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Abstract
A method has been designed for patterning supported phospholipid bilayers (SLBs) on planar
substrates and inside microfluidic channels. To do this, bovine serum albumin (BSA) monolayers
were formed via adsorption at the liquid/solid interface. Next, this interfacial protein film was
selectively patterned by using deep UV lithography. Subsequently, SLBs could be deposited in the
patterned locations by vesicle fusion. By cycling through this process several times, spatially
addressed bilayer arrays could be formed with intervening protein molecules serving as two-
dimensional corrals. By employing this method, phospholipid bilayers containing various
concentrations of ganglioside GM1 were addressed along the length of individual microfluidic
channels. Therefore, the binding of GM1 with pentameric cholera toxin B (CTB) subunits could
be probed. A seven-channel microfluidic device was fabricated for this purpose. Each channel was
simultaneously patterned with four chemically distinct SLBs containing 0, 0.2, 0.5, and 2.0 mol %
GM1, respectively. Varying concentrations of CTB were then introduced into each of the
channels. With the use of total internal reflection fluorescence microscopy, it was possible to
simultaneously abstract multiple equilibrium dissociation constants as a function of ligand density
for the CTB-GM1 system in a single shot.

Multivalent ligand–receptor interactions are ubiquitous on cell surfaces. They have a wide
variety of consequences including the modulation of equilibrium dissociation constants, high
receptor selectivity, and receptor clustering.1 Multivalency can also play a direct role in
signal transduction processes.2 Examination of the underlying thermodynamics of ligand–
receptor binding may lead to a greater understanding of its biological role and could provide
insight into biomedical applications involving inhibitory drug design.1,3,4 Unfortunately,
high-throughput, low-protein consumption assays are not presently well enough developed
in this field to afford rapid, systematic studies of binding data at two-dimensionally fluid
bilayer interfaces.5

In previous work it has been demonstrated that microfluidic devices can be designed for
measuring binding affinities in multivalent systems.5–14 In our previous setup, ligands were
incorporated into supported lipid bilayers (SLBs) coated on the walls and floors of
polydimethylsiloxane/glass microchannels. Linear arrays of channels were then monitored
by total internal reflection fluorescence microscopy (TIRFM)15 to obtain equilibrium
dissociation constants in one-shot assays. This could be done by using the same surface
chemistry in each microchannel while varying the solution concentration of the aqueous
proteins. Such a setup made these assays relatively rapid, afforded high accuracy, and used
only a few microliters of protein solution. Nevertheless, such platforms could be markedly
improved by measuring multiple binding constants with various membrane chemistries
simultaneously. This could be achieved by addressing distinct lipid bilayer chemistries along
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individual microfluidic channels while varying the solution concentration of aqueous
proteins introduced above the entire array (Figure 1a). This would essentially amount to a
two-dimensional assay whereby both the surface chemistry and aqueous solution conditions
are varied on a single chip. Such assays would be extremely useful for probing multivalent
binding as a function of ligand density, cholesterol content, membrane charge, and related
variables in one-shot experiments. Such designs are also reminiscent of other on-chip two-
dimensional assays.12,16–18

The key to achieving two-dimensional binding assays is to create spatially addressed arrays
of bilayers along individual microchannels. There have already been a number of techniques
developed to array different bilayer chemistries at each address. For example, we first
showed the use of pulled microcapillaries to deliver unique vesicle solutions to an array of
hydrophilic patches patterned on a substrate with hydrophobic barriers.19 Other methods for
creating spatially addressed bilayer arrays were also developed. These included
microcontact printing,20–23 mechanical writing and erasing,24 laminar flow vesicle
deposition,25 robotic pin printing,26 scanning probe lithography,27 and dip-pen
nanolithography.28 Although each of these techniques has its merits, it would be most
convenient to develop a procedure that allows bilayers to be arrayed inside enclosed
microchannels with a well characterized and predetermined chemistry at each location. The
most attractive way of obtaining such a result would be to develop a light directed patterning
method analogous to the ones we have already developed for arraying immobilized ligands
inside microfluidic devices.29,30

