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s the size of a pore shrinks, new

physical properties can be observed

due to the high surface area—volume
relationship.’ Particularly at the nanoscale,
the electrical double layer,>~> surface con-
ductivities,® 8 and geometric asymmetry®'°
can result in new properties not observed
at larger scales. Studies of transport at
these small scales—particularly at the level
of single nanopores—are fertile ground
to develop deeper knowledge of the fun-
damentals of physical and biophysical
processes.'’ '3 Further, applications of nano-
pores in the venues of chemical separa-
tions'*~"7 and sensor development'®~22
promise advances in fields as diverse as
genetic sequencing®® 27 and fuel cells.?® 32
Thus, new tools to study nanopores and
nanoscale transport may find significant
impact in the realm of both fundamental
and applied sciences. Previous applications
of scanning probe microscopies to the
study of nanopores have demonstrated uti-
lity in determination of conductivity path-
ways and measurement of local concent-
rations or conductivities in the vicinity of the
nanopore.*3? Herein, we describe a mod-
ified three-electrode ion conductance mi-
croscope and demonstrate measurement of
the properties of a single pore. With this
configuration, the current—voltage proper-
ties of individual pores can be interrogated
while scanning or at fixed positions. Mea-
surements of the conductance properties of
a single cylindrical pore and a single conical
pore are demonstrated.

Scanning ion conductance microscopy
(SICM) scans the surface of a sample with a
nanometer scale pipet (nanopipet), often to
collect topographic information in a non-
invasive fashion.**~* In SICM, the position
of the pipet is controlled by carefully moni-
toring a small gap between the sample and
pipet. The resistance of this gap (termed
an access resistance) is a strong function
of tip—sample separation and provides a
method for feedback.**>° In addition to
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ABSTRACT A three-electrode scanning ion conductance microscope (SICM) was used to
investigate the local current—voltage properties of a single nanopore. In this experimental
configuration, the response measured is a function of changes in the resistances involved in the
pathways of ion migration. Single-nanopore membranes utilized in this study were prepared with an
epoxy painting procedure to isolate a single nanopore from a track-etch multipore membrane.
Current—voltage responses measured with the SICM probe in the vicinity of a single nanopore were
investigated in detail and agreed well with equivalent circuit models proposed in this study. With
this modified SICM, the current—voltage responses characterized for the case of a single cylindrical
pore and a single conical pore exhibit distinct conductance properties that originate from the

geometry of nanopores.
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feedback control, under certain imaging con-
ditions or scanning modes, ion currents from
the pipet can also be monitored directly to
characterize properties of the sample.*™” >4

Here, membranes with single pores
(cylindrical and conical in shape) have been
prepared via the track-etch method.>®> A
modified scanning ion conductance micro-
scope with an additional electrode that
serves to drive ions through this single pore
is employed to examine nanopore conduc-
tivity. We find that for the case of a single
pore this three-electrode system results in a
predictable interaction between the elec-
trode of the SICM and the working electrode
of the nanopore. Advantages of this three-
electrode configuration over a more con-
ventional two-electrode SICM include inde-
pendent control of the cross-membrane
potential and enhanced contrast in the mea-
surement of nanopore conductance. (A de-
tailed description of the experimental ad-
vantages is provided in the Supporting
Information.) Further, through careful con-
trol of pipet position (relative to the mem-
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brane pore) and control of the working
electrode potential, the current—voltage re-
sponse for the pore in the membrane can be
measured with the pipet. Nanopipets were
also capable of “dipping into” membrane
pores, to operate within the pore itself.>
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Figure 1. Optical (a) and SEM (b, c) images of a represen-
tative prepared single cylindrical pore membrane. The large
oval shape observed in the optical image (a) indicates the
boundary of the epoxy painting, inside of which the mem-
brane can be exposed to electrolyte from both sides. White
dashed circles on (a, b) indicate the locations of the isolated
nanopores on the membrane. The pore diameter of the
isolated cylindrical pore (c) shown here was characterized as
542 nm.

