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ABSTRACT: The scanning ion conductance microscope (SICM) is
an emerging tool for noncontact topography imaging and multi-
physical investigation of soft samples in aqueous environments such
as living cells. Despite the increasing popularity of SICM, several
aspects of the imaging process are still unknown; for example, there is
still no accurate description of the behavior of the ion current for a
varying tip—sample distance. To predict this ion current—distance
behavior, we provide a new numerical model based on finite element
modeling. The model allows, for the first time, accurately determining
the tip—sample distance during an SICM experiment. Furthermore,
we present a nondestructive method for calibrating the pipet tip
geometry by fitting the numerical model to the experimental ion
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current—distance data and verify this method using pipets with opening radii between 30 and 300 nm.

B INTRODUCTION

The scanning ion conductance microscope1 (SICM) is an
emerging scanning probe microscope especially suited for
imaging the topography of delicate, soft samples such as living
cells’™* or suspended membranes,” providing nanometer spatial
resolution.”” In addition to topography imaging, the SICM has
also been used for advanced nanopipet-based techniques, such
as patch-clamping,” molecule” or liquid'”"" delivery, pipet-
based electrochemistry,'”"” and mechanically stimulating' ">
or probing the sample.'07°

An important imaging parameter that is usually not known
during imaging is the tip—sample distance. The tip—sample
distance may be estimated from recording the ion current vs
the vertical tip position (“I—Z curve”), but this requires an
accurate model of the ion current—distance behavior. The
analytical model by Nitz et al,”" although widely used today,
has not yet been quantitatively verified. Another model,
originally developed for the scanning electrochemical micro-
scope (SECM) by Mirkin et al.”* based on numerical data,”
was first adapted by Edwards et al.** for SICM and further
improved recently by Wang et al.”* by using data®>*’ for more
realistic geometries. We found that both models significantly
deviate from the experimental data.

Despite the increasing popularity of the SICM, there is no
nondestructive method for accurately quantifying the pipet
geometry, which is the most important determinant for image
resolution and detection sensitivity.””*™>" The geometry of the
pipet tip can be approximated by means of three parameters:
the inner opening radius r;, the outer opening radius r,, and the
inner half cone angle a. Different methods to determine these
parameters have been published. For example, a pipet can be
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metalized and imaged by scanning electron microscopy
(SEM).** However, this is a time-consuming procedure, and
the metalized pipet might be impaired for SICM use afterward.
Transmission electron microscopy (TEM) allows imaging of
nonmetalized pipets””** but is also quite elaborate. In many
SICM studies, r; is estimated from the pipet’s electrical
resistance by measuring the ion current through the pipet.””
However, this method requires a separate estimate for @,
which can easily vary by a factor of 2 even for pipets from an

identical pulling procedure,”>’”

resulting in a large error for 1,
Other methods that were recently introduced involve a quasi-
controlled breakage of the pipet,’”*® atomic force microscope
(AFM) combined with SICM,” or passage of nanoparticles
through the pipet.*” However, there is currently no method for
a nondestructive determination of all three tip geometry
parameters within a running SICM experiment.

Here, we establish a new numerical model for the ion
current—distance behavior in the SICM based on finite element
modeling (FEM), which predicts the experimental data much
more accurately than the previous models by Nitz et al. and
Wang et al. We then present a nondestructive method for
calibrating the pipet tip geometry based on fitting an
experimental [-Z curve with the numerical model. Finally,
we show how to determine the tip—sample distance from the

ion current during an experiment.
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B EXPERIMENTAL SECTION

SICM Setup. We used a home-built SICM head that was
made compatible with a commercial AFM setup (for details, see
ref 42). All SICM measurements were recorded at room
temperature in phosphate-buffered saline as electrolyte with a
conductivity of 6 = 1.58 S/m at 25°C, as determined with a
commercial conductivity meter (EL30, Mettler Toledo,
Greifensee, Switzerland). The voltage between the electrodes
was set to V; = 100 mV or 200 mV depending on the pipet size.
By reversing the voltage, we routinely verified that no ion
current rectification (ICR) effect”® occurred. Data were
recorded and analyzed using custom-written software in Igor
Pro (WaveMetrics Inc., Lake Oswego, OR, USA).

