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A membrane interferometer
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Freestanding phospholipid bilayers have been assembled spanning
shallow, micrometer-sized wells etched into a Si wafer substrate so
that the bilayers are near (within hundreds of nanometers) but not
in contact with the wafer surface. The proximity of the bilayers to
the highly reflective Si/SiO; interface allows them to be probed by
using fluorescence-interference techniques. These interferometry
measurements show that the bilayers are curved and that the
curvature can be varied by changes in osmotic pressure. Further-
more, the ionophore gramicidin can be incorporated into the
bilayers, making them selectively permeable to monovalent cat-
ions. This freestanding architecture may overcome surface-inter-
action problems that occur when cell membrane proteins are
introduced into solid supported bilayers, while also allowing for
high-precision measurements of changes in fluorophore position
by interferometry.

bilayer lipid membrane | black lipid membrane |
fluorescence interference contrast

B ilayer or “black” lipid membranes (BLMs) are a widely used
model system for the study of cell-membrane proteins (1).
BLMs are prepared on an aperture, usually hundreds of mi-
crometers in diameter, made in a hydrophobic substrate mate-
rial. Advances in BLM platform architectures, particularly chip-
based architectures, have been directed toward a range of
different membrane geometries (2-5), improved reproducibility
(6, 7) and stability (8, 9), and applying imaging techniques such
as fluorescence microscopy (10-14). In parallel, efforts are
ongoing to increase the utility of solid supported lipid bilayers
(15, 16) for examining cell membrane proteins, including teth-
ering (17), cushioning (18), and loosely associated second-story
bilayers (19-21).

We are particularly interested in using fluorescence to study
membrane protein conformational dynamics in a native envi-
ronment, but measuring small changes requires the determina-
tion of fluorophore position with a precision better than the
optical diffraction limit. The interference pattern above a mirror
can be used to determine the absolute distance of fluorescent
objects from the mirror with high precision (22). The mirror
reflects excitation light, and the reflected light interferes with
the incident light so that the intensity of excitation (and similarly,
the intensity of emitted light) varies with distance from the
mirror. To that end, we have developed a platform consisting of
a freestanding lipid bilayer, analogous to a BLM, suspended
above a reflective Si mirror (Fig. 14).

In fluorescence interference contrast (FLIC) microscopy (22—
25), this interferometry concept was adapted to determine
distances of interest and distribution of fluorophores in SiO,-
supported lipid bilayers and associated objects, often with sub-
nanometer precision. The bilayers are assembled on a SiO/Si
wafer (because Si reflects visible light), with SiO, layers of
varying thickness (sometimes called a FLIC-chip), to step the
fluorophore through the interference pattern and generate
multiple fluorescence intensity data points required for the
absolute determination of the distance between the fluorophore
and the SiO, substrate. This canonical FLIC method is not
applicable for absolute distance determinations in freestanding
bilayers because the bilayer is not associated directly with the
substrate surface and so its distance from the mirror is not under
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Fig. 1. A membrane interferometer. (A) Schematic diagram of a freestand-
ing bilayer positioned within a few hundred nanometers of a Si mirror (the
drawing is not to scale). (B-D) Fluorescence from CF (B), Dil (C), and Cy5-DNA
(D) from 4 wells with freestanding bilayers. Note bright and dark rings for Dil
and Cy5-DNA fluorescence over wells. (Scale bar: 20 pm.)

lithographic control (although in some cases variations in sur-
face-fluorophore distance can be inferred from fluorescence
intensity variations) (20, 21). Two alternative strategies for
determining distance parameters are applied here: variation of
the incidence angle of excitation (variable incidence angle FLIC,
or VIA-FLIC) (26) and the use of the 2 different bilayer-
associated fluorophores in the system, 1,1'-dioctadecyl-3,3,3',3'-
tetramethyl-indo-carbocyanine (Dil) and CyS, each with different
wavelengths of excitation and emission (2-color or 2C-FLIC). As
described in detail in the following (see Results), these methods
were used to measure the water-layer thickness under the bilayer
(du,0 in Fig. 14, hundreds of nanometers) and show that the
bilayers have a slight downward concavity.

