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ABSTRACT: We detail the operation mechanism and
instrumental limitations for potentiometric-scanning ion
conductance microscopy (P-SICM). P-SICM makes use of a
dual-barrel probe, where probe position is controlled by the
current measured in one barrel and the potential is measured
in a second barrel. Here we determine the interaction of these
two barrels and resultant effects in quantitation of signals.
Effects due to the size difference in pipet tip opening are
examined and compared to model calculations. These results
provide a basis for quantitation and image interpretation for P-
SICM.

B INTRODUCTION

Scanning ion conductance microscopy (SICM) is a scanning
probe microscopy (SPM) technique widely applied for imagin§
nonconductive substrates, especially biological samples.'”
Although SICM has a number of advantages over other SPM
techniques, such as robust control of probe position and
noncontact imaging, SICM can be limited by a low signal-to-
noise ratio for ion conductance measurements, a condition
exacerbated as probe size decreases.® A recently reported
modification of SICM, termed potentiometric-scanning ion
conductance microscopy (P-SICM), provides a method to
overcome some of these limitations.”” Potentiometric-scanning
ion conductance microscopy makes use of a dual-barrel pipet
and a five-electrode configuration to realize simultaneous
measurement of ion conductance and potential response at
the tip of the pipet.

Here, we characterize P-SICM in depth, with an effort to
develop quantitative aspects of measurement. Previously, P-
SICM has been utilized for differentiation of transcellular and
paracellular conductance pathways in epithelial cells with high
spatial resolution, which was made possible by the enhanced
signal-to-noise ratio of potentiometric measurements.” Addi-
tionally, similar to a conventional SICM system, P-SICM can
make use of smaller probes for high-resolution imaging, as
decreased probe size and decreased probe—sample distance
increase potentiometric sensitivity. Until now, mechanisms that
enable the sensitivity of P-SICM have not been explored in
detail. In this report, a circuit model was proposed and
experiments were performed to investigate critical parameters
involved in measurement with P-SICM. Experimental results
were also compared to simulated results obtained from a
potential model proposed by Newman.” Enhancements in
potentiometric signal-to-noise ratio were examined and
characterized via measurement of single pores in a silicon
nitride membrane as probe size and probe—sample distance
were varied. These results demonstrate the utility of P-SICM
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and serve as a foundation for future studies of synthetic
nanopores and biological membranes.

B EXPERIMENTAL SECTION

Chemicals and Materials. Deionized water (resistivity = 18 MQ-
cm) obtained from a Milli-Q water purification system (Millipore
Corp., Danvers, MA) was utilized for solution preparation. Solutions
of 0.1 M potassium chloride (Mallinckrodt, Philipsburg, NJ), filtered
with 0.22 pm PVDF filter membranes (Millipore Corp., Danvers,
MA), were utilized as electrolyte for P-SICM measurements. To
fabricate nanopores with different sizes, TEM grids (TED PELLA
INC.,, Redding, CA) with 250 gm X 250 ym silicon nitride windows of
200 nm thickness, supported by 200 pm thick silicon wafer, were used
for focused ion beam (FIB, Zeiss Auriga, Oberkochen, Germany)
milling.

Membrane and Probe Fabrication. Circular pores in silicon
nitride membranes were milled by FIB. Scanning electron microscopy
(SEM) images were used to determine pore diameters (68, 94, and
143 nm). After the FIB milling process, silicon nitride membranes with
nanopores were cleaned with piranha solution (3 mL of sulfuric acid
and 1 mL of 30% hydrogen peroxide (caution! piranha reacts violently
and is potentially very hazardous)) at 100 °C for 30 min and
subsequently washed three times with degassed, deionized water. After
air-drying, membranes were mounted between two chambers of a
perfusion cell and sealed with epoxy. Membranes were immersed in
0.1 M KCI solution for measurement. To confirm proper wetting of
nanopores, current/voltage curves were measured prior to use in P-
SICM experiments.

