-
based sensors, noble metals, or microfluidic systems have been
functionalized with a plasma-membrane-like coating.* ® Such
platforms have been used, for examsple, in the study of cell—cell
interactions and communications””® or the design of stable and
sensitive biosensing devices based on selective molecular recog-
nition events.’

A suitable model membrane system significantly reduces the
complexity of a natural membrane and at the same time preserves
its main functionalities." Among a wide range of model architec-
tures, solid-supported bilayer lipid membranes have attracted
special interest. First, membranes were obtained by direct spread-
ing of amphiphiles on hydrophilic surfaces,'* subsequently form-
ing two-dimensional, self-assembled fluid systems, separated from
the solid substrate by a thin water layer.'' These systems are
perfectly suited to study intrinsic membrane properties; however,
they face problems when used to probe incorporated membrane
proteins. Most integral proteins involved in metabolic processes, as
well as channel proteins widely used for the construction of next
generation biosensors,'*** are spanning the plasma membrane
and protrude into the extra- and intracellular space. A solid-
supported model system has thus to provide sufficient space
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between membrane and substrate in order to allow for protein
functionality and to avoid protein denaturation. Various ap-
proaches have been developed, ensuring an effective decoupling
of the artificial membrane from the substrate. For example,
tethered lipid bilayer membranes (tBLMs) utilize synthetic anchor
lipids as part of the bilayer, linking membrane and substrate via a
spacer unit functionalized with a specific surface binding group.**
Attachment of thiol or silane moieties to the tether lipids allow for
the assembly of membranes on gold or oxide surfaces,
respectively.”'® These membranes feature superior stability com-
pared to standard solid-supported membranes.'® Functional in-
corporation of membrane proteins such as -Hemolysin and other
ion channel proteins has been demonstrated.'”*®

For a wide range of applications, for example, for the creation
of protein or membrane arrays, it would be interesting to selectively
control the diffusion of lipids or incorporated membrane pro-
teins within the two-dimensional plane of the membrane by
compartmentalization of the artificial bilayer."”*" Periodically
structured supported membranes®* ' have been produced by
using (photo)polymerizable lipids as part of the membrane for
in situ formation of diffusion barriers or by using prestructured
substrates. In the latter case, metals, photoresists, or immobilized
proteins have been used as barriers while the substrate itself has
been functionalized with a lipid bilayer and potentially an
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Figure 1. Schematic illustration of a supported membrane, corralled by
a self-assembled polymerized lipid barrier. The patterned substrate
allows for the controlled assembly of the diffusion barriers embedded
into a fluid lipid bilayer membrane.

intermediate cushion layer. The pattern sizes obtained by these
methods were typically in the midmicrometer scale, therefore
limiting potential applications, e.g., systematic investigation of
processes occurring in biological membranes in relation to the
cytoskeleton as a natural diffusion barrier. A periodic patterning
on the nanoscale remains challenging, as the majority of the
proposed procedures involve a photolithographic step in the
course of the patterning process.

Here, we present a novel approach to create patterned
membrane architectures with nanoscale resolution. The process
combines the advantages of a tethered membrane platform,
namely, decoupling of the bilayer from the substrate and creation
of an ionic reservoir underneath the bilayer with the possibilities
offered by introduction of barriers of precise size and spacing.
Recently developed ultraflat substrates patterned by nanosphere
lithography are used as support.>> The substrates are composed
of different materials, ie., gold and silicon oxide, with no
transition steps in between and a mean surface roughness of less
than S A. The different materials can be selectively functiona-
lized, for example, for assembly of polymerizable anchor lipids
acting as immobile barriers upon UV polymerization. A fluid
bilayer membrane can then be completed by vesicle fusion onto
the substrate and thus feature diffusion barriers incorporated into
the bilayer lipid membrane. (Figure 1)

Compared to existing membrane patterning approaches, this
process offers several advantages. First, no photolithographic
step is required during the substrate patterning. Thus, the
resolution of the diffusion barriers is not limited by the diffraction
limit of light, and structure sizes down to 30 nm are created with
ease. Furthermore, the immobile fractions are formed by poly-
merizable lipids and are part of the membrane. They provide
therefore stability to the system and allow one to circumvent
issues related to undefined lipid bilayer formation at the edges of
membrane patches.*®

Here, the characterization of newly synthesized polymerizable
lipids, selective functionalization of nanostructured gold domains
using these lipids, and formation and compartmentalization of a
fluid membrane are presented. Finally, fluorescence recovery
after photobleaching (FRAP) experiments were used to examine

lipid diffusion within the resulting patterned membranes. Using
colloidal particles as a mask for the substrate prestructuring
process, both arrays of nanoscale diffusion barriers as well as
isolated fluid membrane patches corralled by diffusion barriers
were obtained. The former were used to control the diffusion
constants of the lipids over 1 order of magnitude, while the latter
effectively captured lipids in the proximal leaflet in the fluid areas.

