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Abstract: Protein ion-channel recordings using a glass nanopore (GNP) membrane as the support structure
for lipid bilayer membranes are presented. The GNP membrane is composed of a single conical-shaped
nanopore embedded in a ~50 um-thick glass membrane chemically modified with a 3-cyanopropyldi-
methylchlorosilane monolayer to produce a surface of intermediate hydrophobicity. This surface modification
results in lipid monolayer formation on the glass surface and a lipid bilayer suspended across the small
orifice (100—400 nm-radius) of the GNP membrane, while allowing aqueous solutions to fully wet the glass
nanopore. The GNP membrane/bilayer structures, which exhibit ohmic seal resistances of ~70 GQ and
electrical breakdown voltages of ~0.8 V, are exceptionally stable to mechanical disturbances and have
lifetimes of at least 2 weeks. These favorable characteristics result from the very small area of bilayer
(1071°—10-8 cm?) that is suspended across the GNP membrane orifice. Fluorescence microscopy and
vibrational sum frequency spectroscopy demonstrate that a lipid monolayer forms on the 3-cyanopropyl-
dimethylchlorosilane modified glass surface with the lipid tails oriented toward the glass. The GNP
membrane/bilayer structure is well suited for single ion-channel recordings. Reproducible insertion of the
protein ion channel, wild-type a-hemolysin (WTaHL), and stochastic detection of a small molecule, heptakis-
(6-O-sulfo)-S-cyclodextrin, are demonstrated. In addition, the insertion and removal of WTaHL channels
are reproducibly controlled by applying small pressures (—100 to 350 mmHg) across the lipid bilayer. The
electrical and mechanical stability of the bilayer, the ease of which bilayer formation is achieved, and the
ability to control ion-channel insertion, coupled with the small bilayer capacitance of the GNP membrane-
based system, provide a new and nearly optimal system for single ion-channel recordings.

Introduction sequencing of DNA2-15 Single ion-channel recordings are
r}raditionally performed using planar lipid bilayers supported
across 30 to 10Qum-diameter orifices in Teflon, Delrin,
polysulfone, or other suitable hydrophobic polymer-based
membranes® This well-established technique possesses several
disadvantages that are associated with the large orifice dimen-
sions, severely limiting the development of high-throughput and
robust ion-channel recording systems. In particular, the lipid
bilayer supported on a large diameter orifice is sensitive to

For over three decades, the insertion of transmembrane protei
channels into supported lipid bilayers for ion-channel measure-
ments has been an integral tool for investigating the biophysical
properties of protein channétd as well as for quantifying the
interactions of protein channels with receptor molec8iés.
Recently, application of protein ion channels supported in lipid
bilayers has been proposed for designing bioseksarsl the

T University of Utah. pressure fluctuations, mechanical vibrations, and electrical
" Texas A&M University. o disturbances and is thus highly susceptible to failure (rupture)
(1) Mayer, M.; Kriebel, J. K.; Tosteson, M. T.; Whitesides, G. Blophys. J. s . . ..
2003 85, 26842695, within hours or even minutes after formation. In addition,
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82, 160-169. (15) Nakane, J.; Wiggin, M.; Marziali, ABiophys. J.2004 87, 615-621.
(9) Hirano, A.; Wakabayashi, M.; Matsuno, Y.; Sugawara, Blosens. (16) Montal, M.; Mueller, PProc. Nat. Acad. Sci. U.S.A1972 69, 3561
Bioelectron.2003 18, 973-983. 3566.
(10) shin, S.; Bayley, HJ. Am. Chem. So2005 127, 10462-10463. (17) Wonderlin, W. F.; Finkel, A.; French, R. Biophys. J.199Q 58, 289-
(11) Bayley, H.; Cremer, P. Nature2001, 413,226—230. 297.
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using smaller diameter orifices potentially allows for increased  (A) 100 — 400 nm

current and temporal resolution in ion-channel recordirgs.

Mayer et al. reported ion-channel recordings using supported

lipid bilayers on orifices as small as @n in diameter across 2575 um

an amorphous Teflon membrah@&o the best of our knowledge,
this is the smallessingle orifice that has been reported to date
for ion-channel recordings.

Significant improvements in lipid bilayer stability for ion-
channel measurements have been achieved by sandwiching the seeeremecs
bilayer between viscous polymeric and gel-phase matéfiafs.
Most recently, Gu and co-workeéfsintroduced a portable and
durable bilayer chip platform for single ion-channel measure-
ments in which a lipid bilayer spanning a 1@@n-diameter
aperture is sandwiched between two agarose gel layers. These

investigators reported a high success rate in transporting a bi-rigure 1. (A) Schematic drawing of the GNP membrane (not drawn to
layer containing a single transmembrane protein, a bilayer scale); (B) schematic illustration of the spanning bilayer structure at the

breakdown voltage 0f325 mV, and a durability of 65 h with

continuous bilayer and stochastic detection using a protein sen
sing unit. Bayley and co-workers reported a very similar system
that, in addition, allows for continuous storage of a bilayer

containing a single transmembrane protein for up to 3 weeks at

4 °C and the capability of withstanding rigorous mechanical
disruptions?! It should be noted, however, that the temporal

sampling responses of these ion-channel systems are limited®
ping p 4 Ifor formation of asuspendedipid bilayer, depicted in Figure

e1_B in which lipid monolayers deposited on both the interior

because of the need for the analyte to diffuse across the ge
layers. For instance, Gu and co-workers obtained a steady-stat
response in 40 min using 10@@n-thick agarose layers. Other
attempts at improving bilayer stability have employed the use
of tethered lipid bilaye® and polymerizable lipid bilayers.
Herein, we report a glass nanopore (GNP) membrane support
for ion-channel recordings that allows for the formation of
exceptionally stable bilayers with orifice areas that are a million-
fold smaller than those recently reported by Gu, Bayley, and
co-workers?®2t The GNP membrane, schematically shown in

Figure 1A, is a single conical nanopore embedded in a thin glass

membrane+{50um), with an orifice radius as small as 10 nm

The GNP is fabricated using simple benchtop methods recently

described by this laboratof Because of favorable interactions
of the polar head groups of the lipid molecules and the
hydrophilic glass surface, a lipid bilayer can be readily deposited
at the outer surface of the unmodified GNP membrane to yield
asupportedoilayer across the pore orifice, as previously reported
by our laboratoried® Fertig et al. also reported the application
of unmodified planar glass chips for ion-channel recordings, in
which a small aperture in the glass chip-80xm) was formed

by ion-track etching® 28 The supported bilayer configuration,

(18) Beddow, J. A.; Peterson, |. R.; Heptinstall, J.; Walton, DAdal. Chem.
2004 76, 2261-2265.