Nanopipets. Nanopipets were fabricated from capillaries of
either borosilicate glass (1B100F-4, World Precision Instru-
ments Inc., Sarasota, FL, USA) or quartz glass (QF100-50-7.5,
Sutter Instrument Company, Novato, CA, USA) using a
commercial CO,-laser-based micropipet puller (P-2000, Sutter
Instruments, Novato, CA, USA). The pipet’s inner opening
radius r; was between 30—300 nm, and the ratio of outer to
inner opening radius r,/r; (see insets in Figure 1) was typically
1.5 + 0.1 (average + standard deviation, see Figure S3a) as
measured with SEM (see below). We verified that no
mechanical contact between tip and sample occurred for the
considered ion current levels by recording I—-Z curves on an
AFM cantilever'®** before the experiments.

Scanning Electron Microscopy. After the SICM measure-
ments, the pipets were washed three times with distilled water
and sputter-coated (for high step coverage), together with their
respective twin from pulling, with a 10 &+ S nm thick layer of
aluminum or gold. Then, they were imaged by SEM (Zeiss
Gemini Supra 40, Carl Zeiss GmbH, Oberkochen, Germany;
Philips XL30, Philips, Amsterdam, Netherlands) under an angle
of 45° relative to the pipet axis. From the SEM images of the
pipets or their respective unused (clean) twins (insets in Figure
1), the inner and outer opening radii, r; and r,, respectively,
were determined (corrected for the aluminum or gold coating
and with an estimated precision of 10%). The inner half cone
angle, @, is not directly accessible in SEM images and has often
been estimated from the outer cone angle of the pipet assuming
a constant ratio of outer to inner pipet radius.’”” However,
because this assumption might not always be valid,””*' we
estimated a from r, (from the SEM images) and from the
electrical resistance of the pipet measured from the ion current
at a large tip—sample distance [eq 3] (similar to ref 40 but for
each pipet individually), thereby avoiding any artifacts from the
cone angle determination."' The pipet's cone angle was
typically 3.3 + 0.9° (average + standard deviation, see Figure
S3b). In the case of a nonconical pipet, the estimated cone
angle becomes an effective cone angle (see Figure SS for
details).

FEM Calculations. FEM calculations were performed as
described previously.y"28 Briefly, for ion current vs distance
behavior to be calculated, a finite element model of the tip
region was designed in axial symmetry. The pipet (inner
opening radius r, outer opening radius r,, inner half cone angle
@) was placed at a vertical distance d from a flat horizontal
sample surface (Figure 2a, see Supporting Information and
Figure S1 for details). The pipet walls and the sample surface
were modeled as electrical insulators (because surface or “zeta”
potentials are strongly shielded due to the short Debye length
for the ion concentrations of the electrolytes typically used in
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Figure 1. Experimental I-Z curves (continuous gray traces) for three
pipets with different opening radii and comparison with the
predictions from the numerical model based on FEM [dashed red
trace, eq 2] and from the previous models by Nitz et al.*' (dotted gray
trace) and Wang et al.>® (dash-dotted gray trace). The insets show
SEM images of the respective pipets at an angle of 45° relative to the
pipet axis for the determination of inner (r;) and outer (r,) opening
radii. (a) I-Z curve recorded with a large pipet manufactured from
borosilicate glass (r; = 220 & 20 nm, r, = 300 + 30 nm & 1.4r, a = 3.5
+ 0.3% I, = 12.8 nA). (b) [-Z curve recorded with a medium-sized
pipet manufactured from borosilicate glass (r; = 55 + 10 nm, r, = 75 +
10 nm & 147, a = 3.2 + 0.3% I, = 2.9 nA). (c) I-Z curve recorded
with a small pipet manufactured from quartz glass (r; =29 + S nm, r, =
43 + 10 nm = 1.57, @ = 1.9 + 0.3° I, = 950 pA). The models were
matched to the experimental data by offsetting the vertical tip
positions and adjusting the saturation current I,

SICM experiments supported by the fact that no ICR was
observed). The ion current through the pipet was calculated by
solving the Poisson equation in the electrolyte domain using
commercial FEM software (COMSOL Multiphysics 4.1,
COMSOL AB, Stockholm, Sweden).