Results

Substrate Design. A substrate was designed to allow assembly of
a lipid bilayer within a few hundred nanometers of a flat mirror
so it can be probed by FLIC (Fig. 14). Shallow wells were
patterned on a Si wafer. The top of the wells needed to have a
hydrophobic layer in order to imitate the surface properties of
BLM apertures; the bottom surface and side walls needed to be
functionalized to hinder lipid adhesion and yet be highly hydro-
philic so the wells could be readily wetted; and the flat Si/SiO,
interface would act as a mirror for interferometry at visible
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wavelengths. Our most successful design used the orthogonal
surface chemistries of exposed Au and SiO, thin films (see
Methods, SI Text, and Fig. S1). First, exposed Au was function-
alized with a self-assembled monolayer of octadecanethiol giving
a hydrophobic surface. Next, exposed SiO, in the wells was
functionalized with 2-[methoxy(polyethyleneoxy)propyl-
]trimethoxysilane (PEG-silane, Gelest) to prevent nonspecific
adsorption of lipid on the well surfaces (27).

Bilayer Formation. Spanning lipid bilayers were formed by the
thinning of a 3-layer water/oil/water system (see SI Text and Fig.
S2 for detailed description). A surface-functionalized chip as
described above was immersed in a buffer containing the
aqueous dye carboxyfluorescein (CF), then pure decane was
spread with a pipette tip on the surface to form a macroscopically
observable droplet, trapping CF in the wells. After CF had been
washed out of the bulk upper water layer, phospholipids were
added as small unilamellar vesicles doped with Dil. The vesicles
were also decorated with a dye-labeled, DNA-lipid conjugate,
where a 24-mer DNA oligonucleotide was anchored to the lipid
at the 5" end and Cy5 was added at the 3’ end (Cy5-DNA) (28).
The partitioning of phospholipids into the decane led to a
reduced contact angle of decane on the Au-self-assembled
monolayer in water and rapid thinning to a decane film.

The decane film continued to thin until freestanding bilayers
corresponding to Fig. 14 formed spontaneously, or alternatively,
bilayers were formed by mechanically spreading the decane film
with a small air bubble. The CF trapped in the wells by the
decane layer could be clearly visualized, verifying that a discrete,
aqueous compartment was trapped beneath the forming bilayer
(Fig. 1B). Distinct bright and dark rings were observed over the
wells for both Dil and Cy5-DNA fluorescence (Fig. 1 C and D);
these occur because of interference of excitation light and
emitted fluorescence with light reflected from the Si mirror at
the bottom of the wells. The observed intensity variation indi-
cates that bilayers, once formed, are slightly curved and this
curvature is quantified below (see Interferometry). On the time-
scale of video imaging (=100 ms per frame), the rings did not
move, indicating that the bilayer curvature and position did not
change appreciably. The edge of the receding decane film could
be observed in fluorescence microscopy images of Dil and
Cy5-DNA (Fig. S3). Bilayers could be distinguished from decane
films by their location in areas where the decane film had visibly
receded. Also, where films were present, the Cy5-DNA fluores-
cence was uniform rather than having interference rings.

Because the current design does not incorporate electrodes,
the classical test for bilayer formation in freestanding BLMs,
specific capacitance (29) could not be used. As an alternative
test, the heavy-atom quencher Co?* (25) was introduced into the
upper aqueous layer and was shown to reversibly quench 100%
of Cy5-DNA fluorescence and 50% of Dil fluorescence (SI Text
and Fig. S4A4). The result is consistent with Cy5-DNA being
confined to the upper decane/water interface because of its high
negative charge and consequent insolubility in bulk decane,
whereas Dil is fully soluble in decane and equally partitioned
between the upper and lower leaflet. Also, fluorescence recovery
after photobleaching (FRAP) showed lateral fluidity, as would be
expected for a lipid bilayer, and that the BLMs were continuous
with the surrounding lipid on the gold surface (Fig. S4B).