A model electrical circuit is proposed that predicts the
observed response. Additional finite element simulations
further confirm the proposed mechanism. The response
for a cylindrical pore is described in detail, and measure-
ment of a conical nanopore with rectified current flow
is demonstrated. These preliminary results demonstrate
that this three-electrode SICM provides a platform to
characterize individual nanopores independent of other
structures involved in the same system. Ultimately, this
tool will provide a method to monitor nanopores in more
complex biological and sensing environments.

RESULTS AND DISCUSSION

Current—Voltage Responses Measured with Modified SICM.
Single nanopores were isolated, and optical and elec-
tron micrographs of one such pore are shown in
Figure 1. Effects of cross-membrane potentials on the
topography and current images measured by SICM
for single-nanopore membranes were recorded with
distance-modulated (ac) feedback. The modified three-
electrode SICM employed (Figure 2) allows for inde-
pendent potential control of the working electrode
(WE) and pipet electrode (PE), as referenced to a com-
mon reference electrode (RE). For all experiments re-
ported in this study, the PE was held at +0.1 V and the
RE served as ground. Topography and the correspond-
ing current images obtained with three different work-
ing electrode potentials (+0.3, 0, and —0.3 V) are
shown in Figure 3. Comparison of these three current
images reveals that when the nanopipet scans over a
pore, a negative working electrode potential (—0.3 V
applied here) increases the potential drop across the
PE and thus produces an increase in the pipet current.
This results in an enhancement (greater current) of the
ion current image that is obtained by plotting the
changes in pipet current (Al) in x—y coordinates, as
shown in Figure 3c. In contrast, when the WE was held
at +0.3 V, the magnitude of the current image (Al)
reduced to negative values (Figure 3d), as a result of
reduction in the pipet currents due to the decrease of
the voltage drop across the PE.

To better investigate the effect of the migration
currents on the pipette currents under various working
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Figure 2. Schematic (a, b) of the relative positions of an
SICM probe to a single pore membrane mounted on a
perfusion cell. When the SICM probe is away from the pore
center (a), the corresponding equivalent circuit (c) involves
an access resistance, R,., generated from the probe—sample
separation. In contrast, when the SICM is positioned over the
pore center (b), another access resistance, R',, results from
the gap between the borders of the nanopore and the outer
edge of the glass wall of the nanopipet and is present in the
equivalent circuit (d). PE: pipet electrode, RE: reference
electrode, and WE: working electrode.

A Topography " e .

Figure 3. Topography (a) and the corresponding current
images (b, ¢, d) of an isolated single nanopore measured
with the three-electrode SICM described here. Images cor-
respond to (b) 0V, (c) —0.3 'V, and (d) +0.3 V applied to the
working electrode (WE). Scale bar: 1 um.

electrode potentials, instead of scanning the pipet,
which can complicate the interpretation of recorded
signals,”’? ion currents were measured with the SICM
probe at defined locations with the pipet in a fixed
position. Figure 4a represents the relationship between
the working electrode potential and currents measured
at a vertical probe—sample distance (D) of 170 nm.
Here the probe is laterally positioned right over
(Figure 4a, red W) and far away (Figure 4a, ®) from the
center of a single nanopore as a function of the potential
applied to the WE. When the SICM probe was positioned
over the pore center, the slope of the current—voltage
response measured was about 10 times larger than that
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Figure 4. (a) Position-dependent current—voltage re-
sponses measured when the SICM probe was located over
the pore center (red H) and 8.5 um laterally away from the
pore center (®). (b) Simulated data calculated from
proposed equivalent circuit models.

obtained when the probe was located at a lateral
displacement of 8.5 um away from the pore center.

This phenomenon is proposed to originate from
changes in the resistance involved in the pathway of
migration currents and can be explained well with the
circuit models illustrated in Figure 2. To clarify, the
access resistances R, and R',c in these two circuits
have different arrangements and are related to differ-
ent migration pathways. In Figure 2¢, R, is the access
resistance associated with the migration pathway be-
tween the WE and the PE due to the gap between the
SICM probe and the membrane surface. However,
when the nanopipet is positioned right over the pore
center, the access resistance, R,., from the probe—
sample distance is gone. R';.., shown in Figure 2d, is
generated from the migration pathway between
the WE and the RE and results from the ring-shaped
gap between the border of the nanopore and the outer
edge of the glass wall of the nanopipet.

