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a b s t r a c t

We have developed a strategy for preparing tethered lipid bilayer membrane patches on solid surfaces by
DNA hybridization. In this way, the tethered membrane patch is held at a controllable distance from the
surface by varying the length of the DNA used. Two basic strategies are described. In the first, single-
stranded DNA strands are immobilized by click chemistry to a silica surface, whose remaining surface
is passivated to prevent direct assembly of a solid supported bilayer. Then giant unilamellar vesicles
(GUVs) displaying the antisense strand, using a DNA–lipid conjugate developed in earlier work [Chan,
Y.-H.M., van Lengerich, B., et al., 2008. Lipid-anchored DNA mediates vesicle fusion as observed by lipid
and content mixing. Biointerphases 3 (2), FA17–FA21], are allowed to tether, spread and rupture to form
tethered bilayer patches. In the second, a supported lipid bilayer displaying DNA using the DNA–lipid
conjugate is first assembled on the surface. Then GUVs displaying the antisense strand are allowed to
tether, spread and rupture to form tethered bilayer patches. The essential difference between these meth-
ods is that the tethering hybrid DNA is immobile in the first, while it is mobile in the second. Both strat-
egies are successful; however, with mobile DNA hybrids as tethers, the patches are unstable, while in the
first strategy stable patches can be formed. In the case of mobile tethers, if different length DNA hybrids
are present, lateral segregation by length occurs and can be visualized by fluorescence interference con-
trast microscopy making this an interesting model for interactions that occur in cell junctions. In both
cases, lipid mobility is high and there is a negligible immobile fraction. Thus, these architectures offer
a flexible platform for the assembly of lipid bilayers at a well-defined distance from a solid support.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Supported lipid bilayers (SLBs) have been widely used as a mod-
el for cell membranes (Sackmann, 1996; Chan and Boxer, 2007)
and to investigate membrane components including proteins in a
simpler context apart from the complex cellular environment. SLBs
are assembled by Langmuir–Blodgett techniques or spontaneous
fusion of unilamellar vesicles on carefully prepared surfaces, usu-
ally hydrophilic solid supports, such as glass (Seu et al., 2007), sil-
ica, mica (Richter et al., 2006), or TiO2 (Rossetti et al., 2005).
Although SLBs have the advantages of simple formation, easy han-
dling and are well-suited for investigation by a suite of surface sen-
sitive methods due to their planar geometry, the close proximity of
the lower leaflet to the solid support often leads to unfavorable
interactions with integral membrane proteins. Recognizing this
limitation, many groups have described methods to separate the
membrane from the solid support including polymer cushioned
bilayers (Wagner and Tamm, 2000; Merzlyakov et al., 2006;
Renner et al., 2008), polymer tethered membranes (Naumann
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et al., 2002; Purrucker et al., 2004; Koper, 2007) and tethered ves-
icles (Yoshina-Ishii and Boxer, 2003; Stadler et al., 2004; Yoshina-
Ishii et al., 2005).

In this paper, we describe two approaches for tethering lipid
membranes using DNA linkages to separate the membrane from
surface interactions. In one strategy (Figs. 1A and 2), DNA teth-
ers are coupled directly to the substrate by using click chemis-
try (Kolb et al., 2001) to graft alkyne-functionalized DNA onto a
glass or silica substrate which is silanized by azide-terminated
alkyl silane. Giant unilamellar vesicles (GUVs, diameter of 20–
60 lm) displaying complementary DNA-functionalized lipids
bind to the DNA-functionalized surface via hybridization, then
rupture and spread to form planar tethered bilayer patches. In
an alternative strategy (Fig. 1B), DNA-conjugated lipids are
incorporated into an SLB, which allows the DNA tethers to re-
main mobile. Then GUVs displaying the antisense DNA are
bound by hybridization and ruptured to form bilayer patches.
In both approaches, the length of the DNA and hence distance
of the tethered bilayer from the surface can be controlled at will
and, as far as we know, this is a unique feature. The first system
produces stable patches, while in the second interesting dy-
namic behavior is observed, in part because the tethers are
mobile.

http://dx.doi.org/10.1016/j.jsb.2009.06.015
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Fig. 1. Schematic diagram of DNA-tethered membrane formation by GUV rupture onto (A) self-assembled alkylsilane monolayers, see Fig. 2 for details; and (B) supported
lipid bilayers. The GUV membrane contains DNA-linked lipids, which mediate vesicle binding and rupture. In (A), the glass substrate is functionalized with an azide-
terminated alkyl-siloxane monolayer to which complementary DNAs are immobilized via the click reaction (see Fig. 2). The distance from the substrate is controllable by
adjusting the DNA length, about 8 nm for 24 mer and 16 nm for 48 mer DNA. In (B), a supported lipid bilayer presenting DNA is first formed on the glass substrate, and then
exposed to GUVs presenting the complementary DNA to form a DNA-tethered membrane. In both cases, tethered membrane patches whose area is approximately that of the
original GUVs are formed.

Fig. 2. The general synthetic scheme to make the immobilized DNA surface (c.f. Fig. 1A). 50 alkyne modified DNA (Alkyne-C6-50 DNA) is clicked to the azide-modified glass
surface in step 1 at approximately 1% coverage, and the remaining free azides are then clicked with ethynyl phosphonic acid in step 2.
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2. Materials and methods

2.1. Formation of supported bilayers

Small unilamellar vesicles (SUV) were prepared by vesicle
extrusion through 100 nm polycarbonate membranes (Whatman)
as described previously (Yoshina-Ishii and Boxer, 2003). They were
composed of egg phosphatidylcholine (EggPC, Avanti Polar Lipids,
Alabaster, AL), 1 mol% Texas Red 1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine (TR-DHPE, Molecular Probes, Eugene,
OR) or 2 mol% of Oregon Green� 488 1,2-dihexadecanoyl-sn-glyce-
ro-3-phosphoethanolamine (OG-DHPE, Molecular Probes), and
DNA–lipid conjugates (Chan et al., 2008) anchored at the 50 end
and with either 24- or 48-mer poly T as the sequence. DNA–lipid
conjugates were dissolved in a 1:1 mixture of acetonitrile and
water. An aliquot of this solution was mixed with 40 ll of
10 mM phosphate buffered saline (PBS) without salt to achieve
the desired average DNA mol%. Then, 10 ll of extruded SUV
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suspension (10 mg/ml) was added and incubated overnight at 4 �C.
In the case of two different lengths of DNA tether, an equimolar
mixture of 50-lipid-24-mer poly T and 50-lipid-TAACTACAGAATTTA
TACTATCCCGGGTCACAGCAGAGAAACAAGATA-30 (a 48 mer) was
used.

