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’ INTRODUCTION

Ion-channel recordings have gained much attention in recent
years for single-molecule detection, drug screening, and DNA
sequencing, in addition to traditional investigations of funda-
mental biophysical phenomena.1�15 Consequently, focus has
been brought to the development of solid supports for suspended
lipid bilayer membranes. In recent reports, we have described the
fabrication and application of glass and fused-quartz nanopore
membranes (GNM and QNM, respectively) for ion-channel
recordings.16�21 The GNM/QNM contains a single, conically
shaped nanopore embedded within an ∼50-μm-thick glass or
fused-quartz membrane at the end of a glass or fused-quartz
capillary.18,21 A lipid bilayer can be suspended across the orifice
following modification of the glass or quartz surface with (3-
cyanopropyl)dimethylchlorosilane to impart an intermediate
hydrophobic surface character. The assumed structure of the
lipid bilayer membrane across the nanopore orifice is presented
in Figure 1A. Suspended lipid bilayers on GNMs and QNMs
display exceptional stability and long lifetimes due to the reduced
area of the bilayer (∼1 μm2 for a typical 500-nm-radius nanopore
orifice).20�22 In addition, the reduced bilayer area minimizes
the bilayer capacitance, which can limit high-frequency data
acquisition.

Ion-channel activity using GNMs and QNMs is observed only
with the application of a small positive pressure (20�300 mmHg)
across the membrane, from the nanopore interior relative to the
exterior bulk solution, and is observed as a discrete increase in

current due to protein reconstitution within the bilayer (R-HL
has a conductance of ∼1 nS in 1 M KCl23). This activity can be
reversed by removing the pressure or by applying a small negative
pressure.20 The pressure-controlled channel activity is observed
regardless of whether the protein is in the solution inside the
capillary or in the external bulk solution, and it can be repeatedly
turned on and off as the applied pressure is varied between
positive and negative pressures, respectively. Figure 1B shows an
example current�time (i�t) trace of R-hemolysin (R-HL) ion-
channel activity as a function of applied pressure. This unique
ability to control ion-channel activity indicates a dynamic pres-
sure-dependent bilayer structure. To our knowledge, the nano-
pore membrane is the only ion-channel support for which
pressure can be used to reversibly control ion-channel activity.

When a solution of lipid molecules dispersed in an organic
solvent is spread across a large circular opening (g50 μm radius)
in a hydrophobic solid membrane, e.g., Teflon, that is immersed
in an aqueous solution, a lipid bilayer will spontaneously form
across the opening as a means to reach the lowest free energy
state.24 This suspended bilayer structure is described as posses-
sing a region of bulk lipid solution around the perimeter of the
lipid bilayer, adjacent to the walls of the circular opening, which
is defined as the annulus, torus, or Plateau�Gibbs border.25�28

The annulus region contains organic solvent and excess lipid
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ABSTRACT: Glass and fused-quartz nanopore membranes contain-
ing a single conically shaped pore are promising solid supports for lipid
bilayer ion-channel recordings due to the high inherent stability of lipid
bilayers suspended across the nanopore orifice, as well as the favorable
electrical properties of glass and fused quartz. Fluorescence micro-
scopy is used here to investigate the structure of the suspended lipid
bilayer as a function of the pressure applied across a fused-quartz nanoporemembrane.When a positive pressure is applied across the
bilayer, from the nanopore interior relative to the exterior bulk solution, insertion or reconstitution of operative ion channels (e.g.,R-
hemolysin (R-HL) and gramicidin) in the bilayer is observed; conversely, reversing the direction of the applied pressure results in
loss of all channel activity, although the bilayer remains intact. The dependence of the bilayer structure on pressure was explored by
imaging the fluorescence intensity from Nile red dye doped into suspended 1,2-diphytanoyl-sn-glycero-3-phosphocholine bilayers,
while simultaneously recording the activity of an R-HL channel. The fluorescence images suggest that a positive pressure results in
compression of the bilayer leaflets and an increase in the bilayer curvature, making it suitable for ion-channel formation and activity.
At negative pressure, the fluorescence images are consistent with separation of the lipid leaflets, resulting in the observed loss of the
ion-channel activity. The fluorescence data indicate that the changes in the pressure-induced bilayer structure are reversible,
consistent with the ability to repeatedly switch the ion-channel activity on and off by applying positive and negative pressures,
respectively.
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molecules, which are organized into inverse micelles.28 The
bilayer is suspended across the orifice and is connected to the
solid support via the annulus. The spontaneous thinning of
the lipid solution into a lipid bilayer is due to (i) the curvature-
induced pressure-driven flow of the bulk lipid solution into the
Plateau�Gibbs border, (ii) van der Waals interactions between
the aqueous phases separated by the bilayer, and (iii) van der
Waals interactions between the hydrocarbon chains of the lipid
molecules.25�28Additionally, when a voltage is applied across the
lipid structure, the electric field aids in thinning.26�28