(19) Jeon, T.; Malmstadt, N.; Schmidt, J.JJAm. Chem. So@005 128,42—
43.

(20) Shim, J. W.; Gu, L. QAnal. Chem2007, 79, 2207-2213.

(21) Kang, X.; Cheley S.; Rice-Ficht, A. C.; Bayley, H. Am. Chem. Soc.
2007, 129, 4701—4705.

(22) Cornell, B. A.; Braach-Makswytis, V. L. B.; King, L. G.; Osman, P. D. J.;
Raguse, B.; Wieczorek, L.; Pace, R.Nature 1997, 387, 580-583.

(23) Shenoy, D. K.; Barger, W. R.; Singh, A.; Panchal, R. G.; Misakian, M.;
Stanford, V. M.; Kasianowicz, J. Nano Lett.2005 5, 1181-1185.

(24) Zhang B Galusha J.; Shlozawa P. G.; Wang, G.; Bergren, A. J.; Jones,

M.; Wh|te R. J,; Ervm E. N, Cauley C,; Whlte H. Bnal. Chem.

2007 79 4778—4787

(25) White, R. J.; Zhang, B.; Daniel, S.; Tang, J. M.; Ervin, E. N.; Cremer, P.
S.; White, H. SLangmuir2006 22,1077710783.

(26) Fertig, N.; Blick, R. H.; Behrends, J. (Bjophys. J 2002 82, 3056-
3062

27) Fertig, N.; Klau, M.; George, M.; Blick, R. H.; Behrends J.App. Phys
Lett 2002 81, 4865-4867.

orifice of the GNP membrane. Modification of the glass nanopore surface
with 3-cyanopropyldimethylchlorosilane causes the hydrophobic tail group

“of the lipid to orient toward the surface. The bilayer forms only over the

pore opening and corrals the transmembrane protein at the GNP orifice.

however, is not ideally suited for ion-channel recordings because
of the leakage of current through the thin water layef (hm
thick) that exists between the polar head groups of the lipids
nd the glass surfa@é Herein, we report methods that allow

and exterior surfaces of the GNP merge to form exceptionally
stable bilayers across the GNP orifice. To successfully fabricate
this structure for a working ion-channel recording device, we
hypotheS|zed that the interior and exterior surfaces could be
chemically modified to produce a glass surface that is suf-
ficiently hydrophobic to allow deposition of a monolayer of
lipid molecules with the hydrophobic tails oriented toward the
glass surface, while at the same time maintaining sufficient
hydrophilic surface character allowing an agueous solution to
fill the nanopore. We have discovered that deposition of
3-cyanopropyldimethylchlorosilane on the GNP surface, which
creates a silane monolayer with a termirdCN functionality,
allows for both the formation of theuspendeg8ilayer structure
shown in Figure 1B and the wetting of the nanopore by aqueous
solutions. In addition, the-CN functionality prevents protein
adsorption on glass, as initially reported by Wayment and
Harris?°

The GNP membrane/bilayer structure shown in Figure 1B
and described later exhibits typical seal resistanceszf G2
and can be formed over pore orifices ranging from tens of
nanometers to several micrometers on glass and quartz. Protein
ion-channel recordings have been performed with GNP orifice
radii as small as 100 nm (vide infra). The application of a 100
nm-radius orifice results in a #dold reduction in the bilayer
area in comparison to conventional ion-channel measurements
and exhibits greatly improved mechanical and electrical stability.
The GNP membrane platform has successfully been used in
single ion-channel recordings employing the transmembrane
protein, wild-typea-hemolysin (WTHL) from Staphylococcus
raureas,and the subsequent stochastic sensing of the small
molecule, heptakis(6-O-sulfg}-cyclodextrin (6CD). The GNP
membrane/bilayer structure exhibits a voltage stability-800

(28) Fertig, N.; Meyer, C.; Blick, R. H.; Trautmann, C.; Behrends, JRbys.
Rev. E 2004 64 040901-1-04091-4.
(29) Wayment, J. R.; Harris, J. Minal. Chem 2006 78, 7841-7849.
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mV, greatly surpassing the value of 325 mV recently reported
by Gu and co-workef and a reported value of 460 mV for
Teflon pores with diameters less than 4@n.! Although

extensive stability studies have not yet been performed, the GNP

membrane/bilayer lifetime is at least 2 weeks at room temper-
ature, and continuous stochastic detection with aoMIL sensor

unit has been achieved for at least 24 h without further
optimization. The GNP membrane/bilayer structure is stable to

mechanical disruptions and can be transferred between different

analyte solutions with a functioning WAHL sensing unit

remaining in place. In addition to these highly favorable
properties, we have discovered the ability to control the insertion
and removal of single ion channels from the bilayer by applying

small pressure gradients across lipid bilayers suspended over

the GNP orifice. This intriguing discovery allows ion channels
to be sequentially, and repeatedly, inserted and removed from
the same bilayer, an ability that may prove to be a critical
process component for directed insertion of proteins at different
positions on an array of ion-channel biosensgérs.

Experimental Section

Chemicals.KCl, K,;HPQ,, and KHPO, (Mallinckrodt) were used
as received. All agueous solutions were prepared using wates (
M€-cm) from a Barnstead E-pure water purification system. A buffered
electrolyte of 1.0 M KCl and 10 mM potassium phosphate buffer (PBS
solution) at a pH of 7.4 was made by dissolving appropriate amounts
of each salt in ultrapure water. All references herein to PBS buffer
solution refer to this solution composition. The phospholipids, 1,2-
dimyristoyl-sn-glycero-3-phosphocholingdMPC), 1-palmitoyl-2-ole-
oyl-snglycero-3-phosphocholine (POPC), and 1,2-diphytarsoyl-
glycero-3-phosphocholine (DPhPC) were purchased from Avanti Polar
Lipids (Alabaster, AL).N-(Texas Red sulfonyl)-1,2-dihexadecanoyl-

(A /

(B)

Low Noise
Potentiostat

Glass Nanopore Membrane

,—r’”f
Ag/AgCI

|
| Y

1 MKCI
10 mM PBS
pH 7.4

Figure 2. (A) Photograph of a GNP membrane at the end of a glass
capillary (3 cm length; i.d= 0.75; 0.d.= 1.65 mm). A Ag/AgCI electrode

is inserted into the capillary for ion-channel measurements. (B) Schematic
of the experimental setup (see text for details).

snglycero-3-phosphoethanolamine (Texas Red DHPE) was purchasedV HNOj3 solution for 10 min. The glass capillary is rinsed with copious

from Molecular Probes (Eugene, OR). Acetonitrile (HPLC grade, J. T.
Baker) was stored over 3-A molecular sieves. 3-Cyanopropyldimeth-
ylchlorosilane (Cl(MejSi(CH,)sCN) (Gelest Inc.) was used as received.
Wild-type a-hemolysin, WTHL (lyophilized powder, monomer,
Sigma-Aldrich), was dissolved into 1.0 M KCI 10 mM PBS buffer
solution (pH 7.4) and stored at80 °C when not in use. Heptakis(6-
O-sulfo)5-cyclodextrin ($5CD) (Fluka) was used as received.