Supported lipid bilayers were formed by vesicle fusion by
exposing a glass cover slip to the above SUVs that were diluted
to 0.2 mg/ml in 10 mM PBS, pH 7.2, containing 100 mM sodium
chloride, for 10 min. The glass cover slips (VWR) were cleaned by
soaking in 90 �C 7� ICN detergent (diluted 1:6 in double distilled
water, ICN Pharmaceuticals, Costa Mesa, CA), rinsed extensively
in double distilled water, and baked at 400 �C for 4 h. The rupture
of GUVs rarely occurred on the SLBs containing less than 0.1 mol%
DNA–lipid conjugates, while most GUVs ruptured above 0.5 mol%
DNA–lipid conjugates. It is hard to make SLBs containing more
than 0.5 mol% DNA–lipid, probably due to high negative charge
of DNAs. These membranes were observed with a Nikon TE300 in-
verted epifluorescence microscope using a 40� oil immersion
objective (NA 1.2).

Protein micro-patterned lipid bilayer surfaces were prepared by
the method described previously (Kung et al., 2000). 100 lm
square bovine serum albumin (BSA) barriers were transferred from
polydimethylsiloxane (PDMS, Dow Corning, Midland, MI) elasto-
mer stamps containing a microscale pattern. The PDMS stamps
were formed by curing on silicon wafers patterned by standard
photolithographic techniques. Then an SUV suspension was added
to form SLBs separated by BSA square grids.

2.2. Preparation and characterization of surfaces displaying
immobilized DNA

11-azidoundecyl-1-trimethoxysilane was prepared from 11-
bromoundecyl-1-trimethoxysilane (Gelest) according to a pub-
lished procedure (Fu and Yu, 2001). Azidosilane monolayers were
vapor-deposited in a glass vacuum desiccator (Jencons part No.
08-625A) fitted with a Teflon stopcock. Hundred microliters of neat
azidosilane was injected onto filter paper in the bottom of the des-
iccator, and 0.5 g of MgSO4�7H2O was placed in a foil boat in the
bottom of the desiccator as a water source for the silanization reac-
tion. The detergent cleaned glass slides were oxygen plasma
cleaned for 5 min. prior to deposition and placed in a slide rack
supported above the azidosilane liquid. The desiccator was then
evacuated on a Schlenk line to �300 mTorr with a liquid nitro-
gen-trapped mechanical pump. The Teflon valve on the desiccator
was then closed, and the chamber was placed in a 110 �C preheated
oven for 48 h. After deposition, the surfaces were rinsed with tolu-
ene and isopropanol, and then dried in a stream of nitrogen.

Azide-modified glass surfaces were exposed for 2 h (Fig. 2) to
aqueous solutions containing: 100 lM CuSO4, 100 lM tris(tria-
zolylmethyl)amine Cu ligand, 1 mM sodium ascorbate, and 5 lM
alkynyl-oligonucleotides. These are 50 alkynyl modified polyT oli-
gonucleotides with a six carbon linker (Alkynyl-C6-polyT), either
24 or 48 mer. Following this, the surfaces were rinsed with water
and exposed to a second click solution containing: 100 lM CuSO4,
100 lM TTMA Cu ligand, 1 mM sodium ascorbate, and 1 mM ethy-
nyl phosphonic acid for 1 h, to passivate unreacted azide. The
clicked surfaces were then rinsed with 3� saline–sodium citrate
(SSC) buffered solution, 150 mM Hepes/0.1% SDS/1� SSC, and final-
ly 150 mM Hepes/150 mM NaCl in water to remove nonspecifically
adsorbed oligonucleotides.

The thickness change accompanying the formation of azidosi-
lane-monolayer was monitored by single-wavelength ellipsometry
using Si wafers with �260 nm thick SiO2 films instead of glass
slides. The Si chips (0.5 � 0.5 cm) were detergent cleaned, baked
and silanized as described above, and the exact thicknesses of
the SiO2 layer and azidosilane-monolayer from the Si mirror were
measured before and after silanization. The auto-nulling-four-zone
analysis of the ellipsometer (Nanofilm Technologie, Goettingen,
Germany) was used to generate delta and psi values, with
532 nm light and 54� incidence angle. The results were fit to a
model of Si/SiO2/monolayer with parameters of nSi = 4.1562,
jSi = 0.0419, nSiO2 = 1.4605 and nmonolayer = 1.4578 (Ali et al.,
2008). The root-mean-square (RMS) surface roughness change
was measured by atomic force microscopy (AFM), performed in
contact mode at 1 Hz scan rate in air using a Nanoscope III (Digital
Instruments Inc., Santa Barbara, CA), using silicon cantilevers. RMS
roughness, defined as the average height (z) taken from the mean
data plane, was calculated for a 1 � 1 lm area using the instru-
ment software.