Pioneering work has been done by the Parikh laboratory to pattern solid supported lipid
bilayers using deep UV radiation.31–34 Additionally, deep UV radiation had been employed
to pattern organosilane monolayers,35,36 polysaccharides,37 and S-layer proteins.38 In this
paper, we extend this idea to patterning sacrificial adsorbed protein layers at the liquid/solid
interface. We show that it is possible to deposit films made from bovine serum albumin
(BSA). Areas containing the protein layer resist the fusion of phospholipid vesicles, while
irradiated regions allow supported bilayers to form by the fusion of vesicles from bulk
solution (Figure 1b). We exploit this ability to pattern linear arrays of supported
phospholipid membranes containing four different concentrations of ganglioside GM1. Each
channel in a seven-channel device contained the identical membrane chemistry. Therefore, it
was possible to simultaneously obtain 28 unique data points for CTB-GM1 interactions by
flowing a unique concentration of the protein into each channel. This afforded three distinct
equilibrium binding curves plus one set of control data for the nonspecific adsorption of
CTB on bilayers containing no GM1 ligands.

EXPERIMENTAL SECTION
Materials

Bovine serum albumin (BSA, catalog number A-7638, lyophilized powder) was purchased
from Sigma (St. Louis, MO). The protein should contain bound fatty acids. Texas Red-
conjugated BSA, Rabbit IgG, and Texas Red-labeled 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine, triethylammonium salt (Texas Red-DHPE) were purchased from
Molecular Probes, Inc. (Eugene, OR). CTB from Vibrio cholerae was obtained from Sigma-
Aldrich. Ganglioside GM1 (brain, ovine-ammonium salt), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-PE) were purchased from
Avanti Polar Lipids (Alabaster, AL). Polydimethylsiloxane (PDMS) was obtained from
Dow Corning (Sylgard, silicone elastomer-184).
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CTB was labeled with Alexa Fluor-594 dye using a standard protein-labeling kit (A10239,
Molecular Probes, Eugene, OR). The degree of labeling was about 0.8 fluorophores per
protein as determined by UV–vis absorption spectroscopy. The dye-labeled protein was
stored in a phosphate buffered saline (PBS) solution which consisted of 10 mM sodium
phosphate, 150 mM NaCl, and 0.2 mM sodium azide. The pH of the PBS solution was set to
7.2 by the dropwise addition of 2.0 M NaOH. This buffer was also used for vesicle
preparation and the successive dilution of protein solutions. Purified water for these
experiments came from a NANOpure Ultrapure Water System (≥18.2 MΩ cm, Barnstead,
Dubuque, IA). Quartz coverslips (1 in. × 1 in., 0.2 mm thick, Electron Microscopy Sciences,
Hatfield, PA) were used as substrates for lipid bilayer formation. Electron microscopy grids
(EM-grids, Gilder Grids from Electron Microscopy Sciences, Hatfield, PA) were employed
as photomasks for deep UV lithography.

Small Unilamellar Vesicles Preparation
Small unilamellar vesicles (SUVs) were prepared by vesicle extrusion as reported
previously.6,39,40 Briefly, the appropriate lipid mixtures were combined in organic solvent.
Chloroform was used to dissolve most lipids; however, methanol was used as the solvent for
GM1 as this glycolipid is not soluble in pure chloroform. The chloroform/methanol solvent
mixture was evaporated away under a stream of nitrogen followed by vacuum desiccation
for 4 h. This left the desired lipid mixture behind, which was then rehydrated in PBS. The
concentration of lipids in solution was 2.0 mg/mL. After five freeze–thaw cycles, the
solutions were then extruded more than seven times through a polycarbonate filter
(Whatman) with 50 nm pores. SUVs prepared by this method were characterized by
dynamic light scattering (90Plus particle size analyzer, Brookhaven Instruments Corp.) and
showed an average diameter of 70 ± 10 nm.