For the probe—sample distance of 170 nm utilized
to obtain Figure 4a, the magnitudes of R,cc and R ;¢ in
the circuit models were estimated to be 1 and 0.75 MQ,
respectively. Numerical values for R,.c and R',cc at Dy
equal to 170 nm were assessed from approach curves.
The approach curves were obtained by recording
changes in the absolute pipet current as the probe
was approached from bulk electrolyte to the membrane
and to the pore center, respectively. For determination
of access resistances, 0 V was applied to the WE. Typical
values of Ryiper and Ryore are 100 and 86 MQ, respec-
tively, as mentioned in the Experimental Section.
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Figure 5. (a) Vertical distribution of the current—voltage
responses characterized with three-electrode SICM over the
center of a single cylindrical nanopore. (b) Simulated data
produced from the equivalent circuit model shown in
Figure 2d.

Compared to these resistances, additional resistances
associated with the electrolyte solution (0.1 M KCl) and
the charge transfer rate of Ag/AgCl electrodes, R,o and
Rag/agcns are typically negligible. Figure 4b represents
the current—voltage responses simulated with the
proposed circuit models, which fit well with the experi-
mental data shown in Figure 4a. To further confirm
observations of these position-dependent current—
voltage responses detected and to estimate the capa-
bility of proposed equivalent circuit models, finite
element method simulation was utilized to provide
additional information (Supporting Information). Si-
mulated results from finite element models (Figure
S7) fit well with experimental measurements and predic-
tions from the equivalent circuit models.

Spatial Distribution of Current—Voltage Responses. The
current—voltage response through a single nanopore
measured with an SICM probe in the vicinity of the pore
opening displays a vertical distribution along the
direction perpendicular to the membrane surface as
shown in Figure 5a. Here, the absolute pipet current
was recorded as a function of the potential applied to
the WE at five selected probe—sample distances. Ne-
gative values of the Dy; mean that the probe (outer
diameter of ~250 nm, cone angle of ~9.5°) was moved
into the nanopore (pore diameter ~500 nm). From
these current—voltage responses, the effect of the
applied potential on the measured pipet current be-
came more apparent, especially when the probe was
moved deeper into the pore center. When the probe
moves into the pore, significant changes in the value of
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the access resistance, R',., are observed. This is likely
a consequence of enhanced interactions between
the charged walls of the pipet and the pore, similar
to so-called “squeezing effects” observed in nanopore
studies.*>>” A more direct evidence for the increase of
R acc can be realized from the decrease in the absolute
pipet current with the reduction of the probe—sample
distance when the working electrode was maintained
at 0 V (marked with black arrow in Figure 5a).

This vertical distribution of the current—voltage
responses can be reproduced with the circuit model
shown in Figure 2d, which describes the active com-
ponents (resistors and capacitors) involved in the
system when the nanopipet is positioned over the
pore center. Numerical values of R, utilized in the
circuit model that correspond to various probe—
sample distances were estimated on the basis of ap-
proach curves as described previously. Simulated data
from the circuit model are illustrated in Figure 5b,
where the current—voltage response of the greatest
slope was obtained with the largest R, and related to
that recorded with the most negative Dy, shown in
Figure 5a.In contrast, when the probe—sample separa-
tion is large (Dps = 610 nm), the pipet current remained
relatively constant independent of the potential ap-
plied to the WE due to the small access resistance
(R acc = 0.4 MQ).