The density of DNA molecules on the substrate is roughly esti-
mated by the fluorescence intensity from complementary Cy5-la-
beled DNA. DNA immobilized substrates were prepared as
described above using solutions with several different alkynyl-
DNA (24mer polyT) concentrations (0, 1, 1.5, 2.5 and 5 nmol/ml),
followed by passivating with ethynyl phosphonic acid and rinsing
steps. The dependence on incubation time was also tested, but be-
cause there was no significant difference after 2 h, every reaction
was incubated for 2 h. 5 lM of 50-Cy5-modified 24 mer polyA oli-
gonucleotides in buffered solution (pH 7.2) containing 10 mM so-
dium phosphate and 0.1 M NaCl were introduced onto the
substrates and incubated for 1 h. Nonspecifically adsorbed oligo-
nucleotides were removed using the same rinsing procedure as
for DNA immobilization. After Cy5-labeled complementary DNA
was bound, the fluorescence intensity was determined immedi-
ately with a Nikon TE300 (Nikon, USA; New York, USA) inverted
microscope using a 100� oil immersion objective illuminating
with a high-pressure mercury lamp and an excitation filter trans-
mitting 590–650 nm and emission filter of 663–738 nm. The fluo-
rescence signal was detected with a cooled 16-bit CCD camera
(Roper-scientific, Tucson, AZ), and the data were processed with
Metamorph imaging software. To correlate the average fluores-
cence intensity with a surface density, a calibration measurement
was performed. For this purpose, solid supported membranes of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC; Avanti
Polar Lipid) with 0, 0.26, 0.78 and 1.3 pmoles/cm2 (equivalent to
an SLB containing 0.5 mol% DNA) of 50 poly T DNA–lipid conjugates
were prepared and measured in the exactly same way as described
for the immobilized DNA surfaces. A comparison of fluorescence
intensities per identical area provides the number of active DNAs
on the substrate. It is expected that some inaccessible DNA is pres-
ent on the SLB substrate. Although DNA–lipid conjugate is added to
the outer leaflet of the SUV, during formation, both the inner and
outer surface of the SUV may end up facing the glass support.
While DNA may be repelled from the surface and largely end up
on the upper leaflet, where it can bind the fluorescently labeled
antisense strand, the precise distribution is not known, and so
the amount of DNA–lipid conjugate added to the SUVs represents
an upper limit to the amount available, and amounts are compared
with this limit.

2.3. Giant unilamellar vesicle preparation and tethered membrane
formation

GUVs ranging in size from 20 to 60 lm were prepared as de-
scribed previously (Longo and Ly, 2007) with minor modifications.
Phospholipid compositions in GUVs are egg PC with 1 mol% TR-
DHPE for visualization and 1 mol% of DNA–lipid conjugates with
either 24- or 48-mer polyA as the sequence. In the case of two dif-
ferent lengths of DNA tethers, an equimolar mixture of 50-lipid-24-
mer polyA and 50-lipid-TATCTTGTTTCTCTGCTGTGACCCGGGATAG
TATAAATTCTGTAGTTA-30 (a 48 mer) was used. When the DNA–
lipid conjugates were added to the lipid mixture before
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electroformation, 1 ll of 0.3 mM DNA–lipid conjugate aqueous
solution was mixed with 50 ll of 0.5 mg/ml lipid mixture dissolved
in 2:1 choloform:methanol, then this was coated on Pt electrodes.
When DNA–lipid conjugates were added after the GUV prepara-
tion, a desired amount of the DNA–lipid conjugate stock solution
was mixed with the GUV suspension in 0.5 M sucrose solution to
achieve approximately 1 mol% DNA–lipid and incubated overnight
at 4 �C, as described above for SUVs. The GUVs were stored at 4 �C
and used within 2 days.

DNA-tethered lipid membrane patch formation from the GUVs
was slightly different for the two approaches. The DNA immobi-
lized glass cover slips (Fig. 1A) were covered by a CoverWell perfu-
sion chamber gasket (9 mm diameter, 0.5 mm thickness, Molecular
Probes), and filled with 40 ll of 10 mM PBS containing 240 mM so-
dium chloride for osmotic balance with the 0.5 M sucrose solution
inside the GUVs. 5 ll of GUV suspension (0.2 lg/ml) in 0.5 M su-
crose was added through the hole of the gasket. The GUVs settled
down and made contact to the substrate surface due to the dense
sucrose solution inside. As DNA hybridization progressed, sponta-
neous rupture of GUVs to form tethered membrane patches was
monitored by epifluorescence and confocal microscopy. After
about 20 min, excess vesicles were removed by rinsing with PBS
buffer. Because of the flow stress of the washing buffer, some flat-
tened GUVs (see below) were ruptured. The rupture of GUVs can
also be induced by osmotic shock by exchanging the buffer to
10 mM PBS with 50 mM NaCl, though this did not work for all flat-
tened GUVs. In the case of the mobile DNA substrate (Fig. 1B), the
same amount of GUV suspension was pipetted directly above the
SLB which was kept in 10 mM PBS buffer with 240 mM NaCl under
the well of the gasket. All SLBs under the tethered patches contain
2 mol% of OG dye, not seen in the figures because TR filters were
used. The tethering process was similar, though the stability of
the resulting patches was very different as discussed below.

2.4. Fluorescence interference contrast (FLIC) microscopy

Variable incidence angle FLIC (VIA-FLIC) data provide informa-
tion on the distance between the solid support and the tethered bi-
layer patch (Ajo-Franklin et al., 2005a,b). Three systems were
examined: (i) patches tethered using polyA/T 24 mer DNA oligonu-
cleotides to supported bilayers assembled on SiO2 films �230,
�260 and �330 nm thick on Si wafers; (ii) bilayer patches tethered
with a mixture of nonrepeating 48 mer and polyA/T 24 mer DNA
oligonucleotides to supported bilayers on SiO2 films of thickness
�260 nm on Si wafers; and (iii) tethered bilayer patches hybridized
with polyA/T 48 mer DNA covalently attached to the solid support
formed on SiO2 films of thickness �260 nm and �330 nm on Si wa-
fers. VIA-FLIC data were fit in Matlab, largely using the previously
described model (Ajo-Franklin et al., 2005a,b). Briefly, the hydro-
phobic region of lipid bilayers was defined to be 3.78 nm thick,
and Texas Red was modeled as equally distributed between two
layers, each 0.1 Å from the top and bottom bilayer/water inter-
faces, respectively. The absorption transition dipole orientation
was allowed to vary initially before being fixed at 60� relative to bi-
layer normal. This value is quite different from the expected value
near 90� (Ajo-Franklin et al., 2001). This difference may be because
the DNA-tethered lipid membranes are more prone to fluctuations
than a bilayer directly on a solid support, although deviations from
expected values have been reported for other dyes in supported
bilayers (Sund et al., 1999). Transmission data for the microscope
filters and absorption and emission spectra for the dyes were pro-
vided by the manufacturers and used to characterize the wave-
length dependence of excitation and emission in the model.
Thicknesses of the SiO2 spacer layer separating the lipids from
the Si mirror were determined by ellipsometry. In the model,
two free parameters were used for the fit – a distance parameter
and a scaling factor. For tethered membranes hybridized with
DNA covalently linked to the solid support, the water layer thick-
ness d0 beneath the bilayer was the variable distance parameter.
For tethered membranes attached to supported bilayers, d0 was
set to 1.4 nm, and the 3.78 nm thickness of the lower (supported)
bilayer was also included in the model. The Fresnel reflection and
transmission coefficients at the interfaces of these two layers were
included by matrix algebra in the ‘bulk’ substrate beneath the layer
of interest, extending the approach of Lambacher and Fromherz
(2002). The variable distance parameter in this case was defined
as dsep, the thickness of the water layer between the lower (sup-
ported) bilayer and the tethered membrane patch.

