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Local conductance variations can be estimated by measuring ion current magnitudes with scanning ion
conductance microscopy (SICM). Factors which influence image quality and quantitation of ion currents
measured with SICM have been evaluated. Specifically, effects of probe-sample separation and pipette
modulation have been systematically studied for the case of imaging conductance variations at pores in
a polymer membrane under transmembrane concentration gradients. The influence of probe-sample
separation on ion current images was evaluated using distance-modulated (ac) feedback. Approach
curves obtained using non-modulated (dc) feedback were also recorded to determine the relative influence
of pipette-generated convection by comparison of ion currents measured with both ac and dc feedback
modes. To better interpret results obtained, comparison to a model based on a disk-shaped geometry for
nanopores in the membrane, as well as relevant position-dependent parameters of the experiment is
described. These results advance our current understanding of conductance measurements with SICM.

Introduction

Scanning ion conductance microscopy (SICM) is a scanning
probe microscopy (SPM) technique which is well-suited to
topographic'™ and chemical mapping*® of biological and phys-
ical interfaces. In SICM, a potential difference applied between
an electrode inside an electrolyte-filled nanopipette and a second
electrode outside the nanopipette results in a steady-state ion
current. This ion current flowing through the pipette is strongly
influenced by the relative position between the SICM probe and
a sample of interest,’ providing a feedback signal to precisely
control the position of the pipette.’® Position-dependent changes
in system conductance enable SICM to measure both nanoscale
features and physical properties of the sample under study.

As the probe is rastered over a surface, the ion-current feed-
back of SICM allows non-contact imaging, which has proven
highly beneficial for studies of fragile, adhesive or responsive
surfaces. In particular, SICM has proven adept for nanoscale
imaging of convoluted biological surface structures, for instance,
neural networks and stereocilla of inner hair cells."" Recently,
SICM has been applied to investigate numerous biophysical
systems including changes in plasma membrane morphology
associated with endocytosis and exocytosis,'>* dynamics of
cellular surface assembly in living cells,’>7 localized conduc-
tance imaging of porous membranes,'® and suspended artificial
membranes.'®
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Several models have been proposed to systemically investigate
factors that affect image quality and resolution of SICM. Nitz
et al. introduced a mathematical model which describes the
relationship between probe-sample distances and ion currents
when a pipette approaches a planar surface.*® Adenle and
Fitzgerald proposed numerical methods to simulate imaging with
SICM under different operating modes based on a steady-state
model which describes the distribution of ion current density at
the pipette opening.?! Rheinlaender and Schaffer investigated the
image formation process and resolution in SICM with finite
element modeling (FEM).?? Edward et al. also performed 2D and
3D simulations with FEM to study the effects of pipette geom-
etry and substrate topography on the current response in
SICM.?* All of the aforementioned models contribute to clarifi-
cation of imaging mechanisms in SICM; however, most of these
studies are based on simulation and lack significant comple-
mentary experimental data to support the validity of proposed
models.

Herein, we examine, through experiments and models,
normalized ion current profiles as well as effects of probe-sample
separation and probe-induced convection on measured ion
currents which reflect changes in local conductance. These
studies further develop the ability to quantify the measurements
of conductance at the nanometer scale with SICM.

Results/Discussion
A model with an ion source of disk-shaped geometry

We employ a geometric model for describing normalized ion
currents.?** To minimize factors which might contribute to
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Fig. 1 (a) Experimental setup for measurements described. A nano-
porous membrane separates two chambers (upper and lower) of a diffu-
sion cell with unequal ion concentrations. Local conductance variations
established by ions emanating from pores in the membrane are measured
via scanning ion conductance microscopy (SICM). (b) Schematic
diagram of a SICM probe over a nanopore at a radial displacement of r
away from the pore center, with a vertical displacement equal to ¢ and
a lateral displacement equal to x. Cy represents the concentration of
electrolyte at the pore opening of radius ¢ and C’(r) represents the
position dependent concentration at the radial displacement of r where
the SICM probe is located.