In addition to vertical distribution, current—voltage
responses measured with an SICM probe at a constant
probe—sample distance also demonstrate depen-
dence on lateral displacement from the pore center.
Selected current—voltage (/I—V) responses recorded
from 0 to 8.55 um away from the pore center at
Dps =170 nm demonstrate a lateral distribution shown
in Figure 6a. With consideration of the geometry of the
SICM probe (i.d. ~ 60 nm, 0.d. &~ 250 nm) and the single
nanopore (~500 nm in diameter), the probe opening
and the pore opening are completely overlapped (i.e.,
Racc that results from the small probe—sample gap
does not exist) at lateral displacements from 0 to
0.18 um, and thus the behavior of |-V responses
recorded are dominated by the access resistance, R ,cc,
in the circuit model shown in Figure 2d (indicated as
group 1 in Figure 6a). Responses measured at lateral
displacements larger than 0.33 um (classified as group
3 in Figure 6a) show similar and more gradual slopes.
The behavior of these [—V responses can be explained
with the circuit model illustrated in Figure 2c. Since
the SICM probe was far from the single nanopore,
the access resistance, R,., depends on the nano-
scale probe—sample gap only. For the current—voltage
response recorded at the lateral displacement of
0.33 um (group 2 in Figure 6a), the tip opening of the
SICM probe was moved away from the pore opening
while the nanopipet still partially overlapped the single
nanopore. Consequently, both R, and R, affected
the magnitude of pipet currents measured and thus
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Figure 6. (a) Current—voltage responses measured with an
SICM probe (D, = 170 nm) at different lateral displacements
from the pore center. (b) Line profiles of the current
magnitude measured at various applied potentials recon-
structed from current—voltage responses recorded at dif-
ferent lateral displacements.

resulted in an [—V relationship located between the two
extreme conditions in which the current—voltage res-
ponses were governed by only R, or R 5, respectively.

From the /—V responses recorded when the SICM
probe was moved laterally away from the pore
center, line profiles of the current magnitude mea-
sured at various applied potentials can be recon-
structed. Figure 6b illustrates the reconstructed line
profiles of the pipet current measured at five repre-
sentative applied potentials. Potential applied to the
WE results in the greatest changes in current magni-
tude when the nanopipet was located at the center
of the single pore. In contrast, the magnitude of the
currents measured was fairly constant under a given
applied potential when the SICM probe was away from
the pore center.

Characterization of Pore Geometry. In addition to the
case of a single cylindrical pore examined in the
experiments discussed above, the current—voltage
response through a single conical pore was character-
ized with this three-electrode SICM as well. The single
conical pore membrane was prepared by the epoxy
painting method described in the Experimental Sec-
tion, and a conical pore with a base diameter of 690 +
25 nm (n = 3) and a tip diameter of 44 + 8 nm (n = 3)
was isolated for this experiment. The single conical
pore membrane was mounted tip-side up on the
perfusion cell in which the SICM probe was allowed
to access the tip side of the conical pore.

Figure 7a shows pipet currents, measured over
the center of the tip opening of the conical pore
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Figure 7. (a) Current—voltage responses recorded with an
SICM probe for a single conical pore. When the SICM probe
was located over the pore center, current rectification was
observed (red B). In contrast, the magnitude of the pipet
current remained almost constant independent of the
applied potential when the current—voltage response was
measured 5 um away from the pore center (®). (b) Changes
in the absolute pipet current (Al = Iipetwe — Ipipetswe=o0)
recorded when the SICM probe was located over the pore
center were plotted as a function of the potential applied to
the working electrode.

(Figure 7a, red W) and at a lateral displacement of 5.9 um
away from the pore center (Figure 7a, ®), as a function
of the potential applied to the WE at a constant Dy of
150 nm. From this plot, differences of current—voltage
responses measured with SICM that depend on pipet
position can also be observed with the conical pore
membrane. Similar to a cylindrical pore membrane,
the magnitude of the pipet current recorded far from
the pore center remained almost constant indepen-
dent of the potential applied. However, the current—
voltage response recorded over the conical pore cen-
ter (Figure 7a, red W) showed a significant difference
from that obtained with a cylindrical pore membrane
(Figure 4a, red H).

Conical nanopores exhibit rectified current flow, a
consequence of the asymmetric pore geometry and
the high surface to volume ratio of the tip. For conical
nanopores with negative surface charge, a negative
potential on the large (base) side of the pore results in
greater currents (i.e., higher pore conductance/lower
pore resistance) than the case of the corresponding
positive potential. (Supporting Information, Figure S2c).
Here, membranes with a single, negatively charged
conical nanopore were mounted tip-side up in the
perfusion cell. The WE in the lower chamber faced the
base side of the conical pore, with the RE in the upper
chamber. Therefore, a greater migration current (i.e.,
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higher pore conductance/lower pore resistance)
through the conical pore was observed when the WE
was held at a negative potential compared to the case
in which the corresponding positive potential was
applied. Furthermore, in the case of a single cylindrical
pore, when the SICM probe was located over the pore
center, a linear change in pipet current induced by the
potential applied to the WE was observed. However,
for the conical pore investigated here, due to the
aforementioned rectification effect, the pore resistance
is not constant but changes nonlinearly with the
applied working electrode potential. This results in a
curved (rectified) relationship between the absolute
pipet currents measured and the potential applied to
the WE.