B EXPERIMENTAL SECTION

Materials. All reagents for synthesis were purchased from Sigma-
Aldrich (Schnelldorf, Germany) and used without further purification.
Solvents were obtained from Fischer Scientific (Niderau, Germany) in
HPLC grade and dry solvents from Acros Organics (Niderau, Germany).
The purity of the obtained products was controlled by 'H NMR and mass
spectrometry. For details on the synthesis procedure of the polymerizable
anchor lipids, please refer to the Supporting Information.

Vesicle Fusion. 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(7-nitro-2—1,3-benzoxadiazol-4-yl) (DOPE-NBD) and 1,2-diphyta-
noyl-sn-glycero-3-phosphocholine (DPhyPC) were purchased from
Avanti Polar Lipids (Alabaster, AL) and used as received. Small
unilamellar vesicles (50 nm in diameter) were prepared by extrusion
of a 2 mg/mL lipid solution (DPhyPC and 0.8 mol % DOPE-NBD) in
ultrapure water (R > 18 MQcm, Millipore, Schwalbach, Germany). The
vesicles were stored at 4 °C and used within 2 days. Vesicle fusion was
performed in 0.1 M KClI solution.

Lipid Self-Assembly. In order to form densely packed monolayers
of the polymerizable lipids, two strategies were used. For experiments to
pattern a membrane using photolithography on a homogeneous sub-
strate, a Langmuir—Blodgett transfer was performed as described below.
Polymerization was achieved by UV illumination at 254 nm at room
temperature under N, atmosphere using a 6 W laboratory hand lamp at a
distance of S cm, delivering 5.8 mW/ cm®.

For laterally patterned substrates, a simple self-assembly process was
used to form a monolayer selectively on the gold part of the substrates.
The polymerizable thiolipids were self-assembled by immersion of the
sample in a 0.2 mg/mL ethanolic solution of the lipid for 24 h, followed
by thorough rinsing with ethanol.****

Langmuir Isotherms. Langmuir isotherms were recorded at 20 °C
on a KSV Minitrough (KSV Instruments, Helsinki, Finland). Stock
solutions of the different anchor lipids in chloroform (2 mg/mL) were
used. Isotherms were recorded at a constant compression rate of S mm,/min.
A Langmuir—Blodgett transfer onto a solid substrate was performed with
a deposition speed of 1 mm/min at a surface pressure of 50 mN/m.

UV—Vis Spectroscopy. The polymerization kinetics of the silane-
based polymerizable anchor lipid (cf. Figure 5, HC2TES) was followed
on quartz substrates. Monolayers were transferred from the air—water
interface by Langmuir—Blodgett transfer.

In order to determine the polymerization kinetics of the synthesized
anchor lipids, UV —vis spectra were recorded in transmission mode from
820 to 220 nm in between different UV irradiation steps (Lambda 900,
Perkin-Elmer, Waltham, MA).

Substrates. The heterogeneous substrates were prepared
using a multistep procedure based on a template-stripping process
(Figure 2).3%36738 Birgt, a silicon wafer was coated with an octadecyl-
triethoxysilane layer, reducing the adhesion between wafer and depos-
ited structures. Subsequently, colloidal particles were deposited onto the
substrate to serve as a mask for subsequent gold evaporation. Either
sparsely distributed silica beads (2 #m in diameter, Duke Scientific
Corp., CA) or densely packed colloidal monolayers were used as masks
(Figure 2a). Individual beads were distributed onto the substrate by spin
coating from a 0.05 wt % ethanolic solution at 1500 rpm for 60 s, while
the monolayers were preassembled onto an air—water interface® and
transferred onto the silicon substrate. Layers of 50 nm Au and 5 nm
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Figure 2. Process flow for fabrication of heterogeneous ultrasmooth
patterned substrates. (a) Assembly colloidal particles onto the silanized
silicon wafer. (b) Evaporation of gold (50 nm) and chromium ($ nm).
(c) Colloid removal. The areas not protected by the colloids are
transferred into gold structures. (d) Evaporation of 100 nm of silicon
dioxide onto the complete surface (for all FRAP experiments, an
additional layer of gold was evaporated that is omitted for reasons of
clarity). (e) Gluing of a glass slide onto the wafer. The created structures
are sandwiched between wafer and glass. (e and f) Mechanical separation
of the wafer template. The interface between wafer and evaporated
structures is thus revealed on the glass slide.