Incorporation of Gramicidin. To show that the features observed
over the wells were lipid bilayers, an additonal test was per-
formed. This test incorporated the ionophore gramicidin and
demonstrated its functionality. Gramicidin is a small peptide that
inserts as monomers that span a single leaflet of the bilayer;
passive and selective transport of monovalent cations occurs via
transient dimers formed by monomers in the 2-bilayer leaflets
(Fig. 24) (30, 31). Gramicidin functionality was tested by mea-
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Fig.2. Gramicidin incorporation mediates pH changes for aqueous solution
trapped in wells. (A) Schematic diagram showing pore formation by a gram-
icidin dimer (orange ovals) and the species participating in the monovalent
cation exchange equilibrium. (B) Effect of pH and NaCl concentration pertur-
bations on CF fluorescence intensity in wells where the bilayer either contains
gramicidin (solid triangles, n = 10) or does not (open triangles, n = 15):
(i) initially, pH(ower) = 6.0; (ii) pH(uppen is gradually increased to 7.2; (iii) pHupper)
is reduced to 6.0; (iv) Na* (yppen) is replaced with Mg?* at equivalent osmotic
strength and pHuppern) is increased to 7.2 simultaneously; and (v) Na*pper) is
increased and pHupper) Maintained at 7.2, replacing Mg?*. (Insets) CF fluores-
cence images of a well at identical contrast at stages i, iii, and v.

suring the pH (and hence H* transport) in the trapped well
solution by using CF fluorescence intensity as a readout. The CF
trapped in the lower water layer has a pK, of 6.4, and the low pH
form is much less fluorescent.

Small amounts of gramicidin were added to the lipid mixture
used to make bilayers in 0.50 M NaCl at pH 6.1 so that CF
fluorescence was initially dim (Fig. 2B, stage i). The presence of
gramicidin would be expected to establish an exchange equilib-
rium between the trapped aqueous volume and the bulk upper
water:

Na(t,ppcr)+Haowcr):Naaowcr)+H(t,ppcr) K=1 [1]

From this equilibrium, ana+@ower)/@Na+(upper) = AH+(lower)/
an-+(upper), With a defined as the activities of the respective solutes.
In the experiment, [Na*] = 0.5 M > [H*] =~1077 M. Also, the
upper water layer is much larger in volume than the lower layer,
meaning that [H™ jower)], and hence @+ ower), is the most sensitive
component in the equilibrium expression, and the other compo-
nents can be assumed to be constant as the system equilibrates.
Conveniently, ap-(ower) is directly related to the intensity of the CF
fluorescence signal.

The bulk pH, pHupper), Was gradually changed by 5 X 1 mL
washes of the upper water layer with 0.50 M NaCl in pH 7.1
buffer (Fig. 2B, stage ii). After each wash, CF fluorescence
images of 10 wells with bilayers were collected, showing an
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increase in intensity of ~60%. This increase indicated that
PHower) increased to reestablish the equilibrium induced by the
presence of gramicidin. Two additional fluorescence images
were taken to establish that this equilibrium had been reached.
Then the sample was washed with 5 X 1 mL 0.50 M NaCl at pH
6.1 (Fig. 2B, stage iii) and CF fluorescence images collected as
in stage ii. The CF fluorescence returned to its original value, as
expected, on returning pHpper) to 6.1.