Glass Nanopore (GNP) Membranes. A benchtop method for
fabricating GNP membranes was first reported in ref 25 and recently
described in detail in ref 24. Briefly, the sharpened end of an
electrochemically etched 2B6n-diameter Pt wire (with half-cone angle,

6, of 10+ 1°) is sealed to a depth of between 25 andur®into one

end of a soda-lime glass capillary that is heated to softening using a
H_/air flame** (Dagan Corporation SB16 capillaries, 1.65-mm o.d., 0.75-
mm i.d.; softening point 700C; manufacturer provided composition:
67.7% SiO2, 2.8% BaO, 15.6% Na20, 5.6% CaO, 4% MgO, 1.5% B,
and 0.6% kO%)2* After cooling, the glass capillary is polished to

amounts of ultrapure 0 followed by CHCN. The GNP membranes
are then filled and fully immersed in a 2% v/v solution of 3-cyano-
propyldimethlychlorosilane in C#N for 12 h to ensure surface
modification of both the internal and external surfaces. The capillary
is rinsed sequentially with C4€N, EtOH, and HO followed by air
drying. Modified GNP membranes can be stored dry indefinitely for
later use in ion-channel recordings.

Electrical Measurements.All electrical measurements were per-
formed with a Dagan Chem-Clamp Low Noise potentiostat interfaced
to a PC via in-house written LabVIEW (National Instruments) programs.
Current-voltage (—V) and currenttime (i—t) recordings were
performed by applying a voltage between two Ag/AgCl electrodes
positioned inside and outside of the GNP capillary. The Ag/AgCI
electrodes were prepared by oxidation of clean Ag wires (0.5 mm-
diameter) in a saturated FeCsolution for ~60 s. A schematic
illustration of the experimental setup is presented in Figure 2B. The
voltages reported herein are referenced to the Ag/AgCl electrode

expose a Pt nanodisk electrode shrouded in glass. The polishing stegPositioned inside of the capillary.

is performed while monitoring the electrical conductivity between the
Pt wire and the wetted polishing surface to determine and control the
size of the exposed digkThe Pt disk is then briefly electrochemically
etched, after which the entire Pt wire is gently pulled from the glass to
yield a conical-shaped nanopore. Full details of the fabrication process
are presented in ref 24. A photograph of the GNP membrane platform
is shown in Figure 2A. The radius of the small opening of the GNP
(ri) is computed from the dc electrical ohmic resistariRedf the GNP
measured in a 1.0 M KCI solution at room temperature, using the
expressiorr; = 19/R.25 The relative uncertainty im; is estimated be
~10%25

Glass Silanization.GNP membranes are pretreated before silaniza-
tion by soaking the entire glass capillary (inside and outside) in a 0.1

11768 J. AM. CHEM. SOC. = VOL. 129, NO. 38, 2007

Bilayer Formation. Bilayer formation was accomplished using a
painting method as described by Alvafézderein, “priming” refers
to the process of bringing a plastic pipet tip containing the lipid solution
to the GNP membrane surface and the deposition of the solution onto
this surface. “Painting” refers to lightly moving a clean pipet tip (no
lipid solution) across the primed GNP membrane surface to form a
lipid bilayer over the nanopore orifice.

Following silanization, the outer surface near the pore is primed with
~10uL of a 10 mg/mL solution of a lipid dissolved in decane. Lipids
used in the ion-channel recording experiments were either POPC or
DPhPC. Excess solvent is evaporated using a streamp,carid the
capillary is filled with the PBS buffer solution (pH 7.4) or the same
solution containing a transmembrane protein. With the end of the GNP
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membrane fully immersed in the PBS buffer solution (pH 7.4), the roughness value of 0.13 nm over ait? area as determined by atomic
outer surface is re-primed with10 uL of the lipid/decane solution. A force microscopy (AFM). Glass slides were then modified with
clean plastic pipet tip is then lightly dragged across the exterior GNP 3-cyanopropyldimethylchlorosilane in the same manner as described
membrane surface to paint a lipid bilayer over the nanopore. The ionic above for GNP modification. A 100L drop of vesicle solution was
current through the GNP is continuously monitored during the painting placed on silanized glass coverslips as well as on unmodified (bare)
procedure to determine successful bilayer formation. The sudden glass coverslips which were employed as a control. The solution was
increase in pore resistance frerl(® to ~10M" Q is typical of successful confined to a circular area in the center of the glass by a thin
bilayer formation across the orifice, as subsequently demonstrated byhydrophobic PDMS mold. The mold was made by crosslinking PDMS
the measurement of ion-channel conductance values that agree withbetween two silanized glass microscope slides separated by a thin metal
literature values. spacer between 200 and 406 thick. After crosslinking, a circular
Properly formed bilayers on the GNP membrane that are used in hole ~1 cm in diameter was punctured through the elastomeric sheet
ion-channel recordings have a breakdown voltage-6f78 V (vide using a hole punch. The outer edges of the mold were trimmed to fit
infra). Thus, the existence of a bilayer, prior to protein insertion, was exactly over the glass coverslip without hanging off.
checked by application of & 1 V bias across the bilayer, consistent The vesicle solution was incubated on the glass slides for 10 min
with techniques used in conventional planar bilayer measurements.and rinsed with copious amounts of buffer to remove any excess,
Following electrical breakdown, the bilayer was repainted and employed unfused vesicles from the surface. Following the rinse, surfaces where
in ion-channel recordings. In the event that there was no voltage-inducedgently scratched by a pair of metal tweezers to remove lipid from a
breakdown, the nanopore was presumed clogged with the lipid solution. small portion of the substrate to create a zero fluorescence baseline.
The nanopore orifice could be unclogged by repeatedly dragging a cleanThese samples were subsequently rinsed before imaging under an
pipet tip across the surface while applyittd V until the conductance inverted epifluorescence Nikon Eclipse TE 2000-U microscope equipped
returned to the open nanopore value. A bilayer can then often be formedwith a Sensys CCD camera (Photometrics, Roper Scientific).
on the previously clogged GNP orifice by painting with a clean pipet Mobility Measurements. Diffusion coefficients and mobile fractions
tip. of the lipids were measured by fluorescence recovery after photo-
Transmembrane Pressure Control.As detailed below, a positive  bleaching (FRAP§* A circular patch of the bilayer containing
pressure across the membrane is required to insert transmembranduorescently labeled lipids was bleached with the 568.2 nm line from
proteins into a bilayer suspended across the GNP orifice. The pressurea mixed gas At/Kr* laser beam (Stabilite 2018, Spectra Physics). A
across the bilayer membrane was controlled by inserting the open endbeam of 100 mW of power was directed onto the sample for less than
of the GNP into a pipet holder (DAGAN) that was connected to a 10 1 s. The beam, which was sent through a 10X objective, had a full-
mL gastight syringe (Hamilton), as shown in Figure 2B. The pressure width at half-maximum of-17 um at the sample plane. The recovery
was monitored continuously using a sphygmomanometer (pressureof the photobleached spot was followed as a function of time using
sensing range of-100 to 300 mmHg) as shown in Figure 2B. All  time-lapse imaging under a fluorescence microscope (Nikon Eclipse
transmembrane pressures reported herein are referenced to the exterigfE2000-U) equipped with a Sensys CCD camera (Photomatrics, Roper
(ambient) solution pressure. A small positive pressure inside the Scientific) working in conjunction with MetaMorph software (Universal
capillary could also be obtained by simply sealing the end of the Imaging). The fluorescence intensity of the bleached spot was
capillary with a small plug of silicon rubber, allowing the Ag/AgCl  determined after background subtraction and normalization for each
wire to protrude through the silicon rubber. This sealing compresses image. The diffusion coefficient of the lipids was determined using
the air and aqueous solution inside the capillary, creating a positive standard proceduré$Briefly a single-exponential equation was used
transmembrane pressure. fit to the fluorescence recovery as a function of time, from which the
Lipid Bilayer and Monolayer Preparation for Lipid Film mobile fraction of the lipids and the half-time of recovetyy could
Structural Analysis. Small unilamellar vesicles (SUV) were fused to  be obtained. The diffusion coefficier, was then calculated using
glass substrates by vesicle fusfni Vesicles comprising POPC lipids  the following equatior?*
doped with 0.1 mol % Texas Red DHPE lipids were used for the
fluorescence microscopy experiments. DMPC vesicles were used for _ W
vibrational sum frequency spectroscopy (VSFS) experiments. The D _FMV @)
appropriate composition of lipids were dissolved and mixed in
chloroform and then dehydrated under vacuum for 3 h. The dried
mixture was rehydrated in the PBS buffer solution (pH 7.4) and
subjected to ten freeze/thaw cycles by alternating between liquid
nitrogen and a 30C water bath. The solution was then extruded several
times through a polycarbonate filter to produce vesicles of uniform
size. The solution was extruc_;led first through a ﬂltgr W'th. 100 nm were performed with a passiv@ctive mode-locked Nd:YAG laser
diameter pores, followed by five passes through a filter with 50 nm (PY61c, Continuum, Santa Clara, CA) equipped with a negative
diameter pores. The resultant SUVs were found to have an average ' ’ ’