Microfluidic Device Fabrication
Seven-channel PDMS/quartz microfluidic devices were fabricated largely according to our
previously published methods.13 The key difference herein is that we employed a 0.2 mm
thick piece of square fused quartz as the substrate rather than borosilicate glass. Fused quartz
was used because it passes light deep into the UV. For reference, UV–vis spectra (Lambda
35, UV–vis spectrometer, PerkinElmer, Inc.) for 1 mm thick quartz, PDMS, and borosilicate
slides are provided in Figure 2. To make a device, a seven-channel pattern was transferred
from a photomask onto a clean soda lime microscope slide by standard photoresist and
buffered oxide etchant (BOE) techniques. Degassed PDMS was then poured over this glass
master and cured in a convection oven at 55 °C overnight. The elastomeric mold was
carefully peeled off, washed with ethanol and purified water, and dried under a stream of
nitrogen. Inlets were reamed at the channel termini using a hollow flat-tipped syringe
needle. Finally, the PDMS mold and a clean planar quartz coverslip were placed in an
oxygen plasma for 30 s (Basic Plasma Cleaner, Harrick Scientific). The two were
immediately brought into contact to create the finished seven-channel microfluidic device. It
should be noted that the quartz substrate was cleaned in a boiling 1:3 solution of ICN 7X
detergent and purified water. It was then rinsed with copious amounts of purified water,
dried with nitrogen, and annealed in a kiln at 500 °C for 5 h before use.

Epifluorescence and TIRFM
Epifluorescence images of protein patterns and SLBs were obtained using a Nikon E800
fluorescence microscope with a Roper Scientific MicroMAX 1024B charge-coupled device
(CCD) camera (Princeton Instruments). Fluorescence recovery after photobleaching
(FRAP)41,42 experiments were conducted to check the quality and fluidity of the SLBs. This
was done using an inverted epifluorescence Nikon Eclipse TE2000-U microscope equipped
with a 10× objective. Laser radiation from a 2.5 W mixed gas Ar+/K+ laser (Stabilite 2018,
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Spectra Physics) was used to bleach the lipid bilayer samples. FRAP images were captured
with a Photometrics SenSys CCD camera.

TIRFM15 was employed in CTB-GM1 binding studies to discriminate surface-bound CTB
molecules from those in the bulk solution. To perform a TIRFM experiment, a 594 nm
helium–neon laser beam (4 mW, Uniphase, Manteca, CA) was passed through a dove prism
that was optically coupled to the quartz substrate of the microfluidic device by index
matching immersion oil. The laser beam was telescoped out by a line generator lens (BK7
for 30°, Edmund Optics, Barrington, NJ) to create a uniform intensity profile across the
microchannel array. The laser illuminated the quartz/water interface from the quartz side at
an angle of 78° with respect to the surface normal and was totally internally reflected. This
created an evanescent wave above the interface, which exponentially decayed to its 1/e
value over ~70 nm.6,43 This allowed the proteins bound to the SLBs to be studied with high
specificity. All images were collected using Metamorph software (Universal Imaging Corp.)
and transferred to Microsoft Excel and Sigma Plot for further processing.

RESULTS
In a first set of experiments, the use of deep UV radiation to degrade an adsorbed protein
monolayer was tested. To do this, a 10 mg/mL solution of BSA was introduced above a
planar quartz surface and allowed to incubate for 20 min. This should form a continuous
monolayer of BSA at the quartz/water interface.44,45 Excess protein molecules were washed
away with copious amounts of purified water. Next, the substrate was exposed to deep UV
radiation from a mercury Pen-Ray lamp (UVP Inc., Upland, CA) in a quartz envelope.
Approximately 2.8 W of radiation with peaks at 190 and 254 nm were introduced to the
sample surface for 2 min over ~2.5 cm2 area. The surface was then washed with copious
amounts of purified water. UV-vis spectra of the BSA-coated quartz substrate were taken
before and after exposure to the Pen-Ray lamp radiation. These are shown in Figure 3, and
the data clearly demonstrate that the protein layer is highly degraded upon treatment with
UV radiation. Such a result is consistent with previous reports that deep UV radiation (~190
nm) can be used to degrade organosliane monolayers,35,36 polysaccharides,37 and S-layer
proteins.38 It should be noted that the small peak near 280 nm typically found in spectra
from bulk BSA solutions does not appear to be present in Figure 3. This is probably due to
the very small number of molecules measured at the surface compared with bulk assays. The
protein adsorption and rearrangement processes at the surface may also alter the UV–vis
spectrum.