Cr (used to promote adhesion between gold and the subsequently
deposited SiO, layer) were evaporated onto the substrate. The indivi-
dual beads or the colloid monolayers were removed from the substrate
by intensive rinsing with THF, thus producing gold patterns on the
silicon wafer (Figure 2c). Subsequently, 110 nm of SiO,, S nm Cr, and
100 nm Au were deposited (Figure 2d) before the sample was glued to a
microscope glass slide with an epoxy resin (Epotek, Billerica, MA). For
reasons of clarity, Figure 2d only shows the silicon dioxide evaporated
onto the substrate. The subsequent deposition of chromium and gold
provide a layer to block fluorescence of the epoxy glue. As it is buried in
the substrate, the layer does not affect the topography. The heterogeneous
substrate interface, consisting of gold areas embedded in an oxide matrix, was
then revealed by mechanical separation of the passivated silicon wafer
template from the microscope slide (Figure 2e). The low surface roughness
of the wafer surface is thus transferred to the heterogeneously patterned
surface, featuring nanostructures of one material embedded in the other
without any gaps or surface topography between them (cf. Figure 7). Using a
colloid monolayer as a shadow mask led to hexagonally packed gold
nanotriangles embedded in an oxide matrix, while the single colloids gave
rise to individual SiO, patches in a continuous gold film (compare
Supporting Information). The substrates were then used to introduce
immobile obstacles in the solid-supported membrane by self-assembly of
the polymerizable lipids.

AFM. Atomic force microscopy images were obtained on a Dimension
3100 microscope (Veeco Instruments, Plainview, USA) with Nanoscope
version 7.20 software. The silicon cantilevers used for the measurements

had a resonance frequency of 300 kHz (Olympus, Tokyo, Japan).

Fluorescence Recovery after Photobleaching. FRAP experi-
ments were performed using a customized setup based on an Olympus
IX70 inverted microscope equipped with a photomultiplier (Type B2F/
RFI, Electron Tubes Ltd., Middex, U.K.).40 The samples were illumi-
nated with a mercury lamp integrated in the microscope for observation
and focusing, whereas the FRAP measurements were performed with
the 488 nm line of an argon ion laser, creating a circular spot (@ 4.2 um).
All measurements were conducted at room temperature in PBS buffer
and repeated at least 15 times for each membrane.

Diffusion coeflicients were determined by adjusting the experimental
data to a model developed by Soumpasis***

fi(t) = Fi(e) — [Fr(e0) — Fr(0)]

—? ) o2
T—exp| —2 ) [ 2 41, (&
P\ opr ) |*\2pe ) T 2o

where @ is the radius of the bleaching spot, t is the time, F;(0) is the
minimum fluorescence intensity after photobleaching, fi(t) is the
fluorescence intensity at time ¢, Fy.(c0) is the fluorescence intensity as ¢
reaches oo, I and I, are spherical Bessel functions of zero and first order,
and D is the diffusion coefficient.

The relative recovery, indicating the fraction of mobile lipids within
the measured leaflet, is defined as

F..—F
2.100%
_7F0

relative recovery =

where F_ is the fluorescence intensity before bleaching, Fy is the
fluorescence immediately after bleaching, and F.. is the recovered
fluorescence intensity.

B RESULTS AND DISCUSSION

Anchor Lipids. The synthesized anchor lipids were composed
of three parts, i.e., a hydrophobic moiety that inserted into the
bilayer, a short spacer decoupling the membrane from the
substrate, and a surface-specific anchor group (Figure 3).>*

The alkyl chains of the hydrophobic part were modified with
diacetylene groups, which enables the cross-linking of the proxi-
mal leaflet of the membrane to form diffusion barriers upon
polymerization.”® Long fatty acid chains with diacetylene groups
were chosen in order to allow for the formation of a light-sensitive
crystal with the ability to polymerize at room temperature.