deviations not accounted for in the model, namely surface-charge
and permselectivity of nanopores, pores of large diameters
(>250 nm) and KCl solutions with higher concentrations
(=0.1 M) have been utilized, as effects of surface conductivity
and permselectivity in nanoscale dimensions become significant
and cannot be ignored when the pore dimension is small
(e.g. = 100 nm in diameter) or the electrolyte used has low ionic
strength (e.g. = 0.1 M KCl).2¢ Additionally, a disk-shaped source
which more accurately represents the true pore geometry
(as opposed to a hemispherical ion source described previously)
was utilized in the model. For a disk-shaped source (Fig. 1b),
a local ion concentration can be described by eqn (1)** where C;
represents the concentration of electrolyte at the pore opening
and C(r) is the concentration at a radial displacement of r from
a pore opening of radius «, with a vertical displacement equal to
d and a lateral displacement equal to x. With eqn (1),>* concen-
trations of ions which determine the magnitude of local
conductance of a non-uniform electrolyte measured by the SICM
probe at lateral distance, x, and probe-sample separation, d,
from a disk-shaped ion source of radius, a, can be calculated.

However, for experiments described here, a transmembrane
concentration gradient is present (upper chamber with 0.1 M
KCI; bottom chamber with KCI ranging from 0.1 M to 4.0 M)
and thus C; is determined by the gradient formed from solutions
of different electrolyte concentrations on each side of the
membrane. We estimate C, under different concentration
gradients applied in this study using finite element methods
(FEM) modeling (see supporting information). In addition, eqn
(1)* requires additional modification to incorporate the contri-
bution of electrolyte concentration in the upper chamber as
described in eqn (3) where Cj,; represents the bulk electrolyte
concentration in the upper chamber, which is maintained at
0.1 M in this study.

c()=[> tan™ V2 <,
¢(r2 +d? - az) + \/(r2 +d? — az)2+ Ad>a?
=G

(1

r=vVx+d )

C'(r) = a-(Cy — Chu) + Chux 3)

The magnitude of ion currents recorded with SICM is deter-
mined by the total resistance between the electrode inside the
scanning pipette and the electrode placed on the opposite side of
the porous membrane. The total resistance (Ry) of our experi-
mental setup is a combination of the pipette resistance (R,), the
access resistance (R 4¢) and the membrane resistance (R,,,). Pipette
resistance (R,) determined by the geometry of a pipette can be
described by eqn (4)*” in which v is the specific resistance of the
electrolyte filled in the pipette, 6 is the cone angle of the pipette tip
and r;is the radius of the pipette tip opening. Typical nanopipettes
used in this study usually have an inner radius of about 60 nm with
an cone angle of about 9.5° and thus give a pipette resistance of
about 100 MQ when filled with 0.1 M KCI (measured specific
resistance, v, 80.13 Q-cm). The mathematical description of
access resistance (Ry¢) is reported in eqn (5)***2%% which is
determined by the outer radius, r,, and the inner radius, r;, of the
pipette opening, the probe-sample separation, d, and the electro-
lyte conductivity, k, within the probe-sample separation. The
resistance of the membrane with N cylindrical pores in parallel is
described with eqn (6)* where / is the pore length (membrane
thickness), «’ is the electrolyte conductivity within the pore, ais the
pore radius and N is the number of pores on the porous
membrane. For the porous membranes used in this study with
large N value calculated from the pore density of 10° pore/cm? and
the exposed membrane area of ~0.79 mm?, the membrane resis-
tance (R,,) is negligible compared to the pipette resistance (R,,) and
the access resistance (R 4¢). Therefore, the total resistance (R7) of
our experimental setup is mainly determined by the pipette
resistance (R,) and the access resistance (R 4¢) as shown in eqn (7).
When a nanopipette scans at a constant probe-sample separation
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over a pore on the membrane which separates two chambers
(upper and lower) of a diffusion cell with unequal ion concen-
trations, R, remains constant for a given pipette (~100 MQ for
nanopipettes used in this study) but R4 is a function of the local
conductivity determined by the ion concentration established by
ion flux emanating from the pore, a disk-shape source, described
with eqn (3). The magnitude of ion currents measured with SICM,
which reflect the local conductance of a non-uniform electrolyte,
can be estimated by dividing the applied potential (U) with the
total system resistance (Rz) as shown in eqn (8). However, since
the ion current images recorded with SICM represent relative ion
current changes within the mapping area instead of an absolute
ion current magnitude, current values shown on the current
images should be described with eqn (9). With eqn (9), by inserting
experimental conditions used, ion current profiles recorded with
SICM which reflect local conductance variation resulting from
non-uniform electrolyte concentration around a pore can be
estimated.