In a next set of experiments, an EM-grid was used as a photomask for patterning a BSA
monolayer under conditions that were similar to Figure 3. In this case, however, protein
molecules were conjugated with a Texas Red fluorophore so that the resulting pattern could
be visualized under a fluorescence microscope (Figure 4a). As can be seen, ~90 μm × 90
μm square nonfluorescent regions were created that were separated by ~35 μm wide
fluorescent lines. This was identical to the dimensions of the 200 mesh EM-grid used to
make the pattern. At this point, POPC vesicle solutions containing 2.0 mol % NBD-PE were
introduced above the patterned surface and allowed to create supported bilayers by the
vesicle fusion method (Figure 4b).46 Significantly, supported POPC membranes were only
deposited in the areas where the BSA monolayer was exposed to UV radiation.

It should be noted that the deep UV illumination time is a key parameter for creating high
quality supported bilayers. For example, no bilayers were deposited on a BSA-coated
substrate without deep UV exposure (Figure 5a). Moreover, POPC vesicle fusion was
incomplete when the illumination time was substantially shorter than 2 min. An example of
this is given in Figure 5b where uneven supported bilayers are observed when the exposure
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time was limited to 30 s. Next, Figure 5c shows high quality bilayers with an illumination
time of 2 min. Finally, we found that very long exposure times appeared to degrade the BSA
barriers between the corralled bilayers. To demonstrate this, a 300 s exposure time is shown
in Figure 5d.

The two-dimensional fluidity of the supported bilayers inside individual two-dimensional
protein corrals was probed by fluorescence recovery after photobleaching (Figure 6).41,42

The diffusion constant for the NBD-PE lipid was 3.4 ± 0.8 μm2/s and the mobile fraction
was ~95 ± 2%. Moreover, individual SLBs were completely confined within their protein
boundaries.47 To demonstrate this, the fluorescence recovery of a large bleach spot is shown
in Figure 7. Taken together, the results in Figures 6 and 7 are strong evidence that high-
quality supported bilayers can be patterned on BSA-coated substrates that are selectively
illuminated by deep UV radiation.

Next, it was necessary to demonstrate that this bilayer patterning method could be
performed in sequential steps to spatially address distinct bilayer chemistries at the surface.
The general idea is illustrated in Figure 1b. First, a fresh BSA monolayer was formed at the
liquid/solid interface on a quartz substrate. Protein molecules from specific regions were
selectively removed by UV illumination through a hole with a diameter of 100 μm. A
supported lipid bilayer was then addressed over the light exposed region via vesicle fusion.
In a next step, the photomask was aligned to a new location and the process was repeated
with a fresh vesicle solution. Figure 8a shows a false color epifluorescence image of four
circles addressed with POPC lipids contain 0.5 mol % Texas Red-DHPE (upper left), 0.1
mol % Texas Red-DHPE (upper right), 2.0 mol % NBD-PE (lower left), and 0.5 mol %
NBD-PE (lower right). The circular supported bilayers had an average diameter of 99 ± 4
μm. It should be noted that control experiments demonstrated that sequential deposition of
bilayers does not result in any significant mixing of lipids between a previously formed
supported bilayer patch and nascently introduced vesicle solutions. It is well-known that
individual lipids can exchange between the two membranes;48 however, this exchange
process is slow compared to the time scale used for vesicle fusion to the substrate (less than
5 min).

With the use of the strategy outlined in Figure 8a, SLBs with a variety of different
components could be spatially addressed along a line inside microfluidic channels. To
demonstrate this, protein solutions were individually injected into three parallel
microchannels and allowed to incubate for 20 min to form a thin protein film coating the
quartz surface. Protein molecules should also coat and passivate the PDMS walls.30 After
incubation, purified water was flushed through the channels to remove excess proteins.
Next, deep UV radiation was exposed to the channels via a single ~450 μm wide slit that
was aligned normal to the direction of the channel flow. This photomask was placed beneath
the microfluidic device to allow UV radiation to pass through the quartz substrate as shown
in Figure 1b. After selectively radiating and rinsing away protein molecules, a vesicle
solution consisting of 0.5 mol % Texas Red-DHPE in POPC was injected into each
microchannel, allowed to incubate for 5 min, and rinsed away with buffer. This should form
a continuous supported bilayer on the PDMS walls as well as the quartz substrate.49 The 450
μm wide slit was then translated ~1.0 mm along the channels and the process was repeated
with POPC vesicles containing 0.2 mol % Texas Red-DHPE. Finally, the process was
repeated one last time with POPC vesicles containing 0.05 mol % Texas Red-DHPE. An
epifluorescence image of the resulting patterned surface is shown in Figure 8b.