The selective polymerization of lipids was first introduced to
enhance the lon(g—term stability of liposomes**~*® or bilayer lipid
membranes.*”*" Different classes of polymerizable lipids have
been used in the past, mostly based on acrylate or diacetylene
derivatives. These polymerizable units were mainly located in the
hydrophobic chains.****°7* Since diacetylene derivates poly-
merize under topochemical conditions, they require a high
packing order of the reactive groups in a lattice.”> The poly-
merization then yields a rigid, conjugated polymer backbone,
which is expected to form impermeable diffusion barriers within a
membrane.

For the selective functionalization of the noble metal or oxide
areas of the patterned substrate, lipids with specific surface
binding groups were synthesized; namely dithiolane functiona-
lized lipids for gold surfaces and triethoxysilane lipids for oxide
or nitride surfaces. The self-assembly of the thiolipids from
an ethanolic solution was demonstrated by the specific functio-
nalization of the gold regions of the patterned substrate
(cf. Figure 7).
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Figure 3. Chemical structures of the polymerizable anchor lipids
HC2LA and HC2TES. For details about the synthesis, please refer to
the Supporting Information.
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Figure 5. Absorbance of a HC2TES membrane obtained by LB transfer
at S0 mN/m measured at 529 nm showed first-order kinetics with a time
constant of about 18 min. (Inset) UV—vis spectra at selected time
intervals.
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Figure 4. Langmuir pressure—area isotherms of the anchor lipids
measured at 20 °C.

A short poly(ethylene glycol) (PEG) chain was used as a
spacer in all molecules. The ethylene oxide repeating units as
polar, uncharged hydrogen-bond accepting groups undergo
multiple bonds with water molecules in aqueous solutions. They
thus decouple the membrane from the substrate and can create
an ion reservoir underneath the bilayer. Both functions are
prerequisites for the functional incorporation of membrane
proteins. Additionally, the flexibility of the PEG chains allows
them to adapt to membrane fluctuations, preventing ruptures in
the bilayer.>*

Film Properties at the Air—Water Interface. Lipid films at
the air—water interface were characterized by Langmuir iso-
therms, which give information about the interplay of the
hydrophobic and hydrophilic parts of the molecules. Diacetylenic
amphiphiles are known to form liquid crystalline phases upon
compression at the air—water interface. Moreover, polymeriza-
tion is only possible in these liquid crystalline phases.>

The obtained isotherms (Figure 4) showed a typical profile for
anchor lipids that form stiff films.>® Both lipids showed a liquid-
expanded phase at higher mean molecular areas, resulting from
the interactions of the spacer groups in the subphase. At the onset

of the liquid-expanded to liquid-crystalline transition plateau, an
“overshoot transition” was observed for the thiolipids, character-
istic for very stiff films.>"*” Upon further compression of the
films, a transition state to liquid-crystalline films was observed,
with collapse pressures of 57 mN/m at 22 A*/molecule for the
thiolipid (HC2LA) and 53 mN/m at 41 A?/molecule for the
silane lipid (HC2TES). The isotherms were used to determine
ideal transfer pressures, which were set at 50 mN/m.

Polymerization of Anchor Lipids. The topochemical poly-
merization of diacetylenes results in a conjugated backbone of
alternating double and triple bonds. These structures exhibit
strong absorption bands in the visible spectra of light, which
typically leads to a deep blue or deep red coloration of the films.
Hence, polymerization of the lipids can be easily followed by
UV—vis absorption spectroscopy. Since the lipid monomers do
not absorb in the visible range, the polymerization reaction was
directly followed as an increase in absorbance (Figure S). A
monolayer of HC2TES was transferred onto a quartz slide at a
surface pressure of 50 mN/m and irradiated by UV light, and
UV —vis spectra were recorded as a function of the irradiation time.
The characteristic peaks of polydiacetylene films at 490 and
529 nm ap}g)eared with increasing UV  polymerization
time.***%3%35% The formation of blue intermediate species,
absorbing around 620—630 nm, was not observed.*® The absorp-
tion at 529 nm increased exponentially with a time constant of 7 =
18 min until saturation was reached after 60—70 min of irradiation.