Nanopipets were initially pulled from quartz theta capillaries (1.2
mm o.d, 0.90 mm id.) with a P-2000 laser puller (Sutter, Novato,
CA), to obtain pipets with outer diameters of ca. 60 nm for one barrel.
FIB was used to mill some tips to larger outer diameters, ca. 175 nm
for one barrel. For all measurements here, probes were filled with 0.1
M KCI electrolyte solution,
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Figure 1. (a) Schematic of the potentiometric-scanning ion conductance microscope (P-SICM). A theta pipet is used to measure local potential
difference over nanopores. The barrel with pipet electrode (PE) serves as a current probe to control the probe—sample distance in SICM. The
second barrel serves as a potential probe (UE) to measure potential at the pipet tip with respect to the reference electrode (RE). Potential changes
are induced by applying a transmembrane potential at the working electrode (WE), reference electrode, and counter electrode (CE). (b) Equivalent
circuit of the P-SICM measurement with a nanopore membrane. R,ye; features indicates the resistance of the pores in parallel with the nanopore

investigated with nanopipet.

SICM Instrumentation for Potential Measurement. A
modified ScanIC scanning ion conductance microscope with ac
feedback mode® (ionscope, London, U.K.) was utilized. As depicted in
Figure la, a membrane with nanopores was mounted between two
chambers of a perfusion cell bathed in an aqueous solution of 0.1 M
KCI. In this five-electrode system designed for potential measurement,
the pipet electrode (PE) was inserted in one barrel of the theta pipet
and was biased at 100 mV with respect to the reference electrode
(RE), held in the bath electrolyte of the upper chamber of the
perfusion cell. An ion current was generated in this barrel, which is
sensitive to the probe—sample distance, and was utilized as a feedback
signal to maintain a constant distance above the sample during
scanning. A second electrode placed in the other barrel of theta pipet,
described here as the potential electrode (UE), served to measure local
potential differences with respect to the RE. Potential variations in the
vicinity of nanopores were induced by application of transmembrane
potentials (Vry) at the working electrode (WE) placed in the lower
chamber with respect to RE, where the WE was controlled by a
custom electrode driver (electrode control box shown in Figure 1). A
Pt counter electrode (CE), also connected to the electrode driver, was
utilized to drive the majority of transmembrane current generated by
the potential difference between WE and RE to minimize potential
fluctuations of RE, and thus to ensure accurate control of potentials of
the system. Typical times required to collect an image (250 ym?) are
on the order of ~10 min. Approach curves were collected in
approximately 10 s.

B RESULTS AND DISCUSSION

P-SICM Setup and Equivalent Circuit Model. We have
described previously a modified five-electrode setup of SICM
and the approach to perform potentiometric measurements on
epithelial cells, in which apparent conductance of trans- and
paracellular pathways were differentiated by localized potential
measurements.” Higher signal-to-noise ratio was achieved in
potential signal with a potential probe (UE) than the current
signal measured simultaneously at PE, which allowed measure-
ment of biological samples with limited conditions amenable to
cell cultures (e.g, low applied transmembrane potentials).
Compared with a four-electrode setup described previously,®
the five-electrode setup shares a similar equivalent circuit model
(Figure 1b, the red dot represents where the potential was
measured), which was proposed to understand the signals
obtained. The same circuit model can be used because, in the
five electrode setup of P-SICM, the potential probe measures
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the potential difference above a feature of interest with respect
to the reference electrode (RE, in the bulk solution). The two
electrodes are connected by a differential amplifier with very
high resistance (~10" Q), such that minimal current through
the potential probe is negligible and does not disturb the four-
electrode circuit. Based on the circuit model, when the
nanopipet is positioned over a feature of interest—in this
case a nanopore—relationships between the applied voltage,
current, and resistance in the system can be solved with
consideration of Ohm’s law.