2.5. Confocal microscopy and fluorescence recovery after photo-
bleaching (FRAP) analysis

Confocal imaging was performed using a Leica TCS SP2 AOBS la-
ser scanning confocal microscope. For imaging GUVs and tethered
membrane patches, the specimens were formed on coverslips as
described above. TR was excited with a 594 nm HeNe laser line
set at 20–30% of maximum laser output (4 mW) and imaged with
a 600–640 nm band-pass filter using a 100� Plan-Apochromat oil
immersion objective (NA 1.4) at a definition of 1024 � 1024 pixels
with the pinhole set at 1 airy disk. A series of optical sections with
a z-spacing of 122 nm were taken and collected using the Leica
confocal software. 3D reconstruction of Z-stack images were pro-
cessed by Volocity (Improvision, Lexington, MA) visualization
software.

An automated FRAP module in the Leica confocal software was
used for diffusion coefficient measurements by spot photo-bleach-
ing. DNA-tethered membrane patches, SLBs formed from GUVs,
and SLBs formed by small vesicle fusion were measured within
the same hour to minimize atmospheric temperature differences.
The same GUVs were used to form both tethered patches and SLBs.
Three samples were examined for each lipid bilayer and at least
five spots on each sample were measured. Each FRAP experiment
started with six pre-bleaching image scans using a 100� oil
immersion objective (NA 1.4) with excitation from a 594 nm HeNe
laser line set at 25% of maximum laser output (4 mW) and detec-
tion with a 600–640 nm band-pass filter at a definition of
256 � 256 pixels with the pinhole set at 1 airy disk, followed by
bleaching of a 3–5 lm circular spot in the center of a round 40–
60 lm diameter tethered membrane patch for 2.08 s, using a
488 nm line of high-powered argon laser (100% of 200 mW full
output). Post-bleaching image acquisition was immediately started
to monitor fluorescence recovery, at the same setting as pre-
bleaching. Time intervals of each image were adjusted from 208
to 300 ms to collect enough data points while minimizing further
photo-bleaching during recovery.

Diffusion coefficients were estimated following the approach of
Jonsson et al. (2008) with simplifications, a modification of the tra-
ditional integral method of Axelrod et al. (1976). After the back-
ground intensity, defined as the average intensity of the regions
that is devoid of lipid membrane was subtracted, the average fluo-
rescence intensity, B(t), inside a circle of radius R centered on the
bleached region and average intensity U(t) of TR-labeled lipid
membrane regions far apart from bleached spot were obtained.
Then, FRAP recovery curves were normalized as the intensity ratio
of bleached region/unbleached region (Phair and Misteli, 2000), to
correct the loss of fluorescence caused by imaging.

IðtÞ ¼ BðtÞ
UðtÞ ð1Þ

Circular averaging of the images around the center of the bleached
spot was performed to reduce the noise of the intensity profile.
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Fluorescence intensities of each pixel, I(x, y, t), the same distance r
from the center was averaged to yield I(r, t). Under the assumption
that bleaching profiles generated by the scanning beam can be de-
scribed by a Gaussian function (Braga et al., 2004; Jonsson et al.,
2008), because of diffusion during bleaching, the initial intensity
profile after bleaching, I(r, 0) can be fitted to:

Iðr;0Þ ¼ I0 1� K expð�r2=w2Þ
� �

ð2Þ

where I0 is the intensity before bleaching, and K and w are deter-
mined by fitting (Fig. 7B). The solution of Fick’s second law for this
initial expression can be shown to be:

IðtÞ ¼ 1� K
w2

R2 1� ð1� bÞ exp � R2

w2ð1þ t=sÞ

 ! 

�b exp � R2

w2

 !!
ð3Þ

where R is the radius of a circle centered on the bleached spot, b is
the immobile fraction, and the diffusion coefficient D is calculated
from s = w2/4D. Parameters s and b are obtained from the fit of this
equation to the normalized FRAP recovery curves (Fig. 7C). All fit-
tings procedures were performed by using nonlinear regression in
MATLAB.

In most previous reports describing lateral diffusion coefficient
comparisons, SLBs were made by Langmuir–Blodgett transfer or
small vesicle fusion methods. However, tethered lipid bilayers
are small roughly circular patches less than 100 lm in diameter;
likewise SLBs made by GUVs rupture on glass substrates form cir-
cular supported lipid bilayer patches of the same dimensions as
tethered membrane patches. Therefore, the results of SLBs formed
by GUV rupture as well as continuous SLBs were tested and
compared.
Fig. 3. Estimation of click immobilized DNA density. DNA immobilized substrates
are prepared with the click reaction for 2 h using different concentrations of
alkynyl-oligonucleotides. Cy5-labeled complementary DNA was then hybridized
and its fluorescence intensity, reflecting the immobilized DNA density, was
measured. Fluorescence intensities are calibrated with supported lipid bilayers
displaying known amounts of DNA–lipid conjugates (blue triangles and dotted line,
see text). The apparent surface density of immobilized DNA incubated with labeled
alkynyl-oligonucleotides concentration is then estimated (red squares).
3. Results and discussion

3.1. Fabrication and characterization of the DNA grafted surface

We have designed two kinds of DNA-presenting surfaces onto
which lipid membranes can be tethered. One surface has cova-
lently bound DNA tethers (Fig. 1A), and the other is a DNA-present-
ing supported lipid membrane (Fig. 1B). In the latter case, the glass
substrate is covered by a lipid membrane, which prevents tethered
vesicles, GUVs or the membrane patches reported here from inter-
acting with the glass surface. Furthermore, the DNA–lipid conju-
gates are free to diffuse laterally in both the supported lipid
membrane and the tethered patch, and thus the hybridized tethers
should also diffuse; this is a major difference between the architec-
tures in Fig. 1A and B.