In a final set of experiments, we wished to exploit this spatial addressing process to obtain
equilibrium dissociation constant data from the CTB-GM1 system as a function of ligand
density. To do this, a seven-channel microfluidic device was used. Each channel was
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addressed with ~350 μm wide POPC bilayer patches containing 0, 0.2, 0.5, and 2.0 mol %
GM1 from left to right. TIRF microscopy was applied to study the pentavalent CTB-GM1
interactions as a function of ligand density. Before the injection of CTB solutions, the
bilayer-coated microchannels were incubated for 30 min with a 0.5 mg/mL rabbit IgG
antibody solution to suppress nonspecific adsorption. After rinsing, various concentrations
of Alexa 594-labeled CTB solutions were flowed simultaneously through each channel at a
rate of 0.2 μL/min. The surface binding process was monitored by TIRF microscopy as a
function of time until the fluorescence intensity remained constant. A TIRF image of this
system is shown in Figure 9a. The bulk CTB concentration ranged from 0.09 to 2.15 nM
(top to bottom). The column on the far left, which consisted of bilayers without GM1, was
used to judge nonspecific CTB adsorption at each bulk protein concentration. It was found
that the background fluorescence level was below the detection limit under all
circumstances. This finding is in agreement with previous measurements.13,50 By contrast,
some nonspecific CTB adsorption was found outside the bilayer patches on the BSA-coated
regions, although this does not affect the binding measurements. Intensity profiles across the
channels (dashed red rectangles shown in Figure 9a) were employed to obtain quantitative
binding data for each of the three GM1 densities. A plot of the fluorescence signal as a
function of bulk protein concentration for each ligand density is provided in Figure 9b.

To abstract equilibrium dissociation constant data for the CTB-GM1 system, the curves
were fit to the Hill–Waud (eq 1) binding model:8,13,51

(1)

where F is the fluorescence intensity from surface bound proteins, Fmax is the maximum
fluorescence intensity when proteins completely saturated the bilayer surface, [P] is the bulk
CTB concentration, Kd is the apparent equilibrium dissociation constant, and n is the Hill
coefficient of cooperativity.51 In our previous work, this binding model was found to be
more suitable to pentavalent CTB-GM1 interactions than the simple Langmuir adsorption
model.13 The apparent equilibrium dissociation constants extracted from Figure 9b are 0.20,
0.29, and 0.35 nM for 0.2, 0.5, and 2.0 mol % GM1, respectively. These results are in good
agreement with our previous studies of this sytem.13 Indeed, the apparent equilibrium
dissociation constant should weaken for this system with increased GM1 concentration
because of ligand clustering in the membrane. It should also be noted that the measured
dissociation constant values for the CTB-GM1 system have ranged from several picomolar
to several hundred nanomolar depending upon specific conditions.8,52 Most results,
however, have typically fallen within the 0.1–14 nM range.13,50,51,53–58 These differences
can probably be attributed to the variety of buffer conditions, temperatures, ligand densities,
and membrane chemistries employed in the various experiments. Differences in the
diagnostics used to make measurements as well as the specific binding model used for
fitting may also affect Kd values.

DISCUSSION
Patterning supported bilayers has shown considerable promise for addressing fundamental
biophysical questions about cell membrane behavior and the creation of a new generation of
biosensors.59–61 Moreover, various ideas for forming spatially addressed bilayer assays have
been pursued over the past decade.19–21,25–28,62 A key innovation of the present work is to
combine spatially addressed arraying technology with microfluidics strategies. This allows
not only the bilayer chemistry to be varied but also the aqueous solutions above them. Such
technology is quite powerful because arraying chemistry along one dimension and the
solution conditions along the other opens up the door for studying ligand–receptor binding
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in a high throughput/low sample volume fashion whereby multiple Kd values can be
abstracted simultaneously. Although we have demonstrated the ability to obtain dissociation
constants as a function of ligand density, other variables such as cholesterol content, charge
on the membrane, lipid tailgroup, and headgroup chemistry could also be varied. Other
applications might include enzyme patterning and characterization,30,49 cell-supported
bilayer interactions,63 as well as microfluidic drug discovery platforms.26

