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ABSTRACT: The sensitivity and selectivity of ion channels provide an appealing
opportunity for sensor development. Here, we describe ion channel probes
(ICPs), which consist of multiple ion channels reconstituted into lipid bilayers
suspended across the opening of perflourinated glass micropipets. When
incorporated with a scanning ion conductance microscope (SICM), ICPs
displayed a distance-dependent current response that depended on the number
of ion channels in the membrane. With distance-dependent current as feedback,
probes were translated laterally, to demonstrate the possibility of imaging with
ICPs. The ICP platform yields several potential advantages for SICM that will
enable exciting opportunities for incorporation of chemical information into

imaging and for high-resolution imaging.

B INTRODUCTION

Ion channels reconstituted in suspended lipid bilayers (or black
lipid membranes, BLMs) provide a powerful route to selective
and sensitive manipulation of ion transport for chemical/
biochemical separations and analysis.' Next-generation se-
quencing devices, most notably those that incorporate a-
hemolysin (a-HL), provide a prominent example of efforts to
repurpose ion channels as tools for analysis.”~” For such
applications, BLMs with ion channels have been supported on a
variety of platforms, which range from classic Teflon supports>®
and patch-clamp pipettes® "' to more recently developed
materials such as polymer apertures'* and glass nanopores.'>'*
Here, we utilize micropipets with supported BLMs that
incorporate ion channels, referred to as ion channel probes
(ICPs), as the probe for scanning ion conductance microscopy
(SICM) (Figure 1). In traditional SICM, a micro- or nanopipet
is rastered over a surface of interest bathed in an electrolyte
solution.">™"® Ton current between an electrode inside the pipet
and an electrode in the external solution is utilized to provide
precise distance control between the pipet and substrate, to
realize a method for high-resolution, noncontact imaging.'”~>!
In addition to topography, SICM and hybrid SICM techniques
have been utilized to collect chemical information. Often in
these experiments, the SICM feedback mechanism is used to
control the position of an additional electrode or sensing
device.”*** ICPs provide opportunities to extend the utility of
SICM by providing selective ion transport, high spatial
resolution, and the possibility of ligand or mechanically gated
ion transport. In this work, BLMs were formed on
perfluorosilane modified glass pipets, which exhibit excellent
electrical, mechanical and temporal stability.*® To form an ICP,
a-HL was reconstituted into the resulting BLMs, and current-
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Figure 1. (a) Schematic of scanning ion conductance microscopy
(SICM) with an ion channel probe (ICP) as the scanning probe. (b,c)
Optical and SEM images of a typical glass pipet used.

distance measurements were performed as the ICP approached
a surface in an SICM experiment. Translation of the ICP over
microfeatures with SICM feedback demonstrated the potential
to use ion channel modified pipets for future studies in imaging.

B EXPERIMENTAL SECTION

Chemicals and Materials. Deionized water (resistivity = 18 MQ-
cm) was obtained from a Milli-Q water purification system (Millipore
Corp., Danvers, MA) for all solution preparation. Buffer solution (1 M
KCl (Mallinckrodt, Philipsburg, NJ), S mM 4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid (HEPES) (Sigma-Aldrich, St. Louis,
MO)) was adjusted to pH 7.4 and was filtered with 0.22 um PVDF
filter membranes (Millipore Corp., Danvers, MA) before use.
(Tridecafluoro-1,1,2,2-tetrahydrooctyl) dimethylchlorosilane
(PFDCS) was purchased from Gelest (Morrisville, PA). 1,2-
Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was purchased
from Avanti Polar Lipids (Alabaster, AL). a-Hemolysin (a-HL) was
purchased from Sigma-Aldrich (St. Louis, MO). Polydimethylsiloxane
(PDMS) (Dow Corning, Midland, MI) was utilized as recommended
by the manufacturer.