For the covalently linked DNA system, phosphonic acid termi-
nation prevents the exposed hydrophobic azide monolayer from
interacting nonspecifically with the lipid membrane, maintaining
the overall stability of the tethered membrane. Thickness changes
of the surfaces during preparation of the DNA bound substrate
were analyzed by ellipsometry and AFM was used to analyze the
topography. These thickness measurements were done on flat Si
wafers with SiO2 films of thickness �260 nm. The average thick-
ness change measured by ellipsometry after azidosilane-mono-
layer assembly is 15–20 Å, consistent with the expected chemical
structure. RMS surface roughness measured by AFM of the Si/
SiO2 wafer (<2 Å) increased to �1 nm after the DNA immobiliza-
tion. This slight roughness increase is typical for silanized surfaces
(Popat et al., 2003), and possibly reflects imperfect coating of the
alkyl silane. Although this small roughness does not hinder the for-
mation and stability of the tethered membrane and is small com-
pared with the tether length (Naumann et al., 2003), it may be
an important variable to consider in some high sensitivity
applications.

The density of DNA coupled to the azidosilane-covered surface
was estimated by fluorescence as described in the Materials and
Methods. Cy5-labeled complementary DNA was hybridized to
DNA on the surface, and the fluorescence intensity was converted
to a number density per area by comparing the intensity with that
of SLBs presenting a known mol fraction of DNA (Ajo-Franklin
et al., 2005a,b). Because the fluorescence is from a small fraction
of a monolayer, it is very weak, and the experimental errors are
quite large. Fixing the incubation time at 2 h, the DNA coverage in-
creases when a higher concentration of alkynyl-oligonucleotides is
used (Fig. 3), and varies from about 1.2 to 2.6 pmol/cm2 (equivalent
to an SLB displaying �1 mol% DNA), when 5 lM alkynyl-oligonu-
cleotides was used. Approximately 700 pmol/cm2 of azide groups
are present on the surface based on the number of SiOH groups/
cm2 (Wasserman et al., 1989). Although only a small fraction of
surface azides underwent the click reaction with alkynyl-DNA,
higher densities of immobilized DNA density were not pursued be-
cause this range of DNA coverage was sufficient to allow stable
tethering of membranes. Reproducible spontaneous GUV rupture
is observed when 5 lM alkynyl-DNA was incubated for 2 h; there-
fore, the DNA immobilized substrates in the rest of this study were
prepared using this set of conditions.

3.2. Tethered lipid membrane patch formation by GUV rupture

Tethered membrane patches were formed by the introduction,
binding, and subsequent rupture of GUVs presenting complemen-
tary DNA onto the two types of surfaces described above. DNA–li-
pid conjugates were inserted into the GUVs by two different
methods. First, DNA–lipid conjugates were included in the lipid
mixtures before electrode coating and GUV electroformation, so
the mol% of DNAs in the GUV should be determined by the compo-
sition of the lipid mixture. Because the inner and outer leaflets of
GUVs formed by electroformation are expected to be identical,
DNAs are displayed on both the inside and outside of the GUVs,
and DNA is consequently displayed on the top surface of the teth-
ered patch in the final assembly; this can be used to tether vesicles
on the upper surface of the patch or for building another layer
(data not shown). Applications of these patches as platforms for
more complex assemblies and processes will be discussed in
subsequent work. Second, DNA–lipid conjugates were mixed with



Fig. 4. Giant vesicle to tethered membrane patch transformation observed by
fluorescence microscopy. These images are of stable tethered membranes with
immobile tethers (Fig 1A); those with mobile tethers are very similar. The
epifluorescence microscopy images, left side, and confocal microscopy images in
the corresponding state, right side, are displayed in parallel. While (F) is exhibited
parallel to the surface, (B, D and H) are 20� tilted to show a better view of their
three-dimensional shape. (A and B) When the GUV starts to bind via DNA
hybridization, only the bottom part of vesicle is in contact with the surface and
shows a ring shape. Meanwhile, the upper part of the vesicle out of the focal plane
appears as a cloudy halo around the ring. (C and D) Further binding of DNA from the
vesicle to the surface flattens the vesicle asymmetrically. (E and F) Eventually, the
upper membrane ruptures. Afterwards, a single bilayer remains (dark area) with
some transient double bilayer (bright regions). (G and H) After all of the upper
bilayer spreads, a homogeneous tethered membrane is formed. While the epifluo-
rescence microscopy images are taken from the same GUV in about 5 min, the
confocal microscopy images take much longer to collect and are of different GUVs
captured at comparable times (see text). Scale bar of epifluorescence microscopy is
15 lm.

M. Chung et al. / Journal of Structural Biology 168 (2009) 190–199 195
already-formed GUVs, so DNA–lipids should insert only on the out-
side of the GUVs, as is the case when DNA–lipids are added to SUVs
(Yoshina-Ishii et al., 2006), and therefore the top leaflet of the teth-
ered bilayer, which was the inner leaflet of a GUV, will not display
DNA. Consistent with this, vesicles displaying the antisense strand
could not be tethered to this upper surface (data not shown). Be-
cause the DNA displayed on the tethered bilayer plays no role in
the experiments described below, the first DNA insertion method
was mostly used.