The orifice cross-sectional areas of GNMs and QNMs are
∼2�3 orders of magnitude smaller than in the traditional devices
(Teflon membranes, Delrin cups, etc.) used for investigating the
annulus region and mechanism of bilayer thinning. The larger
orifices in these polymer membranes will have a smaller volume
of lipid solution relative to the orifice dimensions, in comparison
with GNM/QNMs; thus, the smaller size of GNM/QNMs may
inhibit the lipid solution from spontaneously thinning across the
orifice. If the lipid solution does not thin into a bilayer, ion-
channel reconstitution or activity will not occur. We observe that
an external pressure force is required for observing ion-channel
activity using GNM/QNMs, suggesting a fundamental difference
in the bilayer structure suspended across large and small orifices.

Fluorescence imaging has been shown to be useful in char-
acterizing the nature of artificial bilayers,29�31 and imaging
techniques have previously been successfully combined with
electrical recordings to simultaneously monitor ion-channel
activity.32�34 Here, epi-illumination fluorescence microscopy is
used to observe the structure of lipid bilayers suspended across
the orifice of a QNM, as a function of applied pressure. Nile red
fluorescent dye is dissolved in the lipid solution (1,2-diphyta-
noyl-sn-glycero-3-phosphocholine in decane) used to form a
bilayer. The resulting bilayer is imaged as a function of applied
pressure while simultaneously recording the R-HL ion-channel
activity. To avoid fluorescent artifacts from the glass in GNMs,
nanopore membranes prepared from fused-quartz capillaries are
used. QNMs possess surface properties and ion-channel recon-
stitution capabilities similar to those of GNMs, in addition to
improved electrical and optical properties.21,35 It is found that the
bilayer structure and lipid solution distribution at conically
shaped pores varies as a function of pressure. Due to the
asymmetric pore geometry, a thinning and protrusion of the
bilayer (which allows for ion-channel reconstitution) occurs with
positive pressure, and a withdrawal of the lipid solution into the
pore occurs with negative pressure. The fluorescence images are
consistent with the dependence of ion-channel activity on
applied pressure.

’EXPERIMENT

Materials. Aqueous solutions were prepared using 18 MΩ 3 cm
water obtained from a Barnstead E-pure water purifier. KCl, K2HPO4,
KH2PO4, and EDTA were used as received from Mallinckrodt to
prepare buffered electrolyte solutions (containing either 1 M KCl,
10 mM PBS, and 1 mM EDTA (pH 7.4), or 1 M KCl, 30 mM Tris-
HCl, and 10 mM EDTA (pH 7.4)). (3-Cyanopropyl)dimethylchloro-
silane was used as received from Gelest. Decane was obtained from
Fisher Scientific, and 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC)
was obtained from Avanti Polar Lipids in 10 mg aliquots dispersed in
chloroform. Nile red dye was purchased from Invitrogen (Cat. No.
N-1142) as a powder, dispersed in chloroform (spectroscopy/LC grade,
from Omnisolve), and stored at �4 �C at a concentration 0.5 mg/mL
when not in use. R-HL monomer was obtained from Sigma-Aldrich as a
lyophilized powder, stored at 0.6 mg/mL in H2O in a �80 �C freezer,
and diluted to ∼240 nM with buffered electrolyte upon thawing. R-HL
solutions were stored in a refrigerator (4 �C) for short periods of time
between experiments. Glass coverslides (No. 1, 22 � 22 mm) were
obtained fromVWR and used to form the base of a well when attached to
a glass cylinder via epoxy. This well was used as the experimental cell for
simultaneously recording ion-channel activity and fluorescence images.
Ag wire for Ag/AgCl electrodes was purchased from Alpha Aesar
(0.25 mm and 0.5 mm diameter).
QNM Fabrication. The fabrication of the QNM has been pre-