B RESULTS AND DISCUSSION

Experimental /-Z Curves. We moved a large (r, = 220
nm), medium-sized (r; = 55 nm), and small (r; = 29 nm)
nanopipet toward a flat glass surface and recorded the ion
current I as a function of the vertical tip position z (“I-Z
curve”) (Figure 1). We ensured that no mechanical contact
between tip and sample occurred (see Nanopipets section).
Both the saturation current (I,) and the shape of the I-Z curve
were strongly dependent on the inner opening radius r. For
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Figure 2. Numerical model for the ion current vs tip—sample distance
behavior. (a) Schematic of the geometry and equivalent circuit for the
ion current through the nanopipet. (b) Representative FEM
calculation of the ion current density in the tip region (parameters:
ro/1r; = 1.5, & = 4°). The color scale is in units of j, = I,/(ar?) = ¢ tan
(a) Vy/r.. The contour lines show the electric potential V (in equally
spaced intervals of 0.01V}). (c) Access resistance of the pipet vs tip—
sample distance calculated with FEM for different values of the ratio
1o/, in comparison with the analytical limits [eqs 4 and 5] and to the
“far field” approximation [eq 6]. The inset shows the limit access
resistance R,(d — o) as a function of ./7.

example, the vertical distance between the two positions, at
which the current dropped to 99 and 98% of I, respectively,
was 120 nm for the large pipet (Figure la), 31 nm for the
medium-sized pipet (Figure 1b), and 9 nm for the small pipet
(Figure Ic).

After recording the I-Z curves, the geometric parameters (r,
r, a) of the pipet tips were determined using SEM in
combination with the saturation current I, (insets in Figure 1,
see Scanning Electron Microscopy section for details). We then
used these parameters to calculate I—Z curves with the models
by Nitz et al.*! (Figure 1, dotted black traces) and Wang et al”
(Figure 1, dash-dotted black traces). To account for the
unknown vertical position of the sample, which a priori is not
known in the experiment, the calculated I-Z curves were
matched to the experimental data by fitting with an offset z; in
the vertical tip position, z = z, + d. It can be clearly seen that
the predictions from these previous models systematically
deviate from the experiment (maximum absolute deviation of
the model by Nitz et al. 205, 31, and 11 pA and of that by
Wang et al. 27, 5.6, and 2.7 pA for the large, medium-sized, and
small pipets, respectively) and generally predict an ion current
that is too small. In the case of the model by Wang et al,, the
deviation visually appears small but turns out to be significant
later (see Results and Discussion, following sections).

Numerical Model. To obtain a more accurate prediction
for the I-Z curves, we developed a new numerical model. To
describe the total electrical resistance of the equivalent circuit
for the ion current through the nanopipet (Figure 2a), we
consider the resistance of the electrolyte in the pipet inner
room, R, and the distance-dependent access resistance of the
pipet opening, R, (d) (the resistances in the wires and in the
electrodes are neglected). R, is given by

1

R =———
zortan a (1)