The experiment has been successfully reproduced using
HC2LA on ultraflat gold substrates, where the membrane was
prepared either by LB transfer or by self-assembly from an
ethanolic solution (data not shown). The kinetics indicates that
the degree of cross-linking of the polymerizable lipids can be
controlled by varying the irradiation time. As the polymerized
monolayer was used as a diffusion barrier, polymerization con-
ditions were always chosen as to produce the highest degree of
cross-linking.

When illuminated through a photolithographic mask, selected
areas of the films were cross-linked and patterns of polymerized
and nonpolymerized membranes were formed. The cross-linked
parts appeared as bright areas under a fluorescence microscope
(Figure 6), easily distinguishable from the non-cross-linked parts.

7011 dx.doi.org/10.1021/1a200027e |Langmuir 2011, 27, 7008-7015



Langmuir

Figure 6. Fluorescence microscope images of patterned lipid mem-
branes on glass (scale bars 100 #m). Anchor lipids were transferred to
the substrate by LB transfer and UV-cross-linked through a mask.
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Figure 7. AFM images of patterned substrates and line scan: pristine
substrate (A) before self-assembly and (B) after self-assembly.

Photolithography can thus be applied to produce fluid lipid
bilayers with incorporated diffusion barriers in microscale dimen-
sions simply by completing the bilayer structure by vesicle fusion,
as described below. Furthermore, the polymerization protocol
was adapted to polymerize lipids assembled onto the nanoscale
barriers as described below in order to ensure a high degree of
polymerization.

Paired with the nanoscale patterning technique described
below, the Langmuir—Blodgett transfer followed by UV poly-
merization also would allow for hierarchical patterning of mem-
branes, e.g., by producing large channels of cross-linked lipids
that are further structured by nanoscale diffusion barriers. Such
structures might prove useful in sophisticated biosensor applica-
tions or in the study of complex diffusion phenomena.

Functionalization of the Substrates with the Anchor
Lipids. In order to investigate the self-assembly process of
the anchor lipids, structured substrates were prepared as de-
scribed in the Experimental Section using a monolayer of 550 nm
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Figure 8. Representative FRAP curve of the artificial membrane pre-
pared on patterned substrates (using 550 nm colloids).

polystyrene colloids as mask. This resulted in the creation of gold
nanotriangles embedded in a silicon dioxide matrix.*>** The
selectivity of the functionalization process was assessed by the
comparison of AFM pictures of the gold structures before and
after immersion in an ethanolic solution containing the
HC2LA lipid.

First, AFM images were recorded directly after the mechanical
separation from the silicon wafer and before functionalization
(Figure 7A). The phase image clearly shows the material contrast
produced by the different hardness of the silicon dioxide and gold
areas. The height image and respective line scan highlight the
extremely low surface roughness (rms roughness 2 A) of the
substrate. It has been shown that a low surface roughness is
essential for the formation of supported membranes with high
electrical sealing properties.*®

The second series of AFM images (Figure 7B) shows the
patterned substrates after functionalization. The phase image
displayed a higher contrast between the structures and the silicon
oxide matrix; a clear difference in height is recorded over the
functionalized gold, indicating the presence of the lipid mono-
layer. The measured height of the monolayer in a dried state of
about S0 A is in good agreement with the calculated persistence
length of the HC2LA molecule (60 A).

The oxide surfaces of the substrates remained clean from lipids
or lipid aggregates. However, the triangular shapes were featuring
less sharp contours after lipid self-assembly, due to the apparition
of satellites of a few nanometers in the vicinity of the main
structures. These satellites resulted from the functionalization of
small gold residues, deposited next to the main structures, due to
diffusion processes occurring during the metal deposition pro-
cess. These satellites can also be seen in the AFM phase image of
the pristine substrate (Figure 7 A). However, as can be seen from
the AFM images and the results of the FRAP experiments
(Figure 8), the individual lipid-functionalized gold triangles were
not interconnected, thus allowing diffusion of free lipids through
the barriers.