viously reported21 and is only briefly described here. A 50-μm-radius
tungsten wire is attached to a tungsten rod via silver conductive adhesive
paste; the end of the wire is then electrochemically sharpened in 1.5 M
NaOH while applying 10 VPP at 60 Hz. The nanopore membrane is
formed by initially sealing the end of a 3�4-cm length of fused-quartz
capillary with a H2/O2 flame. Once the fused-quartz membrane is
formed, the sharpened W wire is inserted into the capillary and posi-
tioned within 15μmof themembrane. The quartz is then heated again in
the H2/O2 flame while applying a vacuum to the end of the capillary,
collapsing the fused-quartz membrane until the Wwire is sealed into the
membrane. The sealed end of the capillary is polished, leaving a thin
fused-quartz membrane (25�75 μM thick) in which a W disk is
exposed. Finally, the W wire is partially etched out of the orifice in a

Figure 1. (A) Cross-sectional schematic (not drawn to scale) of an R-
HL pore embedded in a bilayer suspended across the orifice of a QNM.
(B) Example i�t trace showing the pressure-controlled R-HL activity
in a solution containing 1 M KCl, 30 mM Tris-HCl, 10 mM EDTA
(pH 7.4), and 3 μM R-HL. The step increases in current correspond to
individual R-HL pores when a positive pressure, þP, of 50 mmHg
(internal nanopore solution vs external solution) is applied across the lipid
bilayer; R-HL pore activity disappears when the pressure is either
removed or reversed (�P). i�t data were collected at an applied voltage
of 30 mV (internal vs external).
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1.5MNaOH solution by applying 10 VPP at 60 Hz; the remaining wire is
manually removed by pulling the W rod out of the capillary. The
approximate size of the W disk is monitored during polishing with an
electrical feedback circuit which indicates when the desired radius has
been reached. The radius of the nanopore orifice is determined from the
measured conductance in 1 M KCl.18�20 The fused-quartz surface is
chemically modified with (3-cyanopropyl)dimethylchlorosilane in order
to create the hydrophobic surface character required for formation of the
suspended bilayer structure.19,20

Ion-Channel Recording. The QNM was filled with buffered
electrolyte containing 240 nM R-HL and submerged in a cell containing
the same electrolyte (withoutR-HL). Ag/AgCl electrodes (fabricated by
immersing a Ag wire in Clorox bleach for 10 min) were used to apply a
voltage bias (þ40 mV, internal vs external) across the QNM. One Ag/
AgCl electrode (0.25 mm diameter) was placed inside the QNM
capillary, and the second (0.5 mm diameter) was placed in the external
cell. The back of the QNM was sealed with a Dagan Corp. pipet holder
attached to a pressure line and syringe; positive and negative pressures
were applied by compression and release of the syringe plunger,
respectively, and measured using a sphygmomanometer pressure gauge.
A voltage was applied across the QNM with a Dagan Corp. CHEM-
CLMAP (voltammeter and amperometer voltage clamp amplifier)
interfaced with a PC, and the current was monitored.