cot(d/2
T T
%ln(%)
Rae="med ®

1 / 1
Rm - K/'N<7T'Ll2 + Z) (6)
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Validation of the disk-shaped source model and the effects of
probe-sample separation

A model described by eqn (9) was utilized to estimate ion current
profiles over a pore measured with a nanopipette. Fig. 2 repre-
sents calculated ion current profiles when various trans-
membrane concentration gradients, pore sizes and probe-sample
separations are examined. The Y axis of each diagram in Fig. 2
represents the ion current normalized to the peak current
calculated for the transmembrane concentration gradient of 0.1-
4.0 M. A probe-sample separation of 300 nm, typically used for
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Fig. 2 Ion current profiles calculated from the disk-shaped source model under various transmembrane concentration differences at a probe-sample
separation equal to 300 nm (a and b) and 100 nm (c and d) for pores with 273 nm (a and ¢) and 930 nm (b and d) in diameter. To facilitate comparison,
calculated ion currents in each diagram are normalized to the peak current calculated for the transmembrane concentration difference of 0.1 M (upper

chamber) — 4.0 M (lower chamber).
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glass pipettes in this study, is selected for the model to calculate
ion current profiles over pores with two different diameters under
various transmembrane concentration gradients, as shown in
Fig. 2a and 2b. From these figures, the peak value of an ion
current profile is observed to be proportional to the trans-
membrane concentration difference. Additionally, when a
probe-sample separation of 300 nm is utilized, for the same
transmembrane concentration gradient, ion current profiles for
pores of a larger diameter (930 nm) show a wider full width of
half maximum (FWHM), but retain a Lorentzian shape, as is
observed for pores of a smaller diameter (273 nm).

The model predicts that when a smaller probe-sample sepa-
ration of 100 nm is used, differences in the ion current profiles

—_—
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Normalized ion current

G

Normalized ion current

8 6 4 -2 0 2 4 6 8
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Fig. 3 (a) Experimental ion current profiles obtained with SICM and
(b) theoretical ion current profiles calculated from the disk-shaped source
model at a probe-sample separation of 100 nm for pores with four
different diameters at a transmembrane concentration difference equal to
0.1 M (upper chamber) — 2.0 M (lower chamber). Insets of Figure 3a and
3b show the plateau region of these ion current profiles. Ion currents
calculated or measured for pores with different diameters were normal-
ized for illustration.
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over pores with different diameters become more pronounced
(Fig. 2c and 2d). The widths of current profiles for the 273 nm
diameter pore are much narrower than those for the 930 nm
diameter pore and there is a plateau region shown on the current
profiles obtained from the pore with a larger diameter (930 nm).
In previous studies, which incorporate a hemispherical ion
source, current profiles with plateau characteristics were not
observed, implying that a disk-shaped source can more accu-
rately describe concentration profiles established over
a nanopore.