IpipetRpipet + IaccRacc = ‘/PE (1)
IfeatureRfeature + IacCRacc = VTM (2)
Ipipet + Ifeature = Iacc (3)

In eq 1, the sum of drops in potential due to the pipet
resistance (Rpipet, a constant value, determined by the pipet
geometry) and access resistance (R,., a distance-dependent
value, determined by the distance between pipet and sample
surface) equal the potential applied to the pipet electrode (Vpy,
+0.1 V). In the other half of the circuit (eq 2), total drops in
potential due to the resistance of a feature (Rg,,e determined
by the geometry of the feature within the sensing range of the
pipet) and R, are equal to the applied transmembrane
potential (V). The sum of the current through the pipet
(Ipipet) and feature (Iiure) is equal to the current through the
access resistance (I,..). Thus, application of a transmembrane
potential results in a change in the potential drop across the
access resistance and a change in the current response of the
pipet. The magnitude of change in the pipet current is
dependent on the resistance of the nanopore. In the P-SICM
setup, the potential probe (UE) reports the potential at the
pipet tip, which is assumed to be the potential drop across the
access resistance. To improve our efforts at quantitating P-
SICM, to better understand intrinsic reasons for the higher
signal-to-noise ratio in potential signal, and to validate the
circuit model utilized, we have systematically varied the
parameters (e.g., membrane pore size, probe—sample distance,
pipet tip diameter) in both the model and experiment, and
compared the results.
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Figure 2. (2) Scanning electron microscopy (SEM) image of silicon nitride nanopore membrane (pore 1, 2, and 3, diameter 68, 94, and 143 nm,
respectively). (b) SEM images of small (diameter, ~60 nm, for one barrel) and large (diameter, ~175 nm, for one barrel) pipets. The SEM for the
small pipet is the sibling pipet of small pipet used in the study, fabricated from the same capillary. The large pipet is the same one used in the study
and was fabricated by cutting the tip of a small pipet with FIB milling. (c) Potential images obtained with P-SICM for small and large pipets.

A silicon nitride membrane with three different sized pores
(Figure 2a, pore 1, 2, and 3; 68, 94, and 143 nm, respectively)
was prepared with FIB milling. This membrane was examined
by P-SICM with pipets of different tip dimensions (Figure 2b,
small pipet and large pipets: 60 and 175 nm in diameter for one
barrel). With P-SICM operated in scanning mode (ac
feedback), potential images were obtained at both +50 and
—50 mV applied transmembrane potential (Figure 2c). In
comparison of the images collected, the potential signal
measured increases for membrane pores that are larger in size
(smaller in resistance) with both small and large pipets. When
the sizes of the pipet tip dimensions are compared, the
magnitude of potential measured with the small pipet (o.d. ~
60 nm for each barrel) is higher than for the large pipet (o.d. ~
175 nm for each barrel). The difference observed is due to a
larger probe—sample distance (D) utilized when scanning
with the large pipet (D,, = 180 nm). For the small pipet,
feedback parameters allow a smaller probe—sample separation
(D,s = 80 nm) to be employed.'®™"* Also, from the potential
images, pore geometry is more resolved with the small pipet,
while the large pipet results in a semicircle or crescent-shaped
image, an artifact which results from the imaging conditions
and scan direction (detailed discussion in the Supporting
Information). From potential images (Figure 2c), even though
the three nanopores imaged are on the order of 100 nm in
outer diameter (68, 94, and 143 nm, respectively), the potential
distribution around the pore extends to areas on the order of 1
um in diameter (at Vi = S0 mV, with small pipet, full width at
half-maximum values are 433, 500, and 649 nm; with large
pipet, full width at half-maximum values are 672, 882, and 1150
nm). This difference in actual pore size and apparent pore size
reported from the potentiometric image arises from the size of

the pipet and the extension of the electric field beyond the
nanopore perimeter. From these images collected in scanning
mode, the utility of P-SICM for measurement of heterogeneous
potentials at a surface, in this case for a nanoporous membrane,
is evident.