In contrast to previously published approaches for patterned
solid-supported bilayer membranes,”* the nanoscale diffusion
barriers produced by the assembly of the lipids onto surface-
embedded nanotriangles gives rise to a patterned membrane
system that is not perturbed by the presence of topological
features of a different material (e.g., gold). Such elevated barriers
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are known to induce changes in the membrane properties, e.g.,
through imperfections in the membrane assembly at the edges of
the barriers. The here presented system avoids suchs effects by
eliminating topographical features in the substrate.>”

Fluidity of the Artificial Membrane. The previously char-
acterized substrates produced by nanosphere lithography of
550 nm colloids were further used for creation of the patterned
model membrane architecture (Figure 1). After functionalization
of the substrates, the self-assembled lipids were polymerized by
UV irradiation and a bilayer was completed by the fusion of small
unilamellar vesicles composed of DPhyPC/DOPE-NBD. In
order to probe the fluidity of the obtained bilayers, the lateral
diffusion of the lipids was measured by FRAP over the whole
substrate (Figure 8).

Since the nanostructures were not interconnected, diffusion
of lipids was possible both in the proximal and in the distal
leaflets of the membrane. The measured diffusion coefficient of
0.10 £ 0.03 um?>/s was significantly lower than the typical
diffusion coefficients of 1—2 um®/s in solid-supported membranes
(see Supporting Information for measurement statistics).®” This
shows that the immobile obstacles had a significant impact on the
membrane fluidity. However, the fluorescence recovery of 85%
demonstrated that diffusion of the lipids in both leaflets was
possible and thus indicated the presence of a complete lipid
bilayer architecture. The incomplete fluorescence recovery to the
initial level can be partially related to defects in the solid
substrate, as discussed in the following set of experiments.

Influence of the Obstacle Lattice and Barrier Size on the
Lipid Diffusion Coefficients. The hybrid membrane architec-
ture features barriers in the nanometer regime. Since the size of
the diffusion barriers is not limited by the diffraction limit of light,
as for the conventional patterning methods, biologically relevant
obstacle sizes can be reached, e.g,, lipid rafts domains, immobi-
lized protein domains on the cytoskeleton.’'

To explore the effects of the barrier size and obstacle lattice on
diffusion within the membrane, the size of the colloids used in the
substrate patterning process was varied. As this patterning
procedure yields arrays of triangles corresponding to the voids
in the colloidal monolayer, the dimensions of the triangular
structures can be precisely adjusted by the used colloids. By using
colloids of 180, 360, 550, and 850 nm, the immobile obstacles
were adjusted to be between 30 and 250 nm. Due to the specific
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Figure 10. Schematic depiction and measured diffusion curves of FRAP
experiments performed on isolated lipid corrals. (A) FRAP experiments
to probe diffusion in both leaflets simultaneously. (B) FRAP experiment
on the proximal leaflet only.

technique of nanosphere lithography, the fraction of immobile
obstacles was intrinsically fixed to 9.3%. The diffusion coeffi-
cients and fluorescence recovery decreased with decreasing
barrier size (Figure 9). This can be attributed to an increase in
the number of obstacles per area the lipids have to pass in their
diftusion path. By varying the barrier size, it was possible to adjust
the mobility of the lipids over 1 order of magnitude from 0.03 %+
0.02 to 0.28 & 0.07 um®/s. These diffusion coeficients reflect
that the membranes with the embedded obstacles had a similar
fluidity to cell membranes.*’

The decrease in the recovery can be for two reasons. First, the
amount of defects per area will increase for smaller obstacle sizes,
as the size of single-crystalline domains will be reduced for
smaller colloids. The influence of defects in the template, which
are due to a nonuniform colloid crystal formation during
production of the substrate, on the diffusion coeflicient was
not systematically analyzed. Second and probably more impor-
tant is that even though the overall fraction of the immobile
obstacles remains constant at 9.3%, the contour length of the
polymerized lipid islands is increasing for smaller colloids. Freely
diffusing phospholipids in the vicinity of the barriers will
experience a reduction of their mean free path of diffusion due
to the presence of obstacles as impermeable objects as well as due
to interactions of the phospholipids with the immobilized anchor
lipids. This will lead to an effective increase of the fraction of
immobilized lipids in the bilayer. It can be seen that for the largest
colloids used, the available area is large enough to allow for
almost 100% recovery.

Solid-Supported Membrane Corrals. While periodically
patterned, open structures are of interest to study fundamental
processes occurring in biological membranes, the confinement of
molecules to a defined place in the membrane is of key
importance for construction of biosensors. In order to demon-
strate the possibility to corral lipids in the proximal leaflet of the
membrane by polymerized barriers, substrates with isolated
silicon dioxide discs embedded in a gold film were prepared
(see Supporting Information for a scheme of the process). Glass
beads (2.5 & 0.5 um) were used as a mask, and the obtained
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structures were thus of about the same size as the laser spot used
to bleach the lipids in a FRAP experiment. An AFM investigation
of the substrate surface is shown in the Supporting Information.
The gold parts of the substrate were functionalized with the
polymerized lipids by self-assembly. After fusion of lipid vesicles
to complete the hybrid membrane structure, diffusion of the
lipids over the oxide islands was measured.