Next, the sample was washed with 2 X 3 mL of 0.33 M MgCl,
at pH 7.1 (Fig. 2B, stage iv). This perturbation represented 3
changes: [Na™ ypper)] decreased to ~0, [H* (upper)] decreased by
~10X, and [Mg?* (uppery] Was introduced. If the bilayer were
permeable to all 3 cations, then pHjowery Would be expected to
increase, leading to an increase in CF fluorescence intensity.
Instead, the CF signal decreased, indicating pHjower) < 6.1. This
result is consistent with Eq. 1, i.e., the bilayers’ permeability is
conferred by gramicidin and applies only to monovalent cations.
According to this equation, ana+(lower)/@Na+(upper) — % as a result
of the perturbation in Fig. 2B, stage iv, SO a+(1ower) WOuld indeed
increase, even though ag+(uppery decreased. Further confirming
this effect, the sample was washed with 4 X 1 mL 0.50 M NaCl
at pH 7.1 (stage v) to remove the Na™ concentration gradient,
and pHower) increased to match pHupper). Additional experi-
ments showed that gramicidin-containing decane films did not
exhibit pH dependent CF fluorescence intensity variation (see
Fig. S5).

Interferometry. In VIA-FLIC, varying the incidence angle of
excitation light, 6inc, on the Si mirror surface modulates the
interference pattern of the excitation, resulting in different
patterns of observed fluorescence intensity (Fig. 34). Because
the wells were approximately circularly symmetric, fluorescence
intensity was analyzed as a function of distance from the center
of the well, r. Fig. 3B shows fluorescence intensity vs. r for Dil
over a single well for 10 narrow ranges of 6;,. values between 10°
and 29°. These data were initially fit by using a VIA-FLIC model
in which data for each value of r were fit separately (the “discrete
model”). The parameter of interest in each fit was the water layer
thickness, di,0 (Fig. 14). The set of dy,o values obtained with
the discrete model is plotted as black points in Fig. 3C. Because
these values appeared to follow a circular arc, the data were also
fit by using a model with 2 geometric variables, the height at the
center, dy, and the radius of curvature, R, (the “spherical cap”
model, see Materials and Methods). This fit is also plotted in Fig.
3C, with dy = 728 nm and R, = 168 um.

Fluorescence data for 2C-FLIC analysis were obtained by
using normal epifluorescence excitation. Fluorescence intensity
as a function of r, for the same well as in Fig. 3, is plotted for Dil
and Cy5-DNA in Fig. 4. These data were fit with a spherical cap
model, with best-fit geometric parameters dy = 734 nm and R,
= 167 wm, closely matching results obtained from VIA-FLIC.

Error estimates from the Matlab optimization for dy and R.
were very small. To better estimate the experimental error,
VIA-FLIC and 2C-FLIC parameter determinations were per-
formed for 10 wells. The VIA-FLIC spherical cap parameters for
these 10 wells, with error bars marking the difference between
the fits obtained from the 2 models, are plotted in Fig. 5, as d
vs. 1/R.. VIA-FLIC results are also shown for 4 additional wells
not fit by FLIC. If spherical cap bilayers have a fixed point of
contact (Fedge, dedge) With the underlying hard substrate, the
following relationship between dp and R, in terms of (reqge, dedge)
can be derived (SI Text and Fig. S6):

dO = (rgdge/z)(l /Rc)+dedge- [2]

Linear regression analysis of the points in Fig. 5 yields values of
Tedge aNd degge 0f 9.4 + 0.2 wm and 440 = 10 nm, respectively. The
expected radius and well depths for these substrates were 10 um
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Fig. 3. VIA-FLIC of bilayer curvature. (A) Dil fluorescence images of a well
with excitation angles (6incd) of 13° and 29°. (B) Dil fluorescence intensity vs. r
where ris the distance from the middle of the well, for 10 6;,c values (labeled),
with corresponding fits from the 2 parameter, spherical cap model (see
Materials and Methods). (C) Values of dy,o0 from a discrete VIA-FLIC model fit
(black diamonds) and the spherical cap fit (gray line) to the data in B. Values
for dp and R. are marked (see Fig. S6 for geometric analysis).

and ~450 nm (400 nm of SiO; and 50 nm of Au with a 5-nm Ti
adhesion layer), respectively, thus the values obtained from
interferometry match the expected values based on the fabrica-
tion process.