To experimentally validate the trend observed, ion current
profiles measured with different sized nanopipettes operating at
different probe-sample separations were recorded. Optimal
probe-sample separation for SICM imaging relies on the size of
the probe; a finer probe provides a closer working distance and
thus allows imaging with a smaller probe-sample separation.®!
Based on experimental results, typical glass pipettes employed
provide an optimal probe-sample separation of ~300 nm. To
perform a scan closer to the membrane surface, quartz pipettes
with an inner diameter of ~30 nm, which provide a probe-sample
separation of ~100 nm (see supporting information, Figure S1),
were utilized. Fig. 3 shows the experimental (Fig. 3a) and
calculated (Fig. 3b) two-dimensional ion current profiles over
pores with four different diameters (273, 535, 766 and 930 nm)
under a transmembrane concentration difference of 0.1 M (upper
chamber) — 2.0 M (lower chamber) when a probe-sample sepa-
ration of ~100 nm was used. To illustrate the plateau charac-
teristics of these current profiles more clearly, all of the
experimental and calculated ion currents have been normalized
to the peak current of each profile. Insets of Fig. 3a and 3b show
the peak regions of ion current profiles, which possess plateau
characteristics when the pipette scans directly over the pore
center, further demonstrating that the disk-shaped source model
can describe the characteristics of current profiles over a nano-
pore accurately.

Fig. 4 displays two- and three-dimensional ion current images
measured at different probe-sample separations, d, with SICM
operated under ac feedback mode. The transmembrane concen-
tration difference of 0.1 M (upper chamber) — 4.0 M (lower
chamber) is used to obtain images shown in Fig. 4. These current
images demonstrate the magnitude of ion currents measured
increases when imaging with a smaller probe-sample separation.
For probe-sample separations from ~300 nm to ~500 nm,
a linear relationship is obtained from plotting the peak value of
the ion current image as a function of the probe-sample sepa-
ration at a transmembrane concentration difference of 0.1 M
(upper chamber) — 4.0 M (lower chamber), as shown in Fig. 5a, @.

d =285.3 nm d=269.2nm 70

on current
(pA)

-~
o

lon current
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Fig.4 Two- and three-dimensional ion current images measured with SICM operated under ac feedback at different probe-sample separations, d, with
a transmembrane concentration difference of 0.1 M (upper chamber) — 4.0 M (lower chamber).
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three different transmembrane concentration gradients. (b) Normalized
modeled (») and experimental (O and [J) ion currents obtained at the
probe-sample separation of 300 nm are plotted as a function of the KCl
concentration in the lower chamber. Ion currents of each series are
normalized to the current values calculated for the smallest KCI trans-

membrane concentration difference used here (i.e. 0.1 M (upper chamber)
— 1.0 M (lower chamber)).

Effects of the probe-sample separation on ion currents measured
with ac feedback-controlled scans under transmembrane
concentration gradients of 0.1 M (upper chamber) — 2.0 M (lower
chamber) (Fig. 5a, ¥) and 0.1 M (upper chamber) — 1.0 M (lower
chamber) (Fig. 5a, m) were examined as well, and also demon-
strated linear relationships.

Additionally, widths of measured ion current profiles are
affected by the probe-sample separation, as shown in Fig. 6.
Here, a transmembrane concentration difference of 0.1 M (upper
chamber) — 4.0 M (lower chamber) is utilized and the resulting
current profile becomes narrower and sharper with a greater
peak value at a smaller probe-sample separation (Fig. 6a). In
Fig. 6b, the full width of half maximum (FWHM) of the current
profile is directly related to the probe-sample separation,
demonstrating that scanning with smaller probe-sample separa-
tions allows collection of well-resolved images; a similar
tendency was also predicted in topographic images.*

Effects of probe-induced convection on ion current measurements

Convective effects introduced by modulation of the probe
represent a possible source of deviation in the experiments
described. To study the effect of probe convection on ion current
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Fig. 6 (a) Ion current profiles measured with SICM operated under ac
feedback at different probe-sample separations, d, with a transmembrane
concentration difference of 0.1 M (upper chamber) — 4.0 M (lower
chamber). (b) The FWHM of ion current profiles represents a direct
relationship with the probe-sample separation.

measurements, ion currents measured with SICM operated
under distance-modulated (ac) feedback mode (with pipette
convection) and non-modulated (dc) feedback mode (without
pipette convection) at different probe-sample separations were
examined. Permeable membranes with pores of 535 nm in
diameter were selected for these studies. Previous reports have
detailed the advantages of ac feedback with respect to dc feed-
back.?? For SICM operated under dc feedback, a dc ion current is
employed as the feedback signal to maintain a constant probe-
sample separation during imaging. However, the magnitude of
the dc ion current is susceptible to changes in conductivity of the
bath electrolyte and thus cannot provide adequate feedback
control when the probe scans over regions with significant
changes in solution conductivity. This is especially important in
measurements made here; when heterogeneous regions of
conductivity are encountered as the pipette scans over a pore, dc
feedback does not maintain adequate control of the pipette
position.