GUV rupture to form tethered membrane patches was indistin-
guishable whether mobile or immobile DNA tethers were used;
however, the tethered bilayers with mobile tethers are much less
stable as discussed in the next section. This can be visualized by
fluorescence imaging, either in projection by epifluorescence or
by confocal microscopy, from which a 3D image can be recon-
structed (Fig. 4). Because tethering and rupture are typically quite
rapid and usually faster than the time required to obtain a full con-
focal image, the epifluorescence images on the left side of Fig. 4 are
for a single GUV undergoing binding and rupture, while the confo-
cal images on the right side are representative examples of GUVs
and patches at comparable stages. Initially the GUVs retain their
spherical shape; as more of the DNA on the GUV binds to the sur-
face, they undergo deformation and start to flatten as the contact
area expands from the initial point of contact, giving a hemispher-
ical shape as seen in reconstructed images from confocal micros-
copy (Fig. 4B). Because there is a structure above the focal plane,
the epifluorescence microscopy images show a characteristic halo
around the circular contact area (Fig. 4A). As the binding pro-
gresses further, the halo disappears, indicating that the GUV has
become almost flat (Fig. 4C and D). At this point, a hole, which ap-
pears as a darker area in Fig. 4E, forms and expands while concur-
rently the total area of the flattened GUV also expands. This
appears to initiate the rupture process and is likely driven by the
tension caused by multiple DNA binding. The upper part of the flat-
tened GUVs ruptures and spreads over the substrate, allowing
more DNA hybridization. This spread of the upper membrane is
seen as the expansion of an area with roughly half the fluorescence
intensity per unit area than the original flattened GUV, because
images of the flattened GUV contain intensity from two bilayers
whereas the resulting tethered patch is a single bilayer. After rup-
ture, the bright regions (two bilayers) and dimmer regions (one bi-
layer) are in the same focal plane (roughly 122 nm thick), thus
their height difference is not resolvable with confocal microscopy
(Fig. 4F). The initial hole forms at a random location in the upper
membrane, which causes an asymmetrical expansion of the upper
membrane due to the irregular structure of the ruptured mem-
brane. From these observations, the outer leaflet of the GUV be-
comes the bottom leaflet of the tethered membrane and the
inner leaflet of the GUV becomes the top leaflet. For some GUVs
(about 20–40% of the population), this process does not occur
spontaneously and is arrested as a stable hemispherical shape as
in Fig. 4C; about half of these can be ruptured by osmotic shock.
This osmotic shock induced tethered lipid bilayer formation with
GUVs was reported by Kunding and Stamou (2006); however, the
details of the formation process were not described.

Tethered planar membrane patch formation by GUV rupture is
driven by DNA hybridization. Although occasional rupture of GUVs
on SLBs without linkers has been reported (Wong and Groves,
2002; Parthasarathy and Groves, 2004), we do not observe rupture
of GUVs without DNA. The time for the rupture process from GUV
introduction to bilayer patch formation is 5–15 min for spontane-
ous rupture and tends to be longer for low DNA surface density.
This was examined crudely: the threshold DNA surface density to
induce spontaneous rupture of a small population of bound GUVs
is about 0.3 pmol/cm2, and almost all GUVs undergo rupture above
1 pmol/cm2. To prove that the tethered membrane is actually an-
chored by a DNA hybrid linkage, the salt-containing buffer was ex-
changed with deionized water to disrupt DNA hybridization which
led to immediate loss of the membrane patch from the surface.
This also shows that the solution in the thin gap (�8 nm for the
24 mer hybrid and �16 nm for the 48 mer hybrid, see below) be-
tween the bilayer patch and substrate surface is readily water-per-
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meable so that salt ions are washed out immediately. Water acces-
sibility was also checked by a cobalt quenching experiment (Saurel
et al., 1998). Co2+ completely quenches fluorescence from Texas
red labeled lipid, and in the case of solid supported lipid mem-
branes, 54% of the fluorescence intensity is immediately quenched
because Co2+ in bulk solution cannot access the fluorescence dye in
the bottom leaflet close to the substrate (Ajo-Franklin et al.,
2005a,b). By contrast, the DNA-tethered bilayer patches containing
TR-DHPE exhibited no fluorescence when they are observed within
10 s after Co2+ addition, so both sides of the tethered bilayer patch
are fully accessible to the quencher.

3.3. Instability of DNA-tethered membrane patches on SLB

Bilayer patches deposited on DNA-presenting SLBs behave quite
differently from those on covalently anchored DNA. Since the SLB is
itself a passivating surface, no further surface modification is nec-
essary as in the case of the unreacted azides in the SAM. Hybrid-
ized DNA tethers are expected to diffuse within the lipid
membranes much like other lipid molecules, though their diffusion
may be somewhat slower than for a DNA–lipid conjugate alone
(Ajo-Franklin et al., 2005a,b) because both ends are anchored in
the viscous hydrophobic parts of two bilayers. This should avoid
the limitation of obstructed lateral diffusion caused by immobile
tethers (Deverall et al., 2005). Most DNA-tethered lipid membrane
patches on immobilized DNA surfaces remain largely unchanged
over the course of a day; by contrast, most tethered bilayer patches
on SLBs with mobile DNA are unstable and disappear over the
course of several hours. Typically, two thirds of the patches disin-
tegrate within 30 min, while one third remain up to 3 h with no
obvious environmental or size variable accounting for this differ-
ence. In some cases, the patches disappear from the interior of
the patch, so this is likely not an effect that is dominated by the
patch edge.

In order to gain some insight into the mechanism by which SLB-
tethered membrane patches disappear, patterned SLBs displaying
DNA were prepared using 100 lm square grids of BSA which con-
fines the fluid SLB. As shown in Fig. 5, when the patch disappears,
red fluorescence appears in the underlying bilayer, which was pre-
pared without a TR-labeled lipid. By using a patterned SLB, the
fluorescent lipids are confined and can be readily visualized – the
lipids rapidly diffuse away and are harder to visualize without this
Fig. 5. A fluorescently labeled tethered bilayer patch (bright red) with mobile DNA
tethers on an unlabeled supported bilayer in the process of disintegrating. The
supported bilayers are confined by a protein grid outlined with dotted lines, to
observe the build-up of weak red fluorescence from the lipid materials that were
part of the unstable tethered patch. This shows that the broken part of the tethered
bilayer remains mostly on the SLB. One side of the rectangular protein grid is
100 lm and the scale bar is 15 lm.
confinement. Two limiting models can be used to interpret this
observation. First, all of the lipids in the tethered patch are trans-
ferred into the underlying SLB. However, it seems improbable that
the SLB lateral density can be increased so much to absorb the
large amount of lipids from the tethered patch, which is 10–20%
of the size of the confined SLB. Second, small (sub-diffraction lim-
ited) broken tethered bilayer fragments from the original patch
could be scattered to the rest of the confined area. These evenly
distributed tethered bilayers labeled with TR on a confined square
SLB would also be imaged as the emergence of a dim red fluores-
cence over the entire confined region. The mobility of the DNA
tethers makes either mechanism possible, while it is impossible
with immobile tethers. Although we do not exclude the possibility
that some of the tethered patches detach into the bulk solution, no
evidence for such a process has been observed.