Effect of Salt Concentration. Bilayer position and curvature could
be affected by changing osmotic pressure, as shown by changes
in the fluorescence pattern over the wells (Fig. 6 shows one
example). This change was quantified with 2C-FLIC for 6 wells
at [Na™ (uppery] of 0.50 M and 0.53 M. The spherical cap param-
eters from the fit were used to calculate the change in trapped
aqueous volume in response to the perturbation. The average
calculated lower-layer volume was 93 = 1% of the original
volume, corresponding to [Na™ ower)] ~0.54 M, assuming that no
ions leaked across the BLM. The value obtained for [Na+ jower)]
suggests that, when [Na™* outer)] is adjusted from 0.50 M to 0.53
M, the system responds to osmotic stress by reducing the trapped
aqueous volume to adjust [Na* (ower)] to a similar value.
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Fig.4. Fluorescence intensity data for Dil and Cy5-DNA for the same well as
in Fig. 3. Best-fit analysis by 2C-FLIC is marked as solid lines. The bilayer shape
corresponding to this fit is marked in black, with the fit parameters, dp and R,
shown. These agree closely with the values from the VIA-FLIC analysis in
Fig. 3.

Discussion

Our system differs from those described in the classic BLM
literature because our goal is subdiffraction optical imaging by
FLIC, i.e., we require a bilayer membrane with large (>10 um)
lateral dimensions and with a mirrored surface <1 wm from the
intended site of membrane formation. These requirements led us
to incorporate a passivated yet hydrophilic well, with different
chemical functionality to the hydrophobic aperture, to maintain
the required water reservoir. The reservoir is small (subpicoliter)
and was disrupted by typical BLM formation approaches, such as
direct addition of lipid dissolved in organic solvent (32, 33) or
spreading from an air/water interface (29, 34). For the trapped
aqueous reservoir to consistently survive, addition of PEG (1.5%)
to the trapped aqueous solution and a more gentle lipid addition as
small vesicles in the upper aqueous layer were required.
Although the images presented here show only a few bilayer-
covered wells, many more were usually present, although these
wells themselves were a small fraction of all of the wells on the
substrate; most wells were either open or covered by a thicker
decane film. However, true bilayers could be distinguished visually
and by using simple tests (SI Text) and could be shown to support
simple functional membrane proteins such as gramicidin.
VIA-FLIC and 2C-FLIC, although both based on interferom-
etry, are distinct methods for determining the bilayers’ geomet-
ric parameters. There is substantial agreement between the
methods for the 10 wells in Fig. 5, and the methods can readily
distinguish bilayers of different curvature. Also, the geometric
parameters obtained through interferometry are consistent with

15 T
1.0k ledge = 9.4£0.2 p/m/ o~ W J
1 — - -
3 | _ #m i
0-5F = d,q0 = 440£10 nm
0.0 :
0.00 0.01 0.02

(1/R¢) I um-'

Fig. 5. dp values plotted against 1/R. values determined by VIA-FLIC on 14
wells analyzed as spherical caps, giving the edge location (redge, dedge) (see Eq.
2 and Fig. S6). Errors shown are the percent difference between VIA-FLIC and
2C-FLIC fit results for 10 wells and half the maximum percent difference for 4
wells whose bilayer positions were not determined by 2C-FLIC.
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R. =158 um
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Volume = 200 um3
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Volume = 184 ym3

Fig. 6. Changing [Na*(ppen] affects bilayer position. Shown are Cy5-DNA
fluorescence images of a well at [Na*(ppen] = 0.50 M and 0.53 M, with
calculated trapped aqueous volumes (calculated by 2C-FLIC) marked.