P

which corresponds to eq 3 in ref 21 within the reasonable
assumption L >> r; i.e,, that the length L of the conical part of
the nanopipet is large compared to the pipet opening size. We
used FEM to calculate the ion current through the tip region
(Figure 2b) and the access resistance of the pipet opening R,
(d) as a function of the tip—sample distance d for different
values of the ratio of outer to inner opening radius, r,/r;, and
pipet cone angle, @ (see FEM Calculations section and Figure
S1 for details). For the typical experimental small cone angles
a, the functional form of R, (d) does not significantly depend
on a (Figure S2a) but depends on r,/r, (Figure 2c). We
therefore tabulated R, as a function of d for different values of
1o/ [Rﬁ’“/ " (d), Table S1]. The ion current can be then
calculated from these tabulated values by

v, R, + RU/(d - o)
I(d) = (r,/1) = (r,/1) 0
R, + R,*""(d) R, + R,*""(d) ®)
with the saturation current®®
V V.
I,=1(d > o) = (r/ro) = 16 ofi T
RP-i_1{ao ‘(d_) 00) mtan a Z

©)

using eq 5. In the limit of small ¢, eq 3 approaches the
frequently used formula I, & 76V,; tan a.>>*° Compared to the
new numerical model, the previous models by Nitz et al.*' and
Wang et al.” predict a smaller ion current and flatter distance
behavior (Figure S2b) and deviate by, for example, up to 67
and 9% in ion current, respectively, for a = 3° and r,/r; = 1.5
(see Figure S2b).

To validate the new numerical model, we used eq 2 to
calculate I-Z curves for the geometry parameters (r, ., a) of
the pipets in Figure 1 (dashed red traces). A nearly perfect
match between the numerical model and the experiment is
achieved, and the deviations (7.7, 2.3, and 1.3 pA for the large,
medium, and small pipets, respectively) are comparable to the
noise of the measured ion current (approximately S, 1, and 1
pA, respectively) and smaller than those of the previous models
by Nitz et al. and Wang et al. This was the case for all 25 pipets
used in this study (see Table S2). Therefore, eq 2 should be
used in place of the previous models by Nitz et al. and Wang et
al. (and Edwards et al.) because it provides a highly accurate
and comprehensive description of the ion current as a function
of the tip—sample distance.

Physical Interpretation. For the physical interpretation of
the distance behavior, two extreme cases for the access
resistance R, are considered: In the case of a small tip—sample
distance (d — 0), the access resistance increases for decreasing
d (Figure 2c, left part) and can be apgroximated by the
resistance of the gap below the pipet walls™'

1 In(r/1)

R(d = 0) = Ry (d) = 21d )

(Figure 2c, dotted traces). In the case of a large tip—sample
distance (d — o), the access resistance approaches a constant
level (Figure 2c, right part). This level only weakly depends on
the ratio r,/r; and can be approximated by that of a circular

pore of radius r, facing an infinite half space***°
1
RM(d > 00) % Rppre = —
4or; (5)
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(Figure 2c, dash-dotted trace) for typical values of the ratio r,/r;
(see Figure 2, inset).”

For intermediate and large tip—sample distances (d/r, 2
0.2), the R, curves roughly collapse on a single curve when
plotted against the tip—sample distance in units of r, (Figure
2¢, middle part), showing that in this region the distance
behavior of the access resistance depends not on the ratio r,/r;
but on only r,. In this region, the access resistance can be well
approximated by the following semiempirical formula

b
1 f,
RU(d 2 02r) = —|1 + a(—")
4(7i d (6)
with a 2 0.2 and b 2 1.2 as dimensionless constants (Figure 2c,
dashed trace). The ion current can be then approximated by

I,
1+ p/db )

with p = a [4(z tan @) + 1]7' /4,

In conclusion, the distance behavior of the access resistance
can be separated into two regions: a “near field” region (d
0.2r,), where it depends on the ratio r,/r, and a “far field”
region (d 2 0.2r,), where it depends only on r,. Note that at
the distance separating the two regions, d = 0.2r,, the access
resistance is approximately R,(d = 02r,) = 0.5(or;)™" and
corresponds to a relative current drop of [4(x tan a)™" + 2]7,
which is typically a few % (for example, approximately 4% for
the pipets used here with a ~ 3°).

Calibration of Pipet Tip Geometry from /—Z Curves. In
the previous sections, we calculated I—Z curves