Potential versus Current. To determine the relationship
between ion current measured by pipet electrode (PE) and the
potential response measured at the potential electrode (UE),
line scans over a membrane pore in which the current and
potential were simultaneously measured were recorded (Figure
3, over pore 2, 94 nm in diameter, with Vi, = —=S0 mV). The
ratio of potential change and current change when the pipet
was scanned over a pore and over the membrane was found to
be equivalent to the pipet resistance. An increase in current was
observed when a negative transmembrane potential was
applied, the details of which were discussed in previous
work.® The potential difference measured when the pipet was
over the pore (average of 200 data points obtained within 100
nm of the maximum potential) as opposed to over the
membrane (average of 400 data points obtained away from
pore center) was —2.6 mV (Figure 3a), and current change
calculated in the same way was 11.2 pA. This relationship, AV/
(—AI) = 234 MQ, agrees well with the small pipet resistance
208 MQ (measured experimentally). For a larger pipet (Figure
3b), AV/(—AI) = 2.1 mV/(37.9 pA) = 56 MQ, which also is
close to direct measurements of pipet resistance (60 MQ).
From the above results, the measured potential change on UE
is equal to the potential change of the pipet resistance, which
supports assertion that the potential probe is measuring the
potential at the pipet tip (same level measured for both barrels
of the pipet, Figure 1b, red dot). From the configuration here,
the potential difference at the tip is essentially the potential

dx.doi.org/10.1021/1a500911w | Langmuir 2014, 30, 5669—5675



Langmuir
1.5 — T T T T 30
1.0} u 120
05} 4110
0.0} Jo
0.5 {-10
S a0l {20 &
E 45} la30 &
2 2.0 | 1.40 2[1
25} | 4-50
3.0 1-60
3.5} Small pipet {.70
-4.0 — - L L .80
-10 -5 0 5 10
Displacement (um)
1.5 30
1.0 {20
0.5 110
0.0 {0
-0.5 {-10
S 10 4-20 2
£ s 130 &
2 20 1.40 2|1
-2.5 4-50
-3.0F 4-60
3.5} Large pipet {-70
40— L L . 1 .80
-10 -5 0 5 10

Displacement (um)

Figure 3. Simultaneously recorded current (red) and potential
difference (black) in the small and large theta pipets. The probe was
translated over pore 2 (diameter, 94 nm) with a transmembrane
potential of —50 mV applied.

drop of the access resistance, relative to the grounded reference
electrode. From the circuit model the relationship between
current and potential measured at any two different probe
positions can be obtained (where I, V,. are from probe
position 1 and I, Vi from probe position 2), which agrees
with experimental results (eq 6).

IpipetRpipet + Vjacc = Vi’E (4)
IpipetRpipet + Vacc = ‘/PE (5)
(5) - (4) AVacc = _AIpipetRpipet (6)

The signal-to-noise ratio (S/N = average of signal (within +100
nm of maximum value) with background subtracted/standard
deviation of noise) can be found for the small pipet (outer
diameter ~60 nm for each barrel) both when operating as a
current probe (S/N = 8.7) and as a potential probe (S/N =
95.6). Likewise, the case of the large pipet (outer diameter
~175 nm for each barrel) as a current probe (S/N = 7.8) or a
potential probe (S/N = 73.4) can be evaluated. From current—
displacement traces in Figure 3a and 3b, a difference in the
RMS noise, which we believe is related to the capacitance of the
differently sized pipets, is observed. Measurement in a
potentiometric manner provides significant improvement in
the signal-to-noise ratio, which makes measurements of
potential differences for biological systems (e.g. cell mono-
layers) possible, where only small transmembrane potentials
can be applied. The signal-to-noise ratios of the current probe
for small and large pipets are very similar, though in the case of
the small pipet, a smaller probe—sample distance (D) is
utilized (closer to the source of potential change). For current

5672

probes a small D, is offset by the larger resistance of the small
pipet, which decreases magnitude of the pipet current.