diameter of 86-90 nm as determined by light scattering using a 90PIus feed_b_ack loop in the oscillator cavity to prow_de enhanced shot-to-shot
- . : stability. The 1064 nm beam has a pulse width of 21 ps and operates
Particle Size Analyzer (Brookhaven Instruments Corporation).

at a repetition rate of 20 Hz. It is used to pump an optical parametric

The glass coverslips used as supports for the bilayers were (:IeanedOSCiIIator (OPA) stage (Laser Vision, Bellevue, WA) that generates
in 7X solution (MP Biomedicals, Aurora, OH) following established the 532 nm and tunable infrared input beams (286000 cnT?). The

proceduré?’_The coverslips were then armealed in an oven at*§no IR and visible beams are overlapped at the sample interface with
for 5 h toyield flat surfaces with a typical root-mean-square (rms) incident angles of 5land 42, respectively, with respect to the surface

normal. All sum frequency spectra are taken with the SSP polarization
combination, referring to the sum frequency, visible and infrared beams,

wherew is the full width at half-maximum of the Gaussian profile of
the focused beam andis a correction factor that depends on the bleach
time and geometry of the laser beam. In these experinveatdl 7 um
andy = 1.1.

Vibrational Sum-Frequency SpectroscopyVSFS measurements

(30) Brian, A. A.; McConnell, H. MProc. Natl. Acad. Sci1984 81, 6159
6163

(31) Groves, J. T.: Ulman, N.: Cremer, P. S.; Boxer, SLéngmuir1998 14, respectively. Each data set is normalized to spectra taken from a piece
3347-3350. fY- r llin rz.

(32) Cremer, P. S.; Groves, J. T.; Kung, L. A.; Boxer, S.L@Gngmuir 1999 0 cut crystalline quart
15, 3893-3896.

(33) Yang, T.L.;Jung, S.Y.; Mao, H. B.; Cremer, P.Aal. Chem2001, 73, (34) Axelrod, D.; Koppel, D. E.; Schlessinger, J.; Elson, E.; Webb, W. W.
165-169. Biophys. J.1976 16, 1055-1069.
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Results and Discussion

Silanization of GNP Membrane and Suspended Bilayers.
The suspended lipid bilayer structure depicted in Figure 1B is
a consequence of the deposition of lipids on the interior and
exterior surfaces of the chemically modified GNP membrane
with the hydrophobic tails oriented toward the glass surface.
As discussed in the Introduction, the key criterion for formation
of a suspended bilayer for ion-channel recordings is that the
glass surface is modified to impart sufficient hydrophobic
character allowing the lipid tails-down configuration, while still
maintaining a sufficiently hydrophilic character allowing aque-
ous solutions to wet the nanopore. Wetting is often cited as a
common problem when working with pores of nanoscale
dimensions®

After fabrication and characterization of the GNP membrane,

White et al.
E- 151
o
= Open GNP
c 10+ X 1/2000
[
=
3 st
GNP/Bilayer
F t { {
-0.15 -0 0.05 0.10 0.15
Voltage (V)
_1[}—
5L
Figure 3. i—V curves for a 150 nm-radius GNP in 1.0 M KCI 10 mM

PBS buffer at pH 7.4. The open-pdreV curve is scaled by 1/2000 (labeled
“Open GNP”) for comparison to the same structure after DPhPC bilayer

as described in the Experimental Section, the glass surface isdeposition across the orifice (labeled “GNP/Bilayer”). The open-pore and

silanized with 3-cyanopropyldimethylchlorosilane. Because this
silane contains a single reactive-&l bond, the surface
chemical modification yields a monolayer that exposes a
terminak-CN group to the solution, as previously discussed in
relation to modification of functionalized GNP electrodéshe
water contact angledf) of the modified glass surface is 55
which falls between angles that classify surfaces as either
strongly hydrophilic or hydrophobi¥. Spectroscopic measure-

ments and fluorescence microscopy presented below explore

how chemical modification using 3-cyanopropyldimethylchlo-
rosilane controls the structure, function, and orientation of lipid
layers at the modified glass/water interface.