Approach curves using dc feedback (current-distance charac-
teristics of the SICM operated with dc feedback) were recorded
to determine the relationship between probe-sample separations
and ion currents measured in the absence of convection. Fig. 7
shows typical dc approach curves obtained at a position located
far from the pore center (Fig. 7a) and at a position located over
the pore center (Fig. 7b). Insets in Fig. 7a and 7b illustrate the
relative lateral position of a SICM probe to a nanopore in the
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Fig. 7 Approach curves (dc feedback) obtained (a) away from the pore
center and (b) over the pore center with a transmembrane concentration
difference of 0.1 M (upper chamber) — 4.0 M (lower chamber). Insets
illustrate the relative lateral position of a SICM probe to a nanopore in
the membrane.

membrane. By comparing Fig. 7a and 7b, a distinct difference
between the two approach curves is observed. The dc approach
curve obtained away from the pore center (Fig. 7a) represents
a typical current-distance characteristic for a nanopipette over an
insulating surface. The magnitude of ion currents remains
virtually constant when the pipette is far away from the
membrane surface but decreases rapidly when the probe-sample
separation is smaller than ~300 nm, the typical vertical distance
used for glass pipettes to perform ac imaging in this study. In
comparison, when a dc approach curve is recorded with the
nanopipette positioned over a pore center (Fig. 7b), an increase
in the ion current magnitude is recorded as the nanopipette
approaches the membrane. This effect is observed due to varia-
tions in conductivity of the solution around the local position of
the nanopipette. The highest current magnitude measured
when the nanopipette probe is located at the center of the pore,
where the solution conductivity is greatest.

With dc approach curves, absolute ion currents at a specific
position of the membrane surface can be measured. To obtain
the current magnitudes that reflect the local conductance varia-
tions of a non-uniform electrolyte around a nanopore under
a transmembrane concentration gradient, localized changes of
ion currents around a nanopore (relative ion currents) instead of

the absolute dc ion currents must be determined. A series of dc
approach curves that traverse the center of a nanopore with
probe-sample separations between ~300 nm and ~500 nm were
recorded (see the supporting information, Figure S2) to obtain
the ion current profiles at different probe-sample separations.
The dependence of ion currents measured without convection
was determined by plotting peak heights of these ion current
profiles in relation to probe-sample separations.

For a range of probe-sample separation (e.g. ~300 to
~500 nm), ion currents measured with either ac or dc feedback
demonstrated a linear relationship to the probe-sample sepa-
ration, as illustrated in Fig. 5a. By fitting data taken at
different transmembrane concentration gradients shown in
Fig. 5a, the magnitude of ion currents measured with different
feedback modes (ac and dc) at a specific probe-sample sepa-
ration (300 nm was selected here which is a typical imaging
distance used in this study) and under different transmembrane
concentration gradients can be determined. In addition, ion
currents can also be estimated using the model described with
eqn (9) under different transmembrane concentration gradients.
However, ion current values predicted by the model are not
directly comparable to and are about 10 times smaller than the
experimental measurements here. This discrepancy could arise
from several possible sources. First, when the nanopipette scans
over a pore, to follow the surface closely, the scanning pipette
is displaced to reflect the changes of the membrane topography
and thus the tip position deviates from the level line of probe-
sample separation of 300 nm selected for calculation. Over
a membrane pore, as the nanopipette moves down to follow
membrane topography, the solution conductivity around the
tip increases due to the non-uniform electrolyte concentration
around the pore established by the transmembrane concentra-
tion gradient. Consequently, this suggests that the model
described with eqn (9) might underestimate the electrolyte
concentration around the nanopipette when it scans over
a pore, resulting in underrating of calculated values.