Equation 6 explains why potential measurements result in
higher signal-to-noise ratios, relative to current measurements.
Simply, the potential probe measures the potential difference
between the potential level in the vicinity of the pipet tip and
the reference electrode, while the current signal is the result of
the potential change at pipet tip divided by the factor of pipet
resistance (usually ~100 M, nanopipet with diameter 100 nm,
in 0.1 M KCIl). Especially in the case of small pipets, the result
is that current measurement is not as sensitive as potential
measurement. Additionally, for local measurements such as
those reported with scanning techniques here, a smaller probe
can provide higher resolution and reports information from a
more localized area. Smaller pipets also benefit from small D,
where differences in electric fields are greater near the surface of
pores.

Potential Approach Curves. When a transmembrane
potential is applied across a porous membrane, a potential
profile is generated above nanopores present in the membrane.
The electric field above pores can be measured by locating the
probe at two probe—sample distances, close to and far from the
nanopore. The electric field measured in this way can be further
converted to conductance, as in epithelial cell studies to
evaluate the transport through distinct pathways.'"*™'¢ In the
dual barrel probe, the potential applied at the SICM probe
(PE) to generate ion current for distance control is not solely a
spectator and can also affect the potential measurement. When
a constant transmembrane potential is applied, the potential
image can provide a map of potential for each pore in a single
scan. However, current density at the pore (a consequence of
the transmembrane potential) can cause minor variations in the
measured pipet current and to small degrees distorts the
probe—sample distance (DPS), as the pipet seeks to maintain
teedback. Thus, instead of scanning mode, static measurements,
recorded as a function of different probe—sample distance
above each pore center, were performed. From potential images
obtained in scanning mode (Figure 2c), positions of three pores
were identified. In potential approach curve measurement, the
pipet was first brought close to the surface directly above a
nanopore center in the absence of an applied transmembrane
potential. A transmembrane potential Vi, (+200 or —200 mV)
was then applied, and the pipet was withdrawn from the
surface, with potential information at each D, recorded, to
generate a plot of potential measured as a function of probe—
sample distance. Potential “approach curves” for three different
sized pores (pore 1, 2, and 3, 68, 94, and 143 nm in diameter,
respectively) were plotted for two different pipets (small and
large pipets, 60 and 175 nm o.d. for one barrel) (Figure 4). The
potential approach curves are not linear and have two regions:
one is close to the pore, where potential changes rapidly, and in
a second region, farther from the pore, where change in
potential is very small. From previous studies, when a potential
is applied to a disk-shaped feature, an electric field, hemi-
spherical in shape, is generated above the feature.” Here, the
feature under consideration is the pore present in the
membrane. According to models for the distribution of
potential by Newman in eqs 7 and 8,” z (the normal distance
from the pore) and r (the distance from the axis of symmetry)
are functions of the rotational elliptic coordinates &, # and the
radius of the pore a.

z = aén (7)
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Figure 4. Potential approach curves for small and large pipets
(diameter ~60 and ~175 nm, for one barrel, respectively). Pipets were
first brought to the surface with probe—sample distances of 80 and 180
nm, respectively. The transmembrane potential was then turned on
(£200 mV), and the pipet was withdrawn from the surface, to
generate a retraction (or in reverse an “approach curve”).

r=a(1+&)(01 -7 (8)

The ratio of the potential @ at a certain position above the pore
to the potential at the pore surface @, can be calculated by eq
9.7

®/Py=1-2/mtan' &

©)

The resistance of solution (for one face of the membrane) is
given as eq 10 (where k is the solution conductivity). The
electric field decreases from the center of the pore at distances
determined by the pore radius. For a uniform cylindrical pore
of length [, the resistance is calculated via eq 11.