Sample and Pipet Preparation. PDMS surfaces and PDMS
replicas of features milled in a silicon wafer by focused ion beam (FIB,
Zeiss Auriga, Oberkochen, Germany) were utilized as substrates for
distance-dependent measurements. Line profiles of PDMS features
were obtained with a surface profiler (Dektak 6 M, Veeco, Plainview,
NY) to compare with the ICP-SICM line scans. Borosilicate capillaries
(O.D. 1.0 mm, LD. 0.58 mm, Sutter Instruments, Novato, CA) were
pulled into pipets with a P-2000 micropipet puller (Sutter Instru-
ments), followed by cutting and polishing with a microforge (F-500,
Technical Products International, St. Louis, MO), to obtain desired
pipet tip dimensions (O.D. ~ 30 pm, LD. ~10 um, as observed in
optical and scanning electron microscopy (SEM) images, Figure 1b,c).
Polished pipets were then modified with PEDCS*® by vapor phase
silanization.

Black Lipid Membrane Formation and lon Channel
Reconstitution. BLMs were formed on pipets by a tip-dip
method.>"! DPhPC was dried with N,, lyophilized overnight, and
subsequently resuspended in n-decane at a final concentration of 10
mg/mL. Pipets were backfilled with buffer solution (1 M KCl, 5 mM
HEPES, pH 7.4) and mounted in a patch clamp amplifier (Axopatch
200B, Molecular Devices, Sunnyvale, CA). An aliquot of DPhPC (0.5
uL) was added to the bath solution near the pipet tip, and the pipet
was first lifted up and then lowered back into solution. A 20 Hz square
wave test pulse of S mV was applied to confirm formation of BLM
(~40 GQ resistances were obtained for formation of BLMs compared
to ~200 kQ for open pipets). Breakdown voltages in the range of
450—700 mV (pulse duration SO ms) were typically observed for
PFDCS-modified pipets. a-HL (2 L, 0.5 mg/mL in water) was added
to the bath solution (500 L) with an applied potential of —40 mV
across the BLM. Probe current resulting from a-HL insertion (0.9 nS
per a-HL channel; —36 pA at —40 mV) was further utilized as the
source of feedback control for SICM.

Instrumentation. A ScanIC scanning ion conductance microscope
(ionscope, Ltd., London, UK) was operated in distance-modulated
mode to obtain approach curves and line scans.'>'® All data was
recorded with a Digidata 1440 digitizer and pClamp 10 (Molecular
Devices, Sunnyvale, CA).

B RESULTS AND DISCUSSION

BLM Characterization and lon Channel Formation.
ICPs were formed via reconstitution of a-HL into BLMs
suspended on PFDCS-modified glass pipets, which were
previously shown to support rapid formation of highly stable
BLMSs.>® The presence of a BLM was verified electrically by
monitoring the breakdown voltage and observing current
transients, which together differentiate the BLM from multi-
layer lipid structures and clogs (Supporting Information, Figure
S1). Insertion of individual a-HL channels was observed as a
step increase in current under an applied potential of —40 mV.
Figure 2a shows a conductance increase of 0.9 nS, which is
typical for a single a-HL channel in 1 M KCL>"*® Figure 2b
shows insertion of multiple a-HL channels into a BLM
suspended on a PFDCS-modified pipet to form an ICP. The
number of a-HL channels inserted, which ultimately
determines the maximum probe current, can be controlled via
dilution of the bath once the requisite number is inserted. For
the key proof of concept experiments reported here, ICPs were
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Figure 2. (a) Reconstitution of a single a-HL in a BLM. (b)
Reconstitution of multiple a-HL channels, which allows control of ICP
conductance.

prepared with multiple a-HL channels to ensure sufficient
current for feedback.

Pipet Current and Distance Characteristic. In SICM,
probe—sample distance is regulated by monitoring ion current
through the probe. With a constant potential applied, ion
current is at a maximum value when the probe is far away from
the sample surface. As the probe approaches the surface, ion
current decreases due to a distance-dependent access resistance
(R,) that develops between the gpipet and the sample surface.
R, can be estimated from eq 1,'* where r, and r, are the outer
and inner radius of the tip opening, k is the conductivity of
electrolyte, and d is the probe-sample distance. Ion current is
determined by the applied potential U and total resistance (R,
eq 2), which includes a constant pipet resistance (R,, due to
pipet geometry in traditional SICM) and R,.. From eq 2,
current reaches a maximum when the probe—sample distance d
is large, and changes in current are observed when the probe is
moved close to a surface (small d). To obtain realistic current
reductions for feedback control, the relationship between the
access resistance and probe resistance must also be considered

(eq 4).
()