Following the deposition of the -CN terminated silane
monolayer on the interior and exterior surfaces of the GNP
membrane, a lipid/decane (10 mg lipid/1 mL decane) solution
is painted across the exterior surface (Experimental Seéfi#h)
resulting in the formation of a lipid monolayer on the glass

bilayer-seal resistance are 1.XMand 88 @2, respectively.

orifice will be demonstrated by the ion-channel recordings
presented below. We have found that lipid bilayers are readily
deposited on GNP membranes with orifices as small as 100
nm and as large as 4m, as well on nanopore membranes
prepared from quartz instead of soda-lime glass. The lipid
bilayer can be removed by briefly(L s) subjecting the bilayer

to a transmembrane potential ®fL V and can be redeposited
on the silanized GNP by painting as described above. Con-
versely, the lipid layers may also be removed by immersing
the GNP capillary in ethanol, and then (after rinsing the capillary
with H20), reformed by painting. Silanized GNP membranes
are reusable for lipid deposition and ion-channel recordings over
several months without the need for additional resilanization.

Characterization of Lipid Monolayers on Chemically

Modified Glass SurfacesWe present experiments demonstrat-

surfaces and a lipid bilayer that is suspended across the GNPN9 that lipid molecules form a uniform monolayer on cyano-

orifice. Both POPC and DPhPC were used for this purpose with
similar results. We have found that painting the lipid/decane
solution reproducibly yields GNP membrane/bilayer seal resis-
tances between 30 arel100 (X2, with an average value of

~71 4 30 GQ based on~20 independent measurements. For
instance, Figure 3 shows-V curves comparing the behavior

of a 150 nm-radius silanized GNP membrane prior to and
following the painting of a DPhPC/decane solution across the
orifice. In these measurements, the GNP capillary is filled with
the PBS buffer solution (pH 7.4) and placed in a 10 mL solution

of the same composition. The ionic current is measured as a

function of the voltage scanned at 20 mV/s between internal
and external Ag/AgCl electrodes. As determined from the slopes
of thei—V curves, the silane modified GNP membrane has an
open pore resistance of 1.3 (labeled “Open GNP”). The

same GNP membrane after lipid painting and bilayer formation
exhibits a seal resistance of 8&X3labeled “GNP/Bilayer”).

The fact that a lipid bilayer is indeed suspended across the GN

(35) Riehn, R.; Austin, R. HAnal. Chem 2006 78, 5933-5934.

(36) Wang, G.; Zhang, B.; Wayment, J. R.; Harris, J. M.; White, HJ.SAm.
Chem. Soc2006 128 7679-7686.

(37) Adamson, A. W.; Gast, A. RRhysical Chemistry of Surfacedth ed.; John
Wiley & Sons: New York, 1997.

(38) Mueller, P.; Tien, H. T.; Wescott, W. C.; Rudin, D. Oirculation 1962
26, 1167-1171.

(39) Alverez, O. How to Set Up A Bilayer System. llon Channel Reconstitu-
tion; Miller, C., Ed.; Plenum Publishing Co.: New York, 1986; pp 15
130.
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terminated silanized glass substrates in a tails-down configu-
ration. To demonstrate this, we first compared the fluorescence
level of a POPC film fused to a hydrophilic bare glass substrate
and a cyano-terminated substrate. Each bilayer was doped with
0.1 mol % Texas Red DHPE for visualization purposes. Glass
substrates were cleaned following standard procedures, yielding
uniformly hydrophilic surface Several clean glass substrates
were then functionalized with 3-cyanopropyldimethylchlorosi-
lane following the same procedures used to functionalized GNP
membranes. Lipids were introduced to the substrates via the
vesicle fusion methoé’32 rather than the painting method
outlined above. The reason for using vesicle deposition is, as
expected, painting did not yield macroscopically uniform films
over the entire glass surface. Thus, vesicle fusion was employed
instead to create large uniform regions for microscopy and
spectroscopy measurements. It is assumed that the method of
applying the lipids to the substrate does not change the way

pthe lipid molecules orient.

A POPC vesicle solution was incubated above a glass surface
for 20 min, and then excess solution was rinsed away and
replaced by 1.0 M KCI, 10 mM PBS buffer solution (pH 7.4).
Following the rinsing step, the surface was gently scratched with
a pair of metal tweezers. Following the scratching step, the
sample was rinsed again to remove any lipid material that
separated from the surface during scratching. The fluorescence
images on the left side in Figure 4 are micrographs of lipid
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Figure 4. Fluorescence micrographs of a POPC lipid bilayer on bare (unmodified) glass (upper panel) and a lipid monolayer on silanized glass (lower
panel). The linescan to the right of each image corresponds to the red lines in each image and shows the relative fluorescence levels of bilajsreand mono
with respect to the background. The scratch marks (black) were intentionally made with a tweezers to determine the background level.

layers on the bare glass (upper image) and on the cyano-evidence for a lipid monolayer structure on the cyano-modified
terminated glass (lower image). Line scans of fluorescence glass surface.
intensity that correspond to the red lines drawn on the images Evidence for the degree of order and orientation of the lipid
are presented to the right of the corresponding fluorescencemonolayer were obtained by vibrational sum frequency spec-
images. Both line scans have similar background levels (cor- troscopy. VSFS is a surface-specific nonlinear optical technique
responding to the dark regions in the scratched area), yet thecapable of submonolayer sensitivity at the solid/liquid and liquid/
hydrophilic bare glass substrate displays precisely twice the vapor interface4!42The relative orientation between a surfac-
specific fluorescence as the silanized glass sample. It is well- tant monolayer and the orientation of interfacial water molecules
known that lipid bilayers fuse to plain glass substraf®s32 can be determined by the interference between-t# and
Therefore, the 50% decrease in fluorescence obtained from the—CH stretch modes in the VSFS spectrtiin!® The orientation
cyano-terminated glass substrate, relative to the lipid bilayer of the water dipoles depends upon the charge at the interface.
on bare glass, is consistent with the formation of a lipid For example, a positively charged surfactant situated at an air/
monolayer water or oil/water interface will lead to water orientation with
The fluidity of the putative monolayer structure was examined the oxygen atoms facing toward the interface. Conversely,
using the fluorescence recovery after photobleaching (FRAP) negatively charged interfaces will cause water to orient with
technique (Figure 5% Surface-bound fluorescently labeled lipid  the hydrogen atoms facing toward the interface. In both cases,
layers on glass surfaces were bleached momentarily with a laserthe alkyl chains of the surfactant face toward the hydrophobic
beam, and the fluorescence recovery of the photobleached spophase’3—4> When the interface is positively charged this
was measured as a function of time. A single-exponential manifests itself as constructive interference around 2980t cm
equation was fit to the data, from which the mobile fraction of (i.e., the region between theOH and—CH stretch regions) in
the dye-labeled lipids and the half-time of recovetiy) were the VSFS spectrum. Therefore, the lipid monolayer orients with
obtained. The diffusion coefficienD), of lipids in the layers the hydrophobic tail groups facing toward the substrate and the
were calculated from eq 1. Figure 5 (top) shows a representativehydrophilic groups facing toward the solutions (Figure 6 inset).
FRAP curve for a bilayer on bare glass, from which the best fit On the other hand, destructive interference from a negatively
of eq 1 yields a diffusion coefficient value of 3.8n%/s and a charged surfactant monolayer will cause the VSFS signal
recovery of 97%. The curve for the lipid monolayer on silanized
glass (bottom) yields a slighty lower difusion coefficient (0.8 (40) fowerd, W G Saput Syt R Dok 5, 5 Dateomy, M-
um?/s) and a recovery of 91%. The smaller diffusion coefficient (41) Shen, Y. RThe Principles of Nonlinear OpticViley: New York, 1984.
of lipids at the silanized glass is consistent with previous results 81233 Eiir%hy“éo_?‘éuerél'icl\;‘f"&m?efogfe#%zry R ﬁ;ﬁf{jirZOOZ 18, 2807
which suggest that frictional interactions between a lipid 2811, . _
monolayer and an underlying immobile monolayer lead to Ej‘l‘s‘g Chen, X.Y; Chen, ZBiochem. Biophys. ACt200§ 9, 12571273.
slower lipid diffusion?® The FRAP results are compelling 3861.