R 1/4Ka

pore opening

(10)

R, = 1/ (kna®) (11)

Finally, the potential at the opening of the pore @, is given by
eq 12.
Rpore opening
R, ..+ 2R

pore

(12)

Thus, for different pores measured with the same pipet above
pore center, a larger pore (larger a) has a higher potential at the
same probe—sample distance (17 = 1, z = a, same z, smaller &),
because not only @ is larger but also the ratio ®/®, is larger.

pore opening
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thickness of 200 nm, when 200 mV transmembrane potential is
applied. From this plot, influence of the electric field at pores
(induced by the transmembrane potential) is limited to
distances very near the pore opening. Above certain distances,
the difference between these pores is negligible; therefore a
smaller probe—sample distance can provide a higher signal and
provide better evaluation of transport properties of pores. The
probe—sample distance necessary to capture 0.5 mV difference
in potential (an easily measured quantity) above each pore is
summarized in Table 1. From Table 1, for a pore with radius of

Table 1. Probe—Sample Distance Necessary for a Potential
Difference of 0.5 mV

Dy, (nm, with AV = 0.5 mV)

pore radius (nm) Vim=50mV Vi =200mV  Viy = 500 mV
N/A 0.6 2.3
S 4.6 23.7 60.0
10 21.7 92.3 231.6
25 129.2 5222 1305.8
50 446.5 1794.5 4484.2

1 nm, a small transmembrane potential (Vi) = S0 mV) results
in a potential change above the pore which is too small to
measure. When we consider that nominal probe—sample
distances are equivalent to the opening of the pipet, at D, =
21.7 nm (V= S0 mV, pore radius = 10 nm) measurement is
possible with a smaller pipet (~30 nm in diameter). Potential
difference above a 5 nm radius nanopore can be measured for
higher transmembrane potentials (Vpy = 200 or S00 mV).
Further reduction of noise levels in the instrument will aid in
measurement of small pores.

Effect of Pipet Size and Applied Potential. To
determine the relationship between measured potential signals
and pore properties, the potential difference (AV, with Vi =
+ 200 mV) between two Dy, (close D, ~100 nm and far D, ~

dx.doi.org/10.1021/1a500911w | Langmuir 2014, 30, 5669—5675
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12.5 pm) are plotted as a function of pore conductance
(reciprocal of pore resistance) in Figure 6. In addition to the
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Figure 6. (a) Potential difference measured for four different sized
pipets (pipet 1—4, ~40, 60, 175, and 175 nm, in diameter for one
barrel) above each pore at two probe—sample distance (D, = 30, 80,
or 180 nm and D,, = 12.5 pum, close and far), plotted with the
reciprocal of pore resistance. Dashed lines represent the calculated
potential obtained by potential model eqs 7—12. (b) Relationship of
potential difference at two D, with different transmembrane potentials
measured by small and large pipets (diameter, ~60 and ~175 nm, for
one barrel, respectively) over the pore 1 (68 nm in diameter).

pipet sizes discussed above (pipet 2, the “small” pipet, ~60 nm
in diameter for one barrel, and pipet 3, the “large” pipet, ~175
nm in diameter), two additional pipets (pipet 1, ~40 nm and
pipet 4, ~175 nm in diameter for one barrel) were utilized to
examine the electric field above nanopores. Almost all four
pipets displayed a linear relationship between the measured
potential difference and the pore conductance (seven lines have
R? in the range of 0.98—0.99, only one line has a poor R* of
0.89), which indicates that the measured potential difference
can be used to describe the property of the membrane pore.
For pipets of similar size (pipets 3 and 4, ~175 nm in diameter,
size confirmed by pipet currents and SEM images) fairly
consistent data can be obtained for the same feature. For pipet
1 (~40 nm in diameter), which has the smallest D, (~30 nm),
the largest potential difference (AV = Vg m — Vigs yms ~26
mV) was obtained and provided the largest difference in signal
for the three pore sizes measured here. Linearity between
potential measurements and the pore conductance may only be
valid in the range of pore sizes studied here (detailed discussion
in Supporting Information). In Figure 6a, the calculated
potential levels based on eqs 7—12 at each distance (probe—
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sample distance) above the pore center (r = 0) are also plotted
and compared with the measured values. Measured potentials
above a pore by P-SICM at fixed D, agree well with the
calculated potential level with the same D, above the pore. Of
note, when the pore size gets smaller, the measured potential is
consistently lower than the calculated value, which is primarily
due to the large size of pipet relative to the pore, a factor is not
considered in the calculation. Simulated values from the circuit
model, which included the factor that the pipet disturbed the
potential above the nanopore, also match with the measured
signal very well (Figure S2, Supporting Information), which
indicates that the circuit model also provides a good description
of the P-SICM system and allows for quantitative estimates of
the pore resistance to be made from the experimental potential
difference and the circuit model.