Based on these observations, a tethered patch was created
which covers an entire rectangular region. This will not have space
so that small pieces of tethered bilayers can dissociate from the
original tethered patch. Tethered patches created this way were
more stable, supporting the suggestion that the tethered bilayer
fragmentation caused by mobile DNA tethers limits the integrity
of tethered patches on SLBs, though such patches tethered to pat-
terned SLBs are not as stable as the tethered patches with immo-
bile tethers. Because of the mobile DNA tethers and the existence
of the SLB, this instability appears to be an intrinsic problem with
this architecture (see Note added in proof). With some relatively
stable populations for up to hours, some measurements still can
be performed. However, the use of tethered lipid bilayers with mo-
bile tethers is inevitably limited for some applications. The dy-
namic nature of this system mimics that of biological membrane-
to-membrane junctions, and thus will be useful to investigate sur-
face protein interaction or membrane behavior. Variable length
DNA tethers are an example of this and are briefly discussed below.

3.4. Measurement of the distance between tethered membrane patches
and the surface

VIA-FLIC was used to determine the distance between the sub-
strate and the tethered membrane. Changing the incidence angle of
excitation light creates predictable changes in the intensity of light
perpendicular to the mirror surface due to interference, and the
fluorescence intensity changes can be precisely related to the dis-
tance of the fluorophores from the reflective underlying surface
(Ajo-Franklin et al., 2005a). For interferometry measurements,
tethered lipid bilayer patches were assembled on atomically flat
Si chips with thermally grown SiO2 surfaces of fixed thicknesses.
Three kinds of tethered bilayers were analyzed and modeled: teth-
ered bilayer patches with mobile and immobile DNA tethers, and
mobile tethers with two different lengths of tethers. Due to the
instability of tethered patches with mobile tethers, only limited
data could be obtained.

Because the DNA linking the lipid membrane and substrate acts
as a spacer, the gap should vary depending on the length of DNA
used. Tethered bilayer patches linked by 24 mer mobile DNA teth-
ers to a SLB give a bilayer–bilayer separation distance of 6 ± 1 nm
(see Section 2), which is in range for the expected linker length
of�8 nm. Analysis of tethered bilayer patches linked to a solid sup-
port by 48 mer immobile DNA tethers give a substrate–bilayer sep-
aration distance of 14 ± 6 nm, again in the range expected for this
longer hybrid. In both cases, the fluorescence intensity across the
patch was very homogeneous indicating that the patch is parallel
to the support. These results show that the distance from the sub-
strate is controllable on the nanometer scale, a unique feature of
this tethering strategy since any reasonable DNA length can be
prepared. Considering that the size of most cytosolic domains of
transmembrane proteins does not exceed 5 nm, the gap of
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DNA-tethered lipid bilayers can provide enough space to prevent
contact between transmembrane proteins and substrates.

An interesting situation arises when different length DNA–lipid
conjugates are displayed on both surfaces as illustrated in Fig. 6A.
In this case, the behavior is expected to be quite different for
immobile vs. mobile tethers. A fluorescence image of a bilayer
patch tethered to a supported bilayer by only a 24 mer DNA tether
formed on a reflective Si/SiO2 wafer is shown in Fig. 6B, left. The
fluorescence intensity observed across the patch is nearly constant,
reflecting the well-defined distance of the tethered patch from the
SLB, and, in turn, its well-defined distance from the reflecting sub-
Fig. 6. DNA tether segregation by different lengths of DNA hybridization on a
mobile SLB (c.f. Fig. 1B). (A) Schematic illustration of segregation involving two
lengths of DNA hybrids between the mobile membrane surfaces. The substrate is
260 nm of SiO2 of grown on atomically flat Si to allow for quantitative analysis by
VIA-FLIC. (B) Fluorescence image of Texas red labeled tethered bilayer patches.
When only 24 mer DNA tethers were used (left, polyA/poly T), the intensity is
homogeneous across the membrane. With mixed 24 mer (polyA/poly T) and 48 mer
(fully overlapping sequence) tethers, bright and dark domains were observed that
indicate regions where the DNA hybrids have segregated by length. Left scale bar is
15 lm, and right image is 10 lm wide. (C) The fluorescence signal as a function of
angle of incidence for selected bright and dark regions of the 24/48 mer tethered
patch. The intensity counts are normalized by dividing by the mean counts recorded
per image for each region, so that the shape of each curve can be more easily
compared. The lines show the fits of the VIA-FLIC model to the data: for the dim
region, the separation distance is fit as 10.0 nm, for the bright region, it is fit as 16.9
nm.
strate. If the tethered patches were to undulate and hence have
inhomogeneous height profiles, this would be visible as variations
in fluorescence intensity. At least on the lateral length scale resolv-
able by fluorescence microscopy (�hundreds of nm), there is no
evidence of such fluorescence variation, indicating that the teth-
ered bilayers with constant length DNA linkers are fairly flat (Chan
and Boxer, 2007). By contrast, when GUVs that have an equimolar
mixture of two different lengths of DNAs were used to form DNA-
tethered membrane patches to an SLB displaying both lengths of
antisense DNA on an SiO2/Si surface, two distinct levels of fluores-
cence intensity were observed in micrometer scale domains
(Fig. 6B, right). This indicates qualitatively that the tethered patch
is not uniformly flat. Also, the observation of micrometer-sized do-
mains suggests that the DNA tethers, initially presumed to be ran-
domly distributed, must spontaneously reorganize and segregate
by length upon hybridization. VIA-FLIC analysis was performed
to quantify these height differences on the nanometer scale. The
regions exhibit different intensity variations as a function of the
angle of incidence, i.e., different VIA-FLIC behavior (Fig. 6C). The
intensity differences arise from height differences, presumably
caused by different lengths of hybrid DNA supporting each domain.
When the two levels were fit separately (Fig. 6C), bilayer–bilayer
separation distances were obtained: 10 ± 1 and 16 ± 1 nm for the
dimmer and brighter regions, respectively. This is consistent with
the length of 24 mer and 48 mer DNA supports. The measured dis-
tance of the 24 mer DNA is longer than the value obtained for the
24 mer only. This may be because a repeating sequence (polyA and
T) was used for 24 mer. The repeating sequence could be hybrid-
ized flexibly, especially adjacent to longer 48 mer tethers. It is also
possible that a small number of 48 mer tethers exists in 24 mer
rich domains and this makes the gap larger because the segrega-
tion can be incomplete. When tethered patches with two lengths
of DNA linkers were formed on the DNA immobilized substrate
which displays, randomly distributed, the two lengths of the com-
plementary DNAs, segregated height domains were not observed.
Consequently, the fluorescence variations built by the height dif-
ference between individual DNA tether lengths on the small lateral
length scale (about 70 nm2 for each DNA tether) are not resolvable,
and the microscopy image looks homogeneous.