Gragson, D. E.; Richmond, G. L. Phys. Chem. B998 102, 3847
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Figure 5. Fluorescence recovery as a function of time of a small

this system is shown in Figure 6. Focusing on the region near
2980 cn1l, it is obvious that constructive interference exists
between the-CH and —OH stretch regions. Control experi-
ments of the identical system, but in the absence of the lipid
monolayer demonstrated that theCH stretch range signal
originated nearly exclusively from the lipid monolayer rather
than the cyano-terminated monolayer. Moreover, the overall
strength of the—CHjs stretch modes observed in Figure 6 is
consistent with a relatively well-ordered lipid monolayér*>

Single lon-Channel RecordingsReconstitution of wild-type
o-hemolysin (WTrHL) from monomer peptide produced by
Staphylococcus aurewsas investigated in POPC and DPhPC
lipid bilayers suspended across GNP membranes with orifice
radii between 100 and 400 nm. WHL is a well-characterized
transmembrane protein comprising seven 293-amino acid, 33.2
kDa, water-soluble, polypeptide monomers that form heptameric
pores in lipid bilayerg? The channel conductance in 1.0 M KCI
has been reported to be in the range~df nS48

We have discovered that a small positive transmembrane
pressure,Pr (>20 mmHg), is required for insertion of a
WTaHL. This phenomenon is described in more detail in a later
section in which we demonstrate the capability, using specialized
instrumentation, of quantitatively controlling protein insertion
and removal by varyingr. Here, we note that a small positive
Pt can be achieved by simply sealing the back end of the GNP
capillary (and the Ag/AgCl electrode inserted through the open
end) with a 100% silicon rubber sealant. The sealing process

photobleached area of a POPC hilayer on bare glass (left) and a POPCcompresses the air and solution inside the capillary, inducing a
monolayer on silanized glass (right). Both lipid structures were doped with small (and unmeasured) positif. Using sealed GNP capil-

0.1 mol % Texas Red DHPE.
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Figure 6. SFG spectrum of a DMPC lipid monolayer on a silanized fused-
silica substrate. The region at 2980 thshows a finite signal strength

laries, WToHL spontaneously and reproducibly inserts into the
suspended bilayer and exhibits stable ion-channel behavior in
full agreement with literature reports. Insertion of a functioning
WToHL channel does not occur in the absence of the seal,
unless other means are employed to create a po$itive

The insertion of a W&HL ion channel into a suspended lipid
bilayer, and subsequent stochastic binding of heptakis(6-
sulfo){3-cyclodextrin ($5CD) to the channel, is demonstrated
in the i—t plot shown in Figure 7A. The data in the figure
correspond to a DPhPC lipid bilayer suspended across the orifice
of a 250 nm-radius GNP membrane. Prior to bilayer painting,
the GNP capillary was filled with a aM WTaHL (monomer
form), PBS buffer solution (pH 7.4) and the open end of the
GNP capillary was sealed with silicon rubber sealant to create
a positivePr. The GNP capillary was then immersed into a
PBS buffer solution (pH 7.4) containing 100/ s;3CD, and
the ionic current through the GNP orifice was monitored while
applying a constant potential 6f40 mV. Following bilayer

indicating constructive interference between water dipoles and the dipoles formation (as evidenced by a sudden decrease in current, see

of the terminal methyl group on the acyl lipid tails. A schematic
representation of the monolayer orientation is shown in the inset.

intensity to drop to near zero at 2980 th Exploiting this

Experimental Section), the step increase in ionic current
observed in thé—t trace (Figure 7A) at = 6 s corresponds to
a conductance of 900 pS, in excellent agreement with the

phenomenon allows us to determine the orientation of a lipid éPorted conductance of VHL in 1.0 M KCI. Analogous

monolayer adsorbed to a cyano-silanized glass substrate.

experiments demonstrate that WHIL can also successfully be

To perform the VSFS experiments, we employed the vesicle inserted into the suspended Iipﬁd bilayer by adqlition of a protein
fusion method to introduce DMPC lipids to a cyano-silanized Monomer to the external solution. On the basis of 20 measure-
fused quartz substrate under agueous solution. Under thesénents using different GNP membranes anddML channels,
circumstances the interface has a net negative charge becaus&' average conductance was measured to bet890 pS.

only a fraction of the surface silanols are derivatized with

silanes, while some of the remaining silanol groups are typically

dissociated at neutral pf4.The VSFS spectrum obtained from

11772 J. AM. CHEM. SOC. = VOL. 129, NO. 38, 2007

(46) ller, R.Chemistry of SilicaWiley: New York, 1979.
(47) Gouaux, EJ. Struct. Biol.1998 121, 110-122.
(48) Deamer, D. W.; Branton, DAcc. Chem. Re 2002 35, 817-825.
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Figure 7. (A) An i—t trace corresponding to (i) the baseline current

associated with a DPhPC bilayer spanning a 250 nm-radius pore~6 to
s); (ii) the insertion of a single WAHL-channel at~6 s; and (jii) binding
of individial s;6CD molecules to the WEHL channel. Data were recorded
at a DC bias of~40 mV in a 1.0 M KCI 10 mM PBS buffer solution at pH
7.4. The single-channel conductance of ¢tt¢l. channel is measured to be
900 pS. The buffered electrolyte inside the GNP capillary containeid 3
WTaHL, while the outside buffered electrolyte contained 100[s73CD].
Binding dwell timeszg, and the time between binding events are labeled
on the figure. (B)i—t traces showingz8CD binding events in solutions
containing 25, 75, and 12BM s78CD, respectively, while applying a
potential of—40 mV.