Now that spatially addressed bilayer arrays have been combined with microfluidics, there
are three general goals that need to be pursued in association with this analytical
methodology. First, the array size could be expanded by increasing the field of view of the
fluorescence microscope. Indeed, the image in Figure 9 was captured with a 4× objective.
This led to simultaneous data capture for four unique bilayer chemistries and seven bulk
protein concentrations (28 unique data points). It should also be possible, however, to use a
1× objective from an epifluorescence macroscope to increase the field of view by a factor of
16.62 Moreover, a denser array of bilayer chemistries and/or channels could also be
employed. Second, data from these systems could be taken in a label-free fashion by using
techniques such as surface plasmon resonance imagining,16,64 imaging ellipsometry,65,66 or
even interferometry.67 Care will need to be taken with such designs to ensure that they are
compatible with the UV patterning techniques employed herein. Finally, new methods for
simultaneously, rather than sequentially, addressing bilayers should be pursued. This will
speed up the time required for array formation.
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Figure 1.
(a) Schematic representation of a seven-channel microfluidic device. Each channel is
addressed with four distinct lipid bilayers designated by colored patches. Aqueous solutions
with various protein concentrations are arrayed from left to right. (b) Schematic diagram of
the sequential patterning technique employed for creating spatially addressed bilayer arrays.
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Figure 2.
UV–vis spectra for 1 mm thick quartz, PDMS, and borosilicate glass substrates.
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Figure 3.
UV–vis spectra for BSA-coated quartz substrates before (–) and after (- - -) exposure to deep
UV radiation.

Shi et al. Page 12

Anal Chem. Author manuscript; available in PMC 2012 September 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
(a) An epifluorescence image of a Texas Red-conjugated BSA film on a quartz substrate
after deep UV patterning. (b) An epifluorescence image of a 2.0 mol % NBD-PE/POPC
bilayer array deposited over the same protein patterned film shown in part a. The scale bar is
50 μm.
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Figure 5.
Epifluorescence images of supported POPC bilayers containing 2.0 mol % NBD-PE. The
bilayers have been deposited on BSA-coated quartz substrates after deep UV patterning for
(a) 0, (b) 30, (c) 120, and (d) 300 s. The scale bar is 50 μm.
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Figure 6.
FRAP recovery curve for a 2.0 mol % NBD-PE/POPC bilayer on quartz formed by vesicle
fusion after deep UV patterning of the BSA-coated substrate. The inset images were taken
immediately after photobleaching with a 14 μm diameter laser spot as well as 200 s later
(left and right image, respectively). The red circles designate the position of the bleach spot.
The size of a bilayer square is ~90 μm × 90 μm.
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Figure 7.
Photobleaching of a 2.0 mol % NBD-PE/POPC bilayer inside protein corrals. The bilayer
array is shown (a) before bleaching, (b) immediately after bleaching, and (c) 15 min later.
The scale bar is 50 μm.
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Figure 8.
(a) A false color epifluorescence image of four spatially addressed bilayers. Top left, 0.5
mol % Texas Red-DHPE/POPC; top right, 0.1 mol % Texas Red-DHPE/POPC; bottom left,
2.0 mol % NBD-PE/POPC; and bottom right, 0.5 mol % NBD-PE/POPC. (b) An
epifluorescence image of spatially addressed supported bilayers inside a linear array of
microfluidic channels. The long access of each channel goes from left to right across the
image. The three POPC bilayer patches along each channel contain 0.5, 0.2, and 0.05 mol %
Texas Red-DHPE from left to right. The scale bar is 200 μm.
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Figure 9.
(a) TIRF image of bilayer-arrayed microchannels containing various concentrations of dye-
labeled CTB. The four sets of bilayer patches designated with the dashed red boxes
represent identical membrane chemistries. From left to right, the bilayer patches contain 0.0,
0.2, 0.5, and 2.0 mol % GM1 in POPC, respectively. The long access of each channel is
from left to right across the image. (b) TIRF signal vs bulk CTB concentration for each of
the three GM1 concentrations: 2.0 (■), 0.5 (▲), and 0.2 mol % (●). The solid lines are fits
to the data with eq 1.
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