Therefore, in contrast to the cylindrical pore,
in which changes in the absolute pipet current
(Al = Igipetwe — Ipipevwe=o0) provide a linear relationship to
the working electrode potential, Al of a conical pore
displays a rectified response, as shown in Figure 7b. In
addition, for a cylindrical pore, negative working electrode
potentials result in a positive Al (increase in absolute
pipet current), while a negative Al (decrease in absolute
pipet current) was detected at positive working electrode
potentials. The same phenomenon was observed for
the conical pore. Consequently, the direction of current
rectification shown in Figure 7b is reversed to that of
the bulk current—voltage response determined with
conventional macroscopic measurements shown in
Figure S4c. Although the rectification direction is re-
versed, the rectification ratio observed from the nano-
pipet measurement (|Al_ggv/Aloey] = 1.83 from
Figure 7b) is in good agreement with the result for
the measurement of rectification (|/_gev// . 0ev| = 1.84
from Figure S4c) of the conical nanopore membrane
from the bulk.

Hence, the absolute pipet current recorded as a
function of the potential applied to the WE displays a
rectified current response that reflects the conical geo-
metry of the nanopore under study. This result demon-
strates that by examination of the current—voltage
responses measured with an SICM probe, nanopores
with distinct geometry can be identified.

CONCLUSION

In this study, we have developed a simple approach
to prepare a single-nanopore membrane that utilizes
water-resistive epoxy to isolate a single nanopore from
a low-density track-etched polyimide membrane. This
painting method allows preparation of single nano-
pore membranes without a complicated lithography
procedure. In addition, a modified scanning ion con-
ductance microscope with three electrodes has been
established to investigate the effects of ion migration
on the current magnitude measured at the vicinity of a
single nanopore. Current—voltage responses detected
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with an SICM probe showed spatial distributions
that can be explained with equivalent circuit models
purposed in this study. Furthermore, by comparing
the characteristics of the current—voltage responses
recorded for individual nanopores, nanopores with

EXPERIMENTAL SECTION

Chemicals and Materials. Solutions were prepared with deio-
nized water (resistivity = 18 MQ-cm) obtained from a Milli-Q
water purification system (Millipore Corp., Danvers, MA, USA).
Sodium iodide (Mallinckrodt, Philipsburg, NJ, USA) and sodium
hypochlorite (10—15% active chlorine, Sigma-Aldrich, St. Louis,
MO, USA) were utilized to prepare nanoporous membranes as
described previously.55 Potassium chloride (Mallinckrodt) solu-
tions with a concentration of 0.1 M were filtered with 0.22 um
PVDF filter membranes (Millipore Corp.) and utilized as elec-
trolyte for SICM measurements. Clear, water-resistive epoxy
(Devcon, Riviera Beach, FL, USA) was applied to isolate a single
nanopore in a membrane as described (vide infra).

Membrane Preparation and Characterization. Nanoporous mem-
branes utilized in this study were prepared from low-density
ion-tracked polyimide membranes (track density 10* tracks/
cm?, thickness 25 um, it4ip, Belgium) via the track-etch pro-
cess.”® Immersion of ion-tracked membranes in active sodium
hypochlorite solution (10—15%) at 70 °C for 15 min resulted in
porous membranes containing cylindrical pores. To prepare
membranes with conical pores, an ion-tracked membrane was
mounted between two halves of a U-tube, in which etching
solution (10—15% sodium hypochlorite solution) was filled in
one-half and stop solution (1 M sodium iodide) was loaded in
the other half. This U-tube with an ion-tracked membrane
mounted was then placed in a water bath for 95 min at 50 °C.

Porous membranes prepared were mounted on a glass slide
and placed on an inverted optical microscope (Nikon TE2000,
Melville, NY, USA) where a water-resistive epoxy was applied to
one side of the membrane to isolate a single nanopore (for a
conical pore membrane, the epoxy painting was applied to the
base side). To increase the strength of the membrane and allow
the isolated single pore to contact the electrolyte solution on
both sides, single-nanopore membranes were then masked
further in clear tape.