WToHL has been extensively investigated as a sensing
component for the stochastic detection of single moleciles.
In the experiment described hergs&D transiently binds,
noncovalently, in the lumen of the VAHL pore from the trans
side of the membrar®. Reversible binding of 8CD results
in a temporary 92% reduction in conductance of the protein.

WTaHL. We find that the WBHL channel conductance is
reduced by 93.1 0.5%, in agreement with literature reports.
The frequency of CD binding is strongly voltage dependent
as previously reported (results not showhand the expected
concentration dependence is seen. Figure 7B shows three
representative—t plots of §4CD detection in a single WGIHL
channel over the 250 nm-radius GNP membrane as a function
of s;8CD concentrations (25, 75, and 12M). As expected,
time between binding events decreases as the cyclodextrin
concentration is increased. These experiments and others
demonstrate the existence of a bilayer suspended across the GNP
membrane orifice.

Pressure Controlled Insertion and Removal of Trans-
membrane Protein.A home-built pressure rig (Figure 2B) was
used to control and maintaiRr to quantitatively investigate
the influence oPr on WTaHL insertion rates. The experiment
is performed by applying a positive or negatiRe (between
—100 and 350 mmHg) inside the capillary relative to the
external solution.

Figure 8A shows &t plot of the pressure controlled insertion
and removal of W&HL. In this experiment, a DPhPC bilayer
is painted across a 190 nm-radius GNP membrane. The internal
solution contained @M WTaoHL and the PBS buffer solution
(pH 7.4), while the external solution contained only the PBS
buffer (pH 7.4). To confirm protein insertion and removal, the
ionic current was monitored while applying a constant voltage
of —40 mV. In the initial stage of the experiment, and as long
asPt = 0, no protein channels insert in the bilayer.tAt 5 s,

Pt is increased te~100 mmHg, resulting in a single WiHL
insertion att = 7 s. A second Wa&HL channel inserts into the
bilayer att = 9 s. Att = 11 s, the pressure is reduced-td0
mmHg, resulting in the sudden removal of both WAL
channels. We note that the suspended lipid bilayer membrane
remains intact during the variations Pr and the insertion/
removal steps can be repeated indefinitely using the same
bilayer. Figure 8A shows the insertion and removal of two
additional WTaHL channels in the time period between 15 and
25 s.

Figure 8B shows a plot of the insertion rate of tfiest
WTaHL channel into the DPhPC bilayers suspended across the
orifices of three different GNP membranes with different radii
(120, 190, and 250 nm). In these experiments, each GNP
capillary was filled with a PBS buffer solution (pH 7.4)
containing 1.5«M WTaHL prior to formation of a DPhPC
bilayer. After insertion of a single WAHL pore into the bilayer,

a negative pressure was used to remove it, and the experiment
was repeated. Inspection of Figure 8B demonstrates that the
rate of WTaHL insertion increases roughly linear wily. The
slopes of the lines in Figure 8B also suggest that insertion rates
scale roughly in proportional to the radius of the GNP membrane
orifice, or equivalently, the area of the lipid bilayer. In addition,
the nonzero intercepts for all three lines clearly indicate that a
threshold P+ of ~20 mmHg is required for insertion of a
WTaHL channel into the GNP membrane/bilayer structure. This
latter finding is consistent with the observation discussed above
that WTaHL channels do not insert into suspended bilayers on

Figure 7A shows resistive pulses, in the time frame between 6 UnsealedRr = 0) GNP membranes.

and 14 s, corresponding to single binding events;6E® to

(49) Gu, L.; Serra, M. D.; Vincent J. B.; Vigh, G.; Cheley, S.; Braha, O.; Bayley,
H. Proc. Natl. Acad. Sci. U.S./200Q 97, 3959-3964.

In additional experiments, WHHL insertion from the
externalsolution into the suspended bilayer was investigated

(50) Gu, L.; Cheley, S.; Bayley, Hscience2001, 291, 636-640.
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(A) ML IR R The mechanism by whiclr influences the insertion and
' i i 1 removal of WToHL is not yet fully understood. We speculate
il _ that variations irPr result in an increase or decrease in bilayer
ﬂ y area or lead to changes in the curvature of the bilayer that alter
the kinetics and energetics associated with transferring the
, protein from the solution to the bilayer (and vice versa), or
-40}f /_'_‘ between the lipid bilayer and the lipid monolayer. It has been
Protein L Pt previously demonstrated that hydrostatic pressure influences the

insertion insertion A L. R .

- cross-sectional area of a lipid bilayer film suspended across

s S larger orifices?® The pressure induced changes in lipid bilayer

8o} Protein removal . . - .. .

) I : ! area are associated with the equilibrium between lipids in the
0 Lo 20 30 bilayer and the lipid/hydrocarbon annulus region between the
Time (s) bilayer and support orifice, as depicted in Figure 8C for GNP

suspended bilayers. Quantitatively, the effect of hydrostatic
pressure differences is given by the law of Laplake:

Current (pA)

@

0.20f AP =2y/IR (2)

190 nm pore

wherey is the interfacial tension (mMN/mR is the radius of
curvature (m), andAP is the hydrostatic pressure difference
(mN/n?) across the bilayer. In the case of planar lipid bilayers,
R is used to describe the portion of the lipid film between the
support orifice and the border of the annulus and bilayés

0.10

120 nm pore

I " L L L n I )

aHL Insertion Rate (s™)

o
=)
S
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Applied Pressure (mm Hg)

[=]

exposed bilayer area. The resulting increase in bilayer area is
expected to result in greater probability of a WHL insertion,
regardless of which side of the bilayer that is presented to the
protein for insertion. Albeit speculative at the current time, the
observed increase in insertion rate with increaskg is
consistent with this picture. The asymmetric geometry of the
conical-shaped nanopore is clearly associated with the asym-
metry in the pressure dependence, that is, a negBtivesults

in removal of the protein and a positiver induces protein

insertion.
Decreasing Increasing The bilayers suspended across the GNP orifices are suscep-
pressure L o tible to pressure induced rupture. The rupture presss@d (

Annul
b i mmHg to greater than 300 mmHg) varies significantly with pore

size and the mole fraction of lipid/decane solution employed to
paint the bilayers. Studies are currently underway to quantify
these relationships and will be reported in the future.