known parameters of the system such as well depth and width.
However, the results suggest that neither method is currently
able to measure absolute position with subnanometer accuracy.
One intrinsic limitation is the lateral resolution limit imposed by
optical diffraction, given by the Abbé equation. Under our
imaging conditions, this limit is approximately half the wave-
length of light, or ~300 nm. For a spherical cap-shaped bilayer
with R, = 100 um, this lateral range corresponds to a vertical
position range of 3 nm near the center of the well ( = 1 um),
increasing to 24 nm at » = 8§ pum. Thus, lateral blurring, not
included in our fitting model, may affect data acquired near the
well edges, especially for more highly curved bilayers. Also, the
models’ dipole orientation parameters assume a flat planar
geometry, even though the bilayer is curved. Other errors caused
by background or photomask alignment (for VIA-FLIC) may
also limit accuracy.

The observed bilayer curvature is an interesting result. Be-
cause the curvature is very slight (R, ~100 wm) and the
interfacial tension of freestanding lipid bilayers is predicted to be
very small (< ~5 mN/m) (35, 36), the pressure difference
supporting the spherical curvature, determined from the Young-
Laplace equation, should be very small (=50 Pa). This pressure
difference corresponds to a small difference in osmotic pressure
of <0.1 mM. If osmotic pressure alone determines curvature,
one would expect that changes in the osmolarity of the upper
aqueous layer would have drastic effects on bilayer curvature.
Indeed, the bilayer curvature does change but less than would be
expected in this scenario (Fig. 6).

The results instead suggest that the effect of an osmotic
perturbation is water permeation, analogous to the effect in giant
vesicles subjected to osmotic stress (37). In this model, when the
decane droplet, in contact with the hydrophobic gold surface, is
spread between 2 water layers, it is pinned at the well edges at
a contact angle determined by the interface energies between
decane, water, and the gold monolayer, leading to a stable
3-layer system. Upon adding lipid vesicles, the decane/water
interface energy is reduced, reducing the contact angle of decane
on the hydrophobic gold, and the decane thins to a lipid bilayer
that is substantially water-permeable (38) (see SI Text). The
trapped aqueous layer, containing 1.5% PEG, initially has higher
osmolarity than the bulk, and water flow establishes an equilib-
rium bilayer curvature and osmotic pressure difference that
would also satisfy the asymmetric boundary conditions imposed
by the BLM annulus in contact with the edge of the well (39).
More extensive investigation of osmotic effects show more
complicated, history-dependent behavior that merits further
exploration. A range of experimental variations or improve-
ments could also be considered. Alternative assembly ap-
proaches, such as giant vesicle rupture over wells, could replace
the decane film approach and give quite different behavior. Also,
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a design incorporating substrate electrodes would greatly expand
possible applications.

Materials and Methods

Substrate Preparation (Fig. S1). Substrates were fabricated by using standard
lift-off processing. SiO; of thickness ~400 nm was formed by thermal oxida-
tion on a Si wafer. Patterns for circular wells with diameter 5, 10, and 20 um
(thousands per 8 X 8 mm chip) were defined by using photoresist (Fig. S1A).
Thin films of titanium (5 nm), Au (50 nm), and Cr (50 nm) were deposited by
evaporation (Fig. S1B), and the resist was removed in acetone (Fig. S1C). The
circular regions of exposed SiO, were etched anisotropically by using a
CHF3/O; reactive ion etch to make shallow wells in the wafer (Fig. S1D). The
etch was timed to stop with a thin layer of oxide (=10-30 nm) remaining,
leaving the Si/SiO; interface undisturbed so the Si mirror was preserved. The
upper Cr layer was removed by extended soaking in Cr etchant (CR-14,
Cyantek) (Fig. S1E), giving a final well depth of ~450 nm. The wafers were
diced into 8-mm square chips for bilayer preparation.