To prepare the lipid for bilayer formation, a nitrogen stream was used
to dry the chloroform from the DPhPC solution, and the lipid was
redispersed in 1 mL of decane. Nile red dye was then added to the lipid
solution at a concentration of 0.001% (by mass) in 10 mg of DPhPC
per mL of decane. The 0.001%Nile red lipid solution was painted across
the QNM orifice with a pipet tip while an i�t trace was recorded. A
decrease in conductance to ∼10 pS (corresponding to an ∼100 GΩ
bilayer seal) indicates that a bilayer has formed.20 Positive pressure was
applied to the back of the QNM until R-HL insertion was observed, and
then negative pressure was used to remove the R-HL activity. While
monitoring R-HL activity through the i�t trace, fluorescence microscopy
was used to image the bilayer as a function of applied pressure. Protein
channel activity was used to verify the presence of a functional bilayer; only
bilayers that exhibited protein channel conductance of ∼1 nS in 1 M KCl
were imaged. Figure 2 shows a depiction of the experimental setup.
Fluorescence Microscopy. Fluorescence images of the bilayer

suspended across the QNM were captured with an inverted epi-
illumination fluorescence microscope. The beam from a Lexel model
95 argon ion laser, tuned to 488 nm, was passed through a Pellin-Broca
prism and selectively blocked with an electronic Uniblitz shutter to
minimize sample photobleaching. The beam was scattered with a
rotating, roughened glass disc to average the illumination speckle
pattern. A 55-mm focal length lens (f/1.2) was used to reimage the
scattered laser spot through the objective. A band-pass excitation filter
(D480/30, Chroma) and a long-pass dichroic beam splitter (505dclp,
Chroma) were placed before the objective (Nikon Plan Fluor 100�, 1.3
NA). The fluorescence emitted from the sample was collected by the
same objective and separated from the excitation light via the dichroic
beam splitter and a 510-nm long-pass emission filter (HQ510lp,
Chroma); the depth of field was 1 μm. The fluorescence image was
acquired with a Photometrics CoolSNAP HQ CCD detector (1392 �
1040 imaging array with 6.45 � 6.45 μm pixels).

Once a bilayer was formed, the position of the QNM was adjusted
above the microscope stage using a micropositioner to bring the QNM
surface into the focus of the objective. Images were captured with the
focus of the objective at varying depths, as indicated in Figure 2: (i) at the
external QNM surface (z = 0), (ii) above the external surface (þz) into
the bulk solution, and (iii) below the external surface (�z) into the
nanopore interior. The objective was adjusted in the z-direction by(2 μm
increments to image the Nile red distribution as a function of applied
pressure. Eachfluorescence imagewas acquiredwith a 1.0 s integration time.

’RESULTS AND DISCUSSION

Nile red is a hydrophobic dye, and, when dissolved in a
hydrophobic environment36,37 such as the acyl chain region of
a lipid membrane38,39 or a decane/lipid solution, its fluorescent
emission is readily detectable. Nile red is very sensitive to the
hydrophobicity of its environment;40�42 it fluoresces strongly in
a lipid/decane solution and is weakly emitting when dissolved in
aqueous solution.43 Thus, the fluorescence signal from Nile red
was used to image the distribution of the lipid/decane at the
QNM surface as a function of the applied pressure. Line scans of
fluorescence intensity over the pore face and nanopore orifice
were plotted to quantitatively assess the pressure-dependent
bilayer structure. In these experiments, QNMs with orifice radii
(1.5�2 μm) slightly larger than those previously employed in
ion-channel recordings (0.5�1 μm) were used in order to
observe structural features in the fluorescence images. The
pressure-dependent activity of R-HL with these larger QNMs,
however, is qualitatively similar to that previously reported.20

Figure 3 demonstrates how the fluorescence intensity varies
across the QNM surface as a function of applied pressure. In this
experiment, the QNM surface is brought into the focal plane of
the microscope (z = 0), and a positive pressure (80 mmHg) is
applied across the membrane (internal vs external solution).
Beginning at ∼600 s in the i�t trace, an R-HL channel is
reconstituted in the bilayer, yielding a conductance of ∼1 nS
(40 pA at Vapp = 40 mV), in agreement with literature values in
1.0 M KCl.22 The i�t traces were recorded with an open cell,
without a Faraday cage, in order to simultaneously record the
fluorescence images, resulting in electrical noise larger than