R =~
k-m-d (1)

acc
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Imax Rp + Racc 4)

(Normalized current)

For ICPs, the probe resistance is predominantly determined
by the ion channel resistance. For a single a-HL, the channel
resistance is 1.11 G€ in 1 M KCI, which is higher than pipets
used in conventional SICM (e.g., R,~10 MQ in 1 M KC], LD.
~ 100 nm, O.D.~ 150 nm). In conventional SICM, a current
change, provided by the access resistance, of 0.5—3% is utilized
to control probe position. For instance, access resistances on
the order of 0.1 M£2 are sufficient to control probe position at a
probe—sample distance of 160 nm (a 1% decrease in current)
for the pipet described above. In contrast, for the case of a
single a-HL channel, an access resistance of 0.01 G2 would be
necessary to generate a 1% decrease in the measured probe
current. From eq 1, the relationship between the inner/outer
probe radius and probe-sample distance can be examined. For a
single @-HL channel (conducting pore diameter ca. 2.5 nm)
and a probe-sample distance of 100 nm, a physically unrealistic
outer pipet diameter of 38 m is required to achieve 1% current
reduction. If the probe-sample distance is set at 20 nm, the
outer diameter required becomes 281 nm; however, there are
difficulties in operating at such small probe-sample distances.
Difficulties include sample and pipet tip roughness or the tilt
between the sample and pipet tip. Additionally, larger distances
provide some protection for the integrity of the BLM at the
probe tip. Thus, to operate at larger scales (e.g,, probe-sample
distance larger than 20 nm), the probe conductance was
increased by addition of multiple a-HL channels, which
resulted in manageable access resistances for probes with 30
um outer diameter.

ICPs with different numbers of a-HL were approached to a
PDMS surface, and the current response as a function of probe-
sample distance was recorded (Figure 3). Comparison between
a bare pipet and an ICP is shown in Figure 3a. For the ICP,
significant current changes are observed at distances on the
order of 100 nm, which results in a much steeper approach
curve. In Figure 3b, three different pipets (pipet 1: LD. 7.8 yum
and O.D. 27.0 pym; pipet 2: LD. 8.7 ym and O.D. 28.3 um;
pipet 3: ILD. 11.0 yum and O.D. 42.6 ym) were modified with
different numbers of ion channels (12, 20, 22, 45, and 60 ion
channels, determined from the total current) to form ICPs.
After approach of an ICP to a surface, the probe was retracted,
and a high potential was applied to intentionally break the BLM
and collect bare pipet recordings for comparison (bare pipet
approach curves for pipet 2 and pipet 3 can be found in
Supporting Information Figure S2). Approach curves were
referenced to a single point by calculating the derivative of
these curves, where a maximum current change is assumed to
be obtained when the probe-sample distance is zero. In an ideal
situation, the current should be zero when the pipet touches
the surface, but due to the size of the probe tip and any tip—
sample tilt or surface roughness, a zero current value was not
obtained until the pipet was moved further into the PDMS
substrate to completely seal the tip at the surface. Owing to this
effect, approach curves shown extend to distances beyond zero.
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Figure 3. (a) Approach curves of an ICP and the support pipet (bare
pipet after electrical breakdown). The black dashed line indicates the
position when the probe-sample distance is zero. (b) Approach curves
of ICPs with different numbers of ion channels. For reference, the
black dashed line indicates a probe—sample distance with a 2% current
decrease.

From eq 1, the access resistance is proportional to the natural
log of the ratio between the outer and inner diameter (the inner
diameter is assumed to be linear with the number of ion
channels), and the probe resistance is linear with the number of
ion channels (by eqs 1 and 4). The net result is that the change
in normalized current at a set probe-sample distance obeys a
nonlinear relationship with the number of ion channels
incorporated. Experimental results match well with this
model, which predicts that ICPs with more ion channels
would sense the sample surface earlier (at greater probe-
substrate distances) than probes with fewer ion channels. For
ICP 1 with 12 a-HL ion channels, a 2% current decrease is
observed for a probe-sample distance on the order of 100 nm.
For ICP 2 with 20 and 22 a-HL, a 2% current decrease is
observed at a probe—substrate distance of approximately 240
nm. For ICP 3 with 45 and 60 a-HL, the probe begins to sense
the surface microns from the surface, with a 2% current
decrease observed at 1.4 and 1.7 ym above the surface. These
distances are much larger than ICPs 1 and 2 with fewer ion
channels, and is a consequence not only of the smaller pipet
resistance (more ion channels), but also of the larger O.D. of
ICP 3. Thus, for the same set point (current reduction value),
ICPs with fewer ion channels can be controlled more easily at
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distances closer to the surface, which may provide key
advantages for high resolution imaging.

When ICPs touched the sample surface (e.g., probes 2 and
3), the integrity of the BLM was retained, which was observed
by first approaching the surface past the “zero point” discussed
above, then retracting the pipet, and reapproaching. Second
approach curves where additional a-HL was incorporated
without rupturing the bilayer are shown in Figure 3b. This
likely occurs due to curvature of the probe tip, which results in
the BLM being recessed from the tip of the probe, such that
when the ICP tip touched the surface, the PDMS deformed and
did not rupture the BLM. Importantly, for situations such as
this, as long as a proper set point (0.5% to 2% decrease in
current) is chosen, ICPs can maintain a constant distance from
the sample surface (illustrated in Figure 3b, black dashed line
represents 98% current level or 2% current decrease). Taken in
total, control of the number of a-HL channels incorporated in
the ICP results in a versatile method to control probe position.

Line Scan and Imaging with ICP-SICM. To validate the
use of ICPs for imaging applications, preliminary line scans and
images were obtained with SICM using ICPs. Figure 4a shows a
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Figure 4. (a) Electron micrograph of a bar-shaped feature (7.2 ym in
width and 1.9 ym in height) on PDMS and a topographic image
obtained with an ICP. (b) Line profile from the ICP with SICM
topographic image and line profile obtained from a surface profiler.

SEM image and a SICM topographic image obtained with an
ICP with 34 a-HL (—1.21 nA at —40 mV bias). Figure 4b
shows a single line profile taken from Figure 4a plotted with the
line profile obtained with a surface profiler on the same feature.
ICPs with this number of a-HL were chosen to provide stable
feedback control, due to a larger feedback signal and larger
probe—sample distance. The edge of the feature in the image
and the line profile are not very sharp, a consequence of the
outer diameter of the ICP (~30 pm), however the profile
compares well with the surface profiler (5 ym tip diameter).
Line scans from ICP-SICM and the surface profiler both agree

well with the measured width and height of this PDMS feature
(7.2 and 1.9 pum, respectively). ICPs provided good resolution
and control of probe position in the vertical direction, although
the lateral resolution was limited by the probe size. These
results clearly demonstrate the ability to control probe position
and the feasibility of imaging with ICP-SICM.

H OUTLOOK

In this work, we demonstrated the use of ICPs as the scanning
probe in SICM for the first time. From measurements of the
current as a function of probe-sample distance, feedback for
SICM experiments can be obtained with ICPs. For micropipets
used here, the number of a-HL channels incorporated into
ICPs was critical to generate appropriate current levels for
feedback. Preliminary results also demonstrate the possibility of
using ICPs for topographic imaging. The combination of ion
channels with the precision positioning afforded by SICM holds
many future applications, including increased SICM spatial
resolution. For enhanced resolution with smaller tips, diffusion
of ion channels in the BLM is a factor that must be considered.
Polymerized BLMs may provide a route to combat diffusion,
and we are presently investigating this route.

Similar to patch-cramming or sniffer-patch experiments, the
ICPs formed here could also capitalize on ligand or
mechanically gated ion channels for incorporation of chemical
and physical sensitivity/selectivity into SICM measurements
and for creation of platforms that mimic cell—cell contacts.”*~>"
Future work may also incorporate smaller glass pipets, where
both the inner and outer dimensions of the probe could allow
incorporation of fewer ion channels. Additionally, multibarrel
ICP platforms may provide an opportunity to overcome some
limitations encountered in this study. In summary, the
integration of ICPs to SICM is poised to enable several key
advances in SICM imaging and improved spatial resolution.

B ASSOCIATED CONTENT

© Supporting Information

Additional details regarding BLMs, current distance, and the
line scans obtained. This material is available free of charge via
the Internet at http://pubs.acs.org.
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