Second, calculated data was obtained by using electrolyte
concentrations determined at a probe-sample separation of
300 nm. However, the concentration at a probe-sample separa-
tion from 0 nm to 300 nm is not constant but increases with
a smaller probe-sample separation. Thus using a constant elec-
trolyte concentration at a probe-sample separation of 300 nm to
perform the calculation possibly oversimplifies conditions
described here. With these factors in mind, normalized experi-
mental and calculated ion currents obtained at a common
concentration gradient are compared in the following discussion.

To facilitate comparison, ion currents calculated from linear
regression of experimental currents (Fig. S5a) at 300 nm,
a typical imaging distance, and those calculated from the
model, also at a probe-sample separation of 300 nm, were
normalized. Ton currents normalized to the smallest trans-
membrane concentration difference used here (0.1-1.0 M) are
plotted as a function of the electrolyte concentration in the
lower chamber (Fig. 5b) to examine the consistency between
experimental and modeled data. In Fig. 5b, the dependence of
normalized ion currents on the electrolyte concentration
measured under dc feedback (without pipette convection,
Fig. 5b, ©) shows a similar slope to that obtained from the
disk-shaped source model (Fig. 5b, A). This is in contrast to
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normalized ion currents measured with ac feedback (with
pipette convection, Fig. 5b, [), which represents obvious
deviation from modeled data. This result suggests that
convection induced by the vertical modulation of the nano-
pipette (£30 nm vertical displacement) contributes to discrep-
ancies between normalized experimental and modeled data.

In addition, a concentration gradient of ions is established at
a nanopore. A high concentration is present at the surface of the
membrane which decays to bulk concentration away from the
membrane surface. This is especially true in the vicinity of
the nanopore. For larger transmembrane concentration differ-
ences (e.g. 0.1 M- 4.0 M KCI), the concentration gradient
developed is greater, in comparison to smaller transmembrane
concentration differences (e.g. 0.1 M-1.0 M KCI). This is
significant when considering convection induced by vertical
modulation of the nanopipette. Modulation (constant vertical
oscillation, 430 nm in this report) produces larger perturbations
of local ion concentrations for the case of larger transmembrane
concentration gradients because the convection effectively mixes
two solutions with a greater difference in concentration. Thus,
trends observed under ac feedback mode display greater devia-
tion from the model at higher concentration differences. This
phenomenon could account for the result shown in Fig. 5b,
where a greater deviation in ac feedback measurements is
observed at greater transmembrane concentration differences.
On the basis of the aforementioned discussions, good agreement
between modeled and experimental data is demonstrated for
trends in normalized ion currents measured with dc feedback on
the electrolyte concentration in the lower chamber.

Conclusion

A model which affords the capability to provide additional
information related to ion currents measured with SICM in
regions of non-uniform electrolyte conductance around a nano-
pore in a porous membrane was employed in this study. This is
accomplished by adopting a disk-shaped source of ions to
describe the nanopore in the permeable membrane instead of
a hemispherical source. With this disk-shaped source model,
a plateau region on the ion current profiles obtained by SICM
with closer scanning (probe-sample separation = 100 nm) can be
accurately described.

In addition, ion current images obtained with SICM operated
with ac feedback under different probe-sample separations were
examined. The relationship between the FWHM of the ion
current profiles to the probe-sample separation implies that
a smaller imaging distance is required for well-resolved ion
current images.

Current measurements of local conductance as described here
with SICM operated under ac and dc feedback were performed
to study the effect of probe convection on recorded current
values. Limited by drawbacks of SICM operated under dc
feedback, dc approach curves instead of dc feedback-controlled
scans are recorded to estimate the magnitude of ion currents
without pipette convection. By comparing the dependence of ion
currents measured under ac and dc feedback on the electrolyte
concentration in the lower chamber with that of the calculated
ion currents predicted from the model, it was realized that
pipette-generated convection results in discrepancy between the

normalized model and the normalized experimental data.
However, the trend of the dependence for normalized ion
currents measured with dc feedback is consistent with that
calculated from the model. This result demonstrates that the
model employed in this study can accurately predict the rela-
tionship of normalized ion currents measured with SICM to the
transmembrane concentration difference if an appropriate
experimental operation (dc feedback) is selected for measure-
ments. In contrast to SICM operated with dc feedback which
provides more qualitative results, SICM operated with ac feed-
back provides superior feedback regulation, and proves benefi-
cial in mapping regions with variations in conductance.