Figure 2. Schematic depiction of the experimental system for measur-
ing the fluorescence intensity from the QNM-suspended bilayer as a
function of applied pressure, while simultaneously performing ion-
channel recordings. The QNM with a suspended DPhPC bilayer is
submerged in a cell positioned on the stage of an inverted epi-illumina-
tion fluorescence microscope, while i�t data are simultaneously re-
corded in a solution containing 1MKCl, 10mMPBS, 1mMEDTA (pH
7.4). The internal volume of the QNM capillary contained 240 nM R-
HL dissolved in the same solution and is connected to a gastight syringe
for pressure control. The QNM surface is moved in the (z direction
relative to the microscope objective by moving the optical stage. In the
experiments described below, z = 0 corresponds to the QNM exterior
surface being located at the microscope focal point, while positions
below (nanopore interior) and above (exterior bulk solution) the QNM
surface are indicated as �z and þz, respectively.
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usually present in the R-HL channel recordings using glass
nanopores.22

The fluorescence image obtained at positive pressure showed a
decrease of fluorescence intensity over the pore orifice. Application
of a negative pressure resulted in the immediate loss ofR-HL activity
and an increase in the fluorescence intensity across the pore orifice
(relative to positive pressure). Upon bilayer rupture at a higher
pressure (100 mmHg), the fluorescence intensity decreased across
the nanopore membrane surface. Although the absolute fluores-
cence intensity and background signal vary using different QNMs
and bilayers, the relative change in fluorescence intensity over the
pore orifice as a function of applied pressure is reproducible. A
positive pressure applied from the internal solution results in a
decrease in fluorescence intensity across the pore orifice, where the
lipid bilayer is located.

Pressure-dependent changes in the fluorescence intensity
across the pore orifice were investigated as a function of the

objective focus depth, as shown in Figure 4 (see the Supporting
Information for the corresponding i�t trace). Upon protein
channel insertion with positive pressure, fluorescence images were
acquired above the external surface (z > 0, see Figure 2), at
the external pore surface (z = 0), and below the external surface
(z < 0). A negative pressure was applied, and images were again
recorded above the external surface, at the external pore surface,
and below the external surface. Acquisition of the images was
repeated again once the bilayer was ruptured. Fluorescence
images are shown in Figure 4A as a function of the objective
focus depth (at z =þ4, 0, or�4), while Figure 4B plots the line
scans of the fluorescence intensity over the pore face as a function
of the objective focus depth (z = þ6 to z = �6). Figure 4C
depicts the lipid/decane structure as interpreted from the results
presented in Figure 4A,B.

Figure 4A,B (left) summarizes the results of a series of fluores-
cence images for 60 mmHg applied pressure (nanopore interior

Figure 3. (A) i�t trace showing the reconstitution of a single R-HL channel in a DPhPC bilayer suspended across the∼2-μm-radius orifice of a QNM.
The solution conditions are the same as in Figure 2, and the i�t trace was obtained at a voltage of 40 mV.þP corresponds toþ80 mmHg (internal vs
external solution), while�P corresponds to�20 mmHg. The bilayer was ruptured by applying 120 mmHg. (B) Fluorescence images and intensity line
scans of the QNM/DPhPC bilayer were taken at∼650 (þP),∼690 (�P), and∼1130 s (bilayer rupture) during the ion-channel recording. The dashed
horizontal lines correspond approximately to the orifice circumference, with the center of the orifice located at ∼36 μm.
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relative to the exterior bulk solution). The fluorescence images
(Figure 4A) and line scans (Figure 4B) show the lipid distribu-
tion from �6 μm below the external surface, at the pore face
(0 μm), toþ6 μm above the external surface. At the pore surface
(0 μm), there is a decrease in fluorescence intensity across the
orifice and on the surface around the orifice. Above the external
surface (þ4 μm), there is a ring of fluorescence brighter than at
theQNMorifice and a decrease in fluorescence within the center.
This configuration corresponds to conditions favorable forR-HL
reconstitution and suggests a structure where the lipid solution is
forced outside of and away from the orifice, resulting in a convex
bilayer structure; i.e., the lipid/decane membrane has thinned to
a bilayer capable of supporting an operative R-HL channel
(Figure 4C, left). This hypothesis is further supported by
previous observations that a pressure gradient induces curvature
to the bilayer.44�46 Images obtained below the external surface
(�4 μm) show that there is fluorescence concentrated across the
orifice; this is attributed to lipid and decane collecting within the
orifice and scattered fluorescence from the pore walls.