FRAP measurements were performed on both leaflets
(Figure 10 A) and on the proximal leaflet only (Figure 10 B).
For the latter experiments, the fluorophores in the distal leaflet
were chemically bleached by reduction with sodium dithionite.**
For all experiments, the laser spot was focused onto a single
silicon dioxide disk.

Diffusion over both leaflets showed a recovery of approxi-
mately 50% (Figure 10 A). Assuming an equal distribution of the
fluorescently labeled lipids in both leaflets, this corresponds to an
effective prevention of diffusion in the inner leaflet and a closed,
fluid outer leaflet spanning both fluid membrane parts and
photopolymerized lipids. After the chemical bleaching of the
fluorophores in the outer leaflet, the FRAP experiment probed
only the diffusion in the inner leaflet. No fluorescence recovery
was measured (Figure 10 B), indicating that diffusion of lipids in
the proximal leaflet from neighboring corrals was prevented and
the polymerized lipids acted as effective diffusion barriers.
Eventual flip-flop processes, i.e., transfer of lipids between the
inner and the outer leaflet of the membrane, can be excluded
due to the much longer time scale on which such processes
typically happen.

For the construction of a robust biosensor platform, the
introduction of diffusion barriers is a major advantage, as proteins
can be confined to a predefined area, e.g,, to a single electrode on
an array. Furthermore, the sealing properties of the lipid bilayer
remain virtually unaffected as the barriers are homogenously
incorporated into the fluid membrane as demonstrated by the
complete lipid recovery in the distal leaflet.

Il CONCLUSIONS

An artificial patterned membrane is presented, where tethered
immobile obstacles are embedded in the lipid bilayer in a
controlled way and on a nanometer scale. The architecture offers
a number of attractive features. First, the size of the immobile
obstacles is not limited by the diffraction limit. This has been a
significant limitation when conventional photolithographic
methods have been used for a direct patterning of a photopoly-
merizable membrane or for the structuring of substrates with
diffusion barriers.””*>*! By employing nanosphere lithography
as a technique to structure the template surface, a precise
adjustment of barriers on the nanometer scale is feasible.

Second, the tethered lipids are part of the membrane and thus
decouple the bilayer from the substrate. At the same time they act
as immobile obstacles. The embodiment of the barriers avoids
the problems arisin% from phase changes observed at the edge of
membrane patches.>®

Finally, utilization of template substrates that have been
prepared by a robust replica method ensures preparation of
reproducible membrane architectures. As the substrate is flat
compared to the anchor lipid dimensions, the molecular diffusion
barriers merge homogeneously into the intact bilayer without
inducing unwanted effects on the membrane arising from
different materials (e.g., photoresist) and edge effects induced
by barriers not incorporated into the membrane. Furthermore,

while the anchor lipids remain the same, the composition of the
bilayer can be changed with ease by varying the lipid mixture of
the vesicles.

Patterning of lipid membranes with small dimensions can have
various applications. Formation of diffusion barriers in a mem-
brane can be used to study principle diffusion processes in
confined geometries in general and in a lipid bilayer in particular.
This will enhance the understanding of diffusion barriers as they
occur in nature.® Additionally, membrane corrals will be useful
for immobilization of proteins on biosensing devices.”> The
combination of patterned substrates with photopolymerizable
diffusion barriers allows one to selectively localize membrane
proteins over certain areas on the substrate, ideally directly over
an electrode in a membrane array. However, as this article focuses
on the synthesis, assembly, and polymerization of anchor lipids
and their application as diffusion barriers with nanoscale dimen-
sions, detailed experiments on biological systems are not in the
scope of the study presented here and will be addressed in
subsequent publications.

B ASSOCIATED CONTENT

© Supporting Information. Description of the chemical
synthesis of the polymerizable lipids, construction scheme, and
AFM images of the substrate patterned with single colloids as
mask; FRAP reference measurements. This material is available
free of charge via the Internet at http://pubs.acs.org.
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