For chemical functionalization (Fig. S1F), substrates were treated in a
plasma cleaner under air, then immersed in a 1 mM solution of octadecane-
thiol (Sigma) in ethanol with gentle warming for 12-18 h. They were then
rinsed extensively in ethanol and dried under nitrogen and by heating on a
hotplate at ~110 °C. The substrates were then immersed in a 1 mM solution
of 2-[methoxy(polyethyleneoxy)propyl]trimethoxysilane (Gelest) in dry tolu-
ene for 4-5 h. The substrates were cleaned by sonication in fresh toluene,
followed by extensive rinsing with ethanol and drying under nitrogen. Sub-
strates were used within 2 d of surface functionalization.

Bilayer Formation (Fig. S2). A DNA 24-mer labeled with Cy5 at the 3’ end was
synthesized on a DNA synthesizer and coupled to a lipid molecule at the 5’ end
to make Cy5-DNA, as described in ref. 28. Small, unilamellar vesicles consisting
of 49.5 mol% palmitoyloleoylphosphatidylcholine (POPC) (Avanti Polar Lip-
ids), 49.5 mol% diphytanoylphosphatidylcholine (DPhPC) (Avanti), and Dil
(Molecular Probes) were prepared by rehydration of dried lipid stocks and
extrusion through a 0.1-um polycarbonate filter (Whatman) at a nominal
concentration of 5 mg/mL of lipid. Buffers used for vesicle and sample prep-
aration contained 0.50 M NaCl and were at either pH ~7 (10 mM MOPS) or pH
~6 (10 mM MES). At least 4 h before use, Cy5-DNA was dissolved in 1:1
water/acetonitrile and vesicles were added to the mixture, for a final concen-
tration of 200 DNA/vesicle, or ~0.2 mol% DNA.

Experiments on the chips were performed in a shallow, polydimethylsilox-
ane chamber. The chamber was filled with buffer with 1.5% wt/wt PEG (typical
molecular weight 2000, Sigma) and 10 uM CF (Sigma) added. Decane (20 pl)
was applied to the chip from a pipette, and the solution in the chamber was
washed extensively (Fig. S2 A) with buffer that did not contain PEG or CF.
Vesicles (=400 pg) of the desired lipid composition were added to the bulk
solution (Fig. S2B), and the substrate was left covered for at least 8 h. After
further washing, fluorescence microscopy images of the sample were exam-
ined. If the decane layer had not spontaneously thinned (Fig. S2 C and D and
Fig. S3) to form freestanding bilayers on at least some part of the sample, a
small air bubble (1.1 ul from a Pipetman tip) was delicately brushed across the
surface to thin the decane layer. This process was repeated until freestanding
bilayers (Fig. S2D) were observed. Tests for bilayer formation, such as heavy-
atom quenching and FRAP, were performed (Fig. S4).

Fluorescence Imaging. Fluorescence microscopy was performed on a Nikon
E800 epifluorescence microscope using a 40, N.A. 0.8 water dipping objec-
tive with a mercury arc lamp (103D, Ushio) that had been passed through a
light scrambler (Technical Video) as a light source. Samples were imaged by
using Texas Red (HQ560/55x, Q595LP, HQ645/75m), EGFP (HQ470/40x, Q495LP,
HQ525/50m), and Cy5 (HQ620/60x, Q660LP, HQ700/75m) filter sets (Chroma
Technology). For VIA-FLIC experiments, samples were imaged through a series
of annular photomasks of variable radii corresponding to different angles of
incidence, 6inc, €ach annulus having a width of 250 um mounted on a motor-
ized stage (26). Images were collected and initially processed in MetaMorph
(Molecular Devices).

Gramicidin Insertion (Fig. 2 and Fig. S5). Vesicles were prepared as described
above except that the lipid stock (in chloroform) was mixed with 0.01 mol%
gramicidin D (Sigma) before being dried and rehydrated. Bilayers were pre-
pared from these vesicles with ~10 uM trapped CF. Exchanging different
buffers into the bulk (upper) aqueous layer produced changes in CF fluores-
cence intensity that were monitored by microscopy.
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FLIC and VIA-FLIC Analysis. Well centers were determined empirically in Matlab
by finding the center position that minimized the SE of the radial fluorescence
intensity. Radial fluorescence intensities were binned in 0.5 pixel increments.
Because the CCD pixel size was 6.45 X 6.45 um? and images were binned 2 X
2, this increment corresponds to a distance of 161.25 nm.