Figure 4A,B (center) summarizes the results at a negative
applied pressure at various objective focus depths. When nega-
tive pressure is applied to the QNM, the fluorescence intensity
decreases across the surface of the pore and increases across the
pore orifice relative to the surrounding surface. This is the case
both above the external surface (up to þ6 μm) and at the pore
surface (0 μm); again, the fluorescence observed when the focus
of the objective is below the external surface (up to �6 μm) is
postulated to be from lipid and decane within the orifice and
scattered fluorescence from the pore walls. The microscope
objective has a depth of field of ∼1 μm and will collect out-of-
focus fluorescence as well. However, the increase in fluorescence

intensity across the pore orifice relative to the pore surface can be
compared with images obtained at positive pressure where the
intensity on the surface is greater than that across the orifice. The
fluorescence distribution upon applying negative pressure sug-
gests that dye (and thus lipid and decane) is accumulating within
the orifice. These results are interpreted as the lipid/decane
solution being pulled into the pore and thickening of the solution
layer across the orifice as the bilayer leaflets are separated
(Figure 4C, center). This conclusion is consistent with the
observation that smaller orifice dimensions reduce the rate of
spontaneous thinning of the lipid/solvent solution across the
orifice.47 Negative or zero pressure allows the lipid and decane to
distribute within the pore and along the capillary walls, whereas
positive pressure forces the lipid out from the pore, thinning the
solution to the limit of a functional lipid bilayer.

Finally, Figure 4A,B (right) summarizes the fluorescence data
following the rupture of the bilayer at high pressure. When the
bilayer is ruptured, there is a decrease in fluorescence over
the surface and within the pore, as seen from the intensity decrease
compared with the positive and negative pressure images and line
scans. These results are interpreted as an irreversible loss of the lipid
and dye from the orifice region (Figure 4C, right).

’CONCLUSIONS

Fluorescence microscopy images obtained during ion-channel
recordings indicate that applying a positive pressure across the
QNM results in a redistribution of the decane/lipid solution
favorable for bilayer formation and ion-channel activity. The
fluorescence images suggest that positive pressures push the
decane/lipid solution outward from the orifice (toward the

Figure 4. (A) Fluorescence images ofQNMDPhPC bilayer with themicroscope objective focus above the external QNMexternal surface (z=þ4μm),
at the external surface (z = 0), and below the external surface (z =�4 μm) as a function of pressure left to right:þP (þ60 mmHg),�P (�20 mmHg),
and after bilayer rupture. (B) Fluorescence intensity line scans recorded forþ6 < z <�6 at 2-μm increments atþ60 and�20 mmHg and after bilayer
rupture. (C) Schematic representation of the bilayer structure as interpreted from the fluorescence microscopy data. The corresponding i�t trace can be
found in the Supporting Information.
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external solution), creating a convex lipid bilayer structure
suitable for ion-channel reconstitution. Removal of this positive
pressure (either zero or negative applied pressure) results in loss
of ion-channel activity, a consequence of the decane/lipid
solution being drawn into the orifice, as indicated by the
increased fluorescence in the orifice region. Most likely, this flow
results from surface tension pulling the decane/lipid solution
into the pore. The loss of ion-channel activity after removal of the
external postive pressure suggests that the lipid bilayer structure
is unstable as the decane/lipid solution is drawn through the
orifice of the pore.

’ASSOCIATED CONTENT

bS Supporting Information. Current�time trace of R-HL
reconstitution corresponding with pressure- and focal depth-
dependent fluorescence microscopy imaging. This material is
available free of charge via the Internet at http://pubs.acs.org.
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