GNP Membrane/Lipid Bilayer Stability Measurements
and Lifetime. Preliminary estimates of the stability of POPC
and DPhPC bilayers suspended over GNP membranes were
obtained by measuring the breakdown voltage, the susceptibility
Figure 8. (A) An it trace showing the controlled insertion and removal  Of failure from mechanical disruptions, and the lifetime of
of WTaHL channels as a function of the transmembrane pressure. In this bilayers with and without W&HL channels. As an initial
examp'% a 100 mm)Hg ”asnsmfe“‘bfaf&ebpresswe is applied (inside lfapi”aryqualitative measure of stability, we note that suspended bilayers
Vs outside pressure) at= 5 s, followe y spontaneous insertion of two . . :
WTaHL channels at~7 and 9 s. The two channels are then removed by on the GNP membrane containing a functhnlng AL .
applying a —40 mmHg transmembrane pressure~atl s. A second channel can be manually transported between different solutions
controlled insertion and removal of two additional WHL-channels is while maintaining electrical conductivity with a water droplet
shown in the time period between 15 and 25 s. (B) Plot of the rate of the at the end of the glass capillary.

first WTaHL insertion as a function of transmembrane pressure for 250, Th | ical | bili f th ded bil
190, and 120 nm radius GNPs. (C) Schematic drawing of the proposed € e_ECtr'Ca voltage sta "tY o t € suspende "?‘yer
bilayer and annulus region of the lipid bilayer over the pore orifice as a (without ion channel) was examined in PBS buffer solutions
function of the applied pressure. (pH 7.4). Bilayers were formed using the painting method (as
as a function ofPr (data not shown). Using the same sign described above) and then the potential was scanned at 50 mV/s
convention forPy (internal solution vs external solution), the  while monitoring current. Using three GNP membranes (150,
results are qualitatively similar as described above for insertion 150, and 100 nm-radius), an average breakdown voltage of 770
of WTaHL from the internal solution. This finding indicates 4 150 mV was recorded, greatly exceeding the recently reported
the dependence of insertion rates Bnis not a consequence

i ; (51) White, S. H. The Physical Nature of Planar Bilayer Membranegorin
of pressure induced flow, but rather reﬂe‘?ts a _Change in the Channel ReconstitutioiMiller, C., Ed.; Plenum Publishing Co.: New York,
curvature or surface area of the bilayerRasis varied. 1986; pp 115-130.
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values of 325° and 460 m\t Along with improved voltage conductance and single-molecule binding rates). Thus, although
stability, bilayers suspended on the GNP membrane are able tothe radius of the orifice in glass is ontyl0x larger than that
withstand rigorous stirring of solution without breakage. of the size of the protein ion channel, the similarity of these
Bilayer lifetimes were measured in a sealed glass cell to avoid dimensions does not appear to impart any adverse or anomalous
solvent evaporation. Bilayers were painted over several GNP behavior. We are currently investigating lipid bilayer formation
membranes, and the seal resistance was monitored as a functioand insertion of W&HL using GNP membranes with orifice
of time using an alternating current signal between two Pt radii significantly smaller than those reported here.
electrodes. Lifetimes of-2 weeks were routinely achieved. We have additionally demonstrated that the transmembrane
Bilayers with WToHL channels inserted from the inside of the  pressure can be used teproduciblycontrol the insertion and
capillary were also tested for lifetime stability using Ag/AgCl removal of WTaHL from lipid bilayers that are suspended
electrodes as described in the Experimental Section. Onceacross the GNP orifice. This remarkable new capability may
protein was insertedy8CD was added to confirm a functioning  prove to be an important processing component for spatially
protein channel existed in the bilayer. Lifetimes of these directed insertion of proteins at different orifices of array-based
experiments were typically on the order of 24 h with continuous jon-channel biosensors. From a fundamental view, this phe-
stochastic detection, but it should be noted that the primary nomenon will require new experiments and theory to understand
reason for failure was a loss of transmembrane pressure (duehow pressure influences the suspended bilayer structure, as well
to leaks in in-lab-built system) causing the WHL to the mechanisms underlying protein insertion and removal as
spontaneously come out of the bilayer. Recently, with an pressure forces are exerted on the bilayer.
improved pressure system, several continuous measurements of Although not exploited in the present body of work, the small
s/fCD detection have recently lasted?00 h and one measure-  sjze of the GNP orifice also presents advantages in improved
ment for over 400 h. Thus, although optimization of device sjgnal processing. In particular, because the lipid bilayer
lifetime has not yet been vigorously pursued, ion-channel capacitance is considered a major contributor to overall system
recordings are routinely accomplished using the GNP platform ppjse, the GNP membranes, withé4old reduction in bilayer
thrOUghOUtan” day, with preliminary evidence that the inherent area, are ||ke|y to be candidates in low-noise ion-channel

lifetime may be much greater (e.g., weeks or months). applications”” We are currently pursing applications of the GNP
Conclusion membrane for ion-channel recordings using alternating current
method$?

The GNP membrane is a very promising new SUpport  ginaiy e note that the GNP membranes employed here,
structure for ion-channel recordings. We have demonstrated thatand described in detail elsewhere, are fabricated by routine

f"‘ nanoppre in glass cgn be chemically modified to impart benchtop methods using materials and instruments commonly
intermediate hy_drophoblc surface c_hz_arac_ter that allows smul- found in most chemical laboratories and, specifically, do not
taneous formation of a suspended lipid bilayer and the wetting require microlithographic fabrication techniquésThus, the

of the n?‘nopore. GNanﬂembranes \(leIfth c_)r|f|cehrad|| ?s szl_l 85 GNP membranes are assessable for ion-channel recordings to a
100 nm have successfully been used for ion-channel recordingsije community.

reducing by 16-fold the exposed area of the lipid bilayer in
comparison to conventional measurements. Greatly enhanced Acknowledgment. This work is supported by the Defense
mechanical and voltage stabilities result from the reduction in Advanced Research Projects Agency (Grants FA9550-06-C-
bilayer area, yielding a robust ion-channel recording system in 0006 and FA9550-06-C-000C). We gratefully acknowledge
aqueous solutions without the need to encapsulate the bilayerProf. J. M. Harris and J. Wayment (University of Utah) for
in viscous gels and polymers. assistance protein adsorption measurements. We also thank

We have demonstrated that reconstitution of the heptameric Profs. Hagan Bayley and Charles Martin for insights on the
transmembrane protein, VHL, readily occurs in lipid bilayers integration of bilayer/protein structures and nanopore supports.
suspended over GNP orifices that have radii as small as 100

o . . . JA073174Q

nm. Furthermore, the resulting ion-channel functions identically
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