VIA-FLIC data were fit in Matlab. The best fits were obtained by using the
described model (26) with the addition of a variable background term. The
background term took the form by + sin(6inc) bz, with 6inc defined as the excitation
angle of incidence, and by and b, variables that were constrained to be constant
for data from a given well. For excitation by a uniform circular disk, the
excitation intensity is proportional to the annular area, itself proportional to
the annular radius, which is proportional to sin(6inc) (26). Thus, the back-
ground term includes terms proportional to and independent of the excita-
tion intensity. Because of the inclusion of the background term, the relative
values of fluorescence-emission intensity at different distances from the mir-
ror could not be ignored (26); rather, an emission intensity term was also
included by integration over the N.A. of the objective (22). Initially, each radial
distance in the well was fit with a discrete dy,o value (the discrete model). An
additional scaling factor a was also required. Thus, each intensity data point
was fit to the equation:

Iexp(r> eincr dHZO) = a'Icalc(r, 9inc7 dHZO) + bl + bZ'Sineinc-

[3]

The fixed parameters of the system were as described in refs. 22 and 26. Briefly,
the thickness of the bilayer hydrophobic region was set at 3.78 nm. Dil was
modeled as equally distributed in 2 layers 0.9 A from the top and bottom
bilayer interfaces. Transition dipole orientations were fixed at 62° relative to
bilayer normal (22). Transmission data for the microscope filters and absorp-
tion and emission spectra for the dyes were provided by the manufacturers
and used as wavelength-dependent functions in the integration of the model
over wavelength (22).

The initial analysis of the interference rings gave VIA-FLIC fits to data that
approximated a spherical cap. To extract useful geometric parameters, bilayer
data were fit as a spherical cap (the spherical cap model). In this approach, a
bilayer cross-section was treated as an arc of a circle, center (0, do—R), radius
R., for dp and R the trapped water layer thickness at the center of the well and
the radius of curvature, respectively (Fig. $6). Thus, dn,0 was a function of r, dy,
and R.. Rather than fitting Eq. 3 separately for each r, a system of equations was
optimized simultaneously for the best possible values of do, R, a, b1, and b.

2C-FLIC data for Dil and Cy5 were fit in Matlab with a spherical cap model
similar to the VIA-FLIC model. Integration of excitation illumination was
performed over the objective N.A. (22, 25). The refined parameters were dy
and R, and background and scaling factors for each dye, bpi, beys, apil, acys,
giving the equation:

Iexp,x = ax'lcalc(Rc’ dO) + bx' [4]

In Eqg. 4, x is either Dil or Cy5, and / is a vector of intensities (over r). The
equations for the 2 dyes were optimized simultaneously. Note that the
background for 2C-FLIC is scalar because annular photomasks were not used
in this experiment. In addition to the parameters used for VIA-FLIC, Cy5 was
modeled at a distance of 6 nm above the upper bilayer/water interface. The
absorption and emission dipoles were usually defined as freely rotating;
however, marginally better fits of the Cy5 data were obtained with absorption
and emission transition dipole orientations of 62°. This result may indicate
partial insertion of Cy5 into the bilayer, or it may be correcting for other
systematic simplifications in the model.

Effect of Salt. To measure the effect of changing [Na* (yppen], a BLM sample was
prepared in 0.50 M NaCl (bulk solution volume ~1.2 mL), and 6 wells with
BLMs were imaged. To increase [Na*(yppen] to 0.53 M, 1 M NaCl (75 ul) was
added to the sample. Fluorescence images for 2C-FLIC analysis were acquired
before and after aliquot addition.
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