Experimental
Chemicals

All solutions were prepared with deionized water (resistivity =
18 MQ-cm) obtained from a Milli-Q water purification system
(Millipore Corp., Danvers, MA). Potassium iodide (Mallinck-
rodt, Philipsburg, NJ) and sodium hypochlorite (13% active
chlorine, Acros, Morris Plains, NJ) were utilized to prepare
nanoporous membranes as described previously.3* Potassium
chloride (Mallinckrodt, Philipsburg, NJ) solutions with concen-
trations ranging from 0.1 M to 4.0 M were filtered with 0.22 um
PVDF filter membrane (Millipore Corp., Danvers, MA) and
utilized as electrolytes for SICM measurements.

Membrane preparation

Nanoporous membranes used in this report were prepared from
ion-tracked polyimide membranes (track density 10° tracks/cm?,
thickness 25 um, it4ip, Belgium) via the track-etched process.*?
With this process, polyimide membranes with pores of 272 + 9,
535 440, 766 4= 33 and 930 & 127 nm in diameter were obtained.
Exact pore sizes were characterized with scanning electron
microscopy (SEM, FEI Quanta-FEG). Details of membrane
preparation and pore characterization have been described
elsewhere.®

Instrumentation

Measurements of local conductance variations with a ScanIC
scanning ion conductance microscopy (ionscope, London, UK)
operated under distance-modulated mode (ac feedback) has been
previously described.’® The experimental setup is illustrated in
Fig. la. Measurements of ion currents through nanoporous
membranes were determined with a dc feedback mode (without
pipette convection) and with an ac feedback mode (with pipette
convection).

Nanoporous membranes prepared were masked in clear tape
with a 1-mm-diameter hole to expose the porous membrane to
electrolyte solutions on both sides. To generate a non-uniform
electrolyte system around pores of the membrane, a masked
membrane was mounted in a diffusion cell (Fig. la). KCl
concentrations in the lower chamber were varied from 0.1 M to
4.0 M, while the KCI concentration in the nanopipette and upper
chamber was held constant at 0.1 M. Nanopipettes with two
different sizes were utilized in this study and characterized by
electron microscopy (Quanta FEG SEM) (see the Supporting
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Information, Figure S1). Glass pipettes fabricated from boro-
silicate capillaries (inner diameter 0.58 mm, outer diameter
1.0 mm, World Precision Instrument, Sarasota, FL) with
a CO»-laser-based pipette puller (P-2000, Sutter Instrument,
Novato, CA) provide tip openings with an inner diameter of
~60 nm and an outer diameter of ~250 nm. Finer pipettes with
an inner diameter of ~30 nm and an outer diameter of ~100 nm
were fabricated from quartz capillaries (inner diameter 0.7 mm,
outer diameter 1.0 mm, Sutter Instrument, Novato, CA).

A potential difference of 100 mV was applied between the
Ag/AgCl electrode inserted into nanopipette and the second
Ag/AgCl electrode placed in the lower chamber of the diffusion
cell. The ion current through the nanopipette and across the
nanoporous membrane was then measured. The nanopipette
probe mounted on the SICM scanner was modulated ~60 nm
(peak-to-peak) at 800 Hz in the vertical direction and thus
produced a distance-modulated ion current which was amplified
and used as the feedback signal to control the system. After
approach to the sample surface, the nanopipette was raster
scanned over the surface of the sample at a constant probe-
sample separation in the x and y dimensions. The lateral and
vertical positions of the nanopipette and the magnitude of dc ion
currents were recorded, producing both topographic and dc
current images, respectively. SICM images were analyzed with
SICM Image Viewer (ionscope, London, UK) and Gwyddion.?*
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