Pipets 2 (diameter = 60 nm, D,,; = 80 nm) and 3 (diameter =
175 nm, D, = 180 nm) were also used to measure potential
differences above pore 1 (diameter = 68 nm) under different
transmembrane potentials (+50, +100, and +200 mV, Figure
6b). A linear relationship (R* = 1.00 for both pipets) was
obtained between the applied transmembrane potential and
measured potential on UE. The P-SICM signal recorded was
proportional to applied potential, which further confirms the
circuit model (eq 2) and agrees with eq 12. However, from
these two linear relationships, when Vipy is 0, a potential
difference between two D, (AV = Vioum — Vigs,m) is
observed. This can be caused by several factors, e.g., deviation
from different measurements, but is primarily a result of the
access resistance, which increases with the decreasing D,
When D, is large, with 100 mV applied on PE and no
transmembrane potential, the access resistance is negligible,
Lipet = Vpp/Ryiper- When the pipet gets closer, L. = Vpg/ (Roipet
+ R,.), which results in decrease in the pipet current and
increase in the potential (eq 6, 0.2 mV for small pipet)
measured at the pipet tip. This indicates the potential applied
on PE indeed affects the measured potential difference, which
can also be predicted in the circuit model calculation. However,
according to the circuit model, the measured potential at pipet
tip is proportional to applied transmembrane potential and the
100 mV applied on pipet is a constant offset for the same pipet
(eq S9, Supporting Information). This means the potential
applied to the pipet will affect the amplitude of potential
difference measured but will not affect the change of potential
difference with different transmembrane potentials (slope in
Figure 6b), as the slope is only a function of resistors in the
system. As in the previous P-SICM experiment with epithelial
cell membranes, a triangular wave transmembrane potential was
applied, and the slope of the potential change measured by
nanopipet was utilized to calculate localized conductance.* In
this way, the offset of potential measured due to the 100 mV
bias on pipet was removed by consideration of the slope of
potential change. These results demonstrate that P-SICM is a
quantitative method, and that potential signals can be used not
only to compare the transport properties of features with small
differences but also to estimate the resistance of features
measured with the proposed circuit model.

B CONCLUSION

Through experiments on nanopore samples of well-defined
geometries, mechanisms and subtleties of P-SICM have been
studied and understood. The proposed circuit model and the
relationship between current and potential probes confirm that
potential measured is the potential drop on access resistance.
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Smaller pipets are shown to provide a much higher signal-to-
noise ratio in potential measurement, but not in current
measurement. From the circuit model and measured potentials,
pore resistance can be estimated, which increases the
quantitative nature of P-SICM. The measured pipet potential
and applied potential relationship further validate previous P-
SICM measurements at cell interfaces and elucidate the
importance of multiple transmembrane potentials to remove
effects from the potential applied in the current measuring
barrel of P-SICM.

B ASSOCIATED CONTENT

© Supporting Information

Nanopipet pulling parameters, discussion of artifact in potential
images, and details of circuit model calculation. This material is
available free of charge via the Internet at http://pubs.acs.org.
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