This phenomenon is similar in concept to the work of Parthasar-
athy and Groves, who observe lipid membrane-bound protein reor-
ganization in intermembrane junctions. In their case, the domains
were distinguished by dense and sparse regions of membrane-
bound IgG (Parthasarathy and Groves, 2004), rather than by bind-
ing events between membranes. The mechanism discussed in this
study is expected to be similar to the one observed with tethered
patches, i.e., membrane mechanical forces drive rearrangement
and segregation of DNA linkers with different heights. The segre-
gated patterns are formed randomly and do not change over tens
of minutes, because coarsening or movement of domains requires
local rearrangement of different lengths of DNA hybrid tethers
across domains. This segregation experiment demonstrates that
there is little resistance to the mobility of DNA tethers because
weak membrane mechanical forces were sufficient to drive the
rearrangement. The low resistance of the mobility is also indirect
evidence that DNA tethers neither attract or repel each other,
and moreover do not adhere or interact with lipid membranes,
which could cause drag. Many variations on this concept are read-
ily achieved with DNA hybrids as models for membrane junctions,
and this will be described in future publications.

3.5. Diffusion coefficient of Lipids in DNA-tethered membrane patches

Diffusion coefficients and mobile fractions were measured by
FRAP experiments to demonstrate lateral continuity and measure
fluid dynamic properties of DNA-tethered lipid bilayers as well as



Fig. 7. FRAP analysis of lipid mobility in tethered membrane patches. (A) The
images show a representative example of recovery after photo-bleaching of 4 lm
bleached spot (left) in a fluorescently labeled DNA-tethered membrane patch. This
is on the immobilized DNA tethers as Fig. 1A. Scale bar is 5 lm. (B) Circular
averaged radial profile (dots) from the center of bleached spot is generated from the
initial intensity profile after bleaching, I(r, t = 0), to reduce noise. K and w values
(see Section 2) from a fit to a Gaussian function (line) are used for plotting graph C.
(C) Representative normalized fluorescence intensity recovery curve (dots) of
bleached spot is plotted. This is fitted to obtain diffusion coefficient and mobile
fraction (line). The first six data points are intensities before bleaching.
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measure diffusion coefficients of lipid molecules. Fig. 7 shows the
spot-bleaching recovery region of a tethered membrane patch
and the normalized fluorescence intensity recovery curve. Diffu-
sion coefficients and mobile fractions of DNA-tethered membrane
patches, SLBs formed by GUVs, and SLBs are summarized in Table
1. The values (3.4 lm2 s�1) of SLB diffusion coefficients are some-
what higher than most reports (Wagner and Tamm, 2000; Nau-
mann et al., 2002; Renner et al., 2008), which were between 0.5
and 2.5 lm2 s�1 for SLBs composed of synthetic PCs on glass pre-
pared in a similar process. This difference is possibly because these
investigators used the classical approach of Axelrod or Soumpasis
(Axelrod et al., 1976; Soumpasis, 1983), which can cause signifi-
cant underestimation of diffusion coefficients, especially for highly
mobile molecules (Braga et al., 2004). The diffusion coefficients
measured for SLB patches on glass from GUV rupture (3.2 lm2 s�1)
and from vesicle fusion (3.4 lm2 s�1) are almost the same, as dis-
cussed above. Diffusion coefficients for lipids in patches with mo-
bile tethers (4.8 lm2 s�1) are somewhat smaller than with
immobilized DNA tethers (6.5 lm2 s�1), so there is no evidence
for hindered diffusion due to immobile tethers. Relatively stable
patches with mobile tethers had to be chosen due to the instability
described above, and it is quite possible that this selected popula-
Table 1
Diffusion coefficients and mobile fractions determined by FRAP for lipids in DNA-
tethered bilayer pathces and solid supported bilayers.

Diffusion coefficient [lm2 s�1] Mobile fraction [%]

DNA-tethered patch
on immobilized tether

6.5 ± 1.0 0.99 ± 0.01

DNA-tethered patch
on mobile tether

4.8 ± 0.2 0.97 ± 0.03

SLB formed by GUVs 3.2 ± 0.4 0.93 ± 0.02
SLB formed by vesicle fusion 3.4 ± 0.2 0.97 ± 0.03
tion could have biased properties, e.g., tethered patches with lower
diffusion may be more stable. In contrast to most reports of teth-
ered or polymer-supported lipid bilayers, almost no immobile frac-
tion is observed for the DNA-tethered membrane patches,
suggesting that this is a particularly good system for minimizing
interactions with the substrate.

Diffusion coefficients of the tethered membrane patches are
1.5–2.0 times higher than SLBs without DNA tethers. This result
corresponds to the case of free-standing bilayers in GUVs, whose
diffusion coefficients are two times larger than SLBs (7.8 lm2 s�1

vs. 3.1 lm2 s�1 on glass) (Przybylo et al., 2006). Thus the DNA spac-
ers provide an environment that is more similar to free-standing
bilayers than solid supported bilayers.

In summary, two novel architectures have been developed
based on DNA lipid conjugates that we originally developed for
tethering and fusing vesicles (Yoshina-Ishii and Boxer, 2003; Chan
et al., 2009). Stable membrane patches are obtained when the DNA
displayed on the surface is covalently fixed on the surface, while
unstable patches are obtained when the DNA is displayed on a fluid
SLB. Thus far, we have not observed coalescence of the patches to
form a continuous tethered bilayer in either architecture. The sta-
ble patches should be useful for displaying membrane proteins in a
planar format that retains all the advantages of the planar geome-
try, yet keeps the proteins away from the solid support. The unsta-
ble patches exhibit interesting dynamics when multiple lengths of
DNA hybrids are present and this can only occur because the lipid
anchors on both surfaces are mobile.

Note added in proof

Stable tethered membrane patches with the mobile tethers to
SLB (Fig. 1B) design have now been made by using special lipid
compositions. This will be described in a separate publication.
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