Pore sizes of single nanopores were determined via current—
voltage measurements and scanning electron microscopy
(SEM, FEI Quanta-FEG) as described in the Supporting Informa-
tion (Figure S2). Optical and SEM images of representative
single-nanopore membranes are shown in Figure 1. Figure 1c
shows an electron micrograph of a cylindrical pore from an
isolated single-pore membrane postexamination by scanning
ion conductance microscopy. Minor salt deposits that remain
on the inner surface of the nanopore can be observed. For
the single cylindrical pore membranes utilized in this study, the
pore diameter was characterized as 462 + 35 nm (n = 6). For
the single conical pore membranes applied here, pore resis-
tance was determined with current—voltage measurements,
and the base diameter was characterized to be 690 + 25 nm
(n = 3) with SEM. As described in the Supporting Information,
the pore tip diameter was determined to be 44 4 8 nm (n = 3).

Instrumentation and the Equivalent Circuits for the Experimental
Setup. Data were acquired with a ScanIC scanning ion conduc-
tance microscope (ionscope, Ltd., London, UK) in conjunction
with an Axopatch 200B current amplifier (Molecular Devices,
Union City, CA). SICM operated in both nonmodulated (dc)
and distance-modulated (ac) modes has been described previ-
ously.*"~*3>8 Briefly, the SICM probe consists of a nanopipet
filled with electrolyte (0.1 M KCl) and back inserted with a Ag/
AgCl electrode. A Ag/AgCl reference electrode is placed in the
bath electrolyte, and a constant potential is applied between
the pipet and the reference electrodes. The SICM probe is
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distinct geometry can be distinguished from each
other. Therefore, this three-electrode SICM provides a
promising platform to study the heterogeneous multi-
ple nanopore (nanochannel) systems found in materi-
als and biological settings.

mounted on a three-dimensional piezoactuator integrated with
a dc motor to control pipet position.

To investigate the effect of ion migration through a single
nanopore on current measured by SICM, a third Ag/AgCl
electrode was placed in the lower chamber of the perfusion
cell (Figure 2). The perfusion cell consists of a single-nanopore
membrane mounted between the upper and the lower cham-
bers of the cell, which are filled with 0.1 M KCl. Pipet and
reference electrodes reside in the upper chamber. Potential
applied to the PE was maintained at +0.1 V, while the RE
was grounded to a faraday cage. Potential applied to the WE
in the bottom chamber was controlled by a function generator
(Agilent 33220A, Loveland, CO, USA) to produce a defined cross-
membrane potential. This experimental setup is illustrated in
Figure 2, which depicts the case of two representative posi-
tions of a nanopipet. Current—voltage responses are detected
with the SICM probe at a constant probe—sample distance. In
Figure 2a, the nanopipet is far away from the center of the single
nanopore, and the circuit model utilized to describe the com-
ponents involved in this configuration is shown in Figure 2c.
Figure 2b illustrates the situation when a nanopipet is located
over the pore center, and the associated circuit model is
depicted in Figure 2d.

In both circuit models, Ryt is the pipet resistance determined
by the geometry of the SICM probe, which is typically around
100 MQ2 for the glass nanopipets utilized in this experiment. The inner
and outer diameters of these nanopipets are about 60 and 250 nm
(Figure S3), respectively. R..c and R, are the access resistances
associated with each configuration; the magnitudes of each are
affected by both the probe—sample distance and the surface
topography of the specimen. Ry represents the resistance of the
nanopore, which is about 86.0 & 12.1 MQ (n = 6) for the single-pore
membranes prepared for this experiment. Ry, and Rag/agq are the
resistances associated with the electrolyte solution (0.1 M KCl) and the
charge transfer rate of the Ag/AgCl electrodes, whose magnitudes are
typically negligible compared to the other resistances involved in the
system. In addition, Coipets Cacer €' acer @ Coore represent the capacitive
components due to the high surface to volume ratios of the
nanopipet, the single nanopore, and the nanoscale probe—sample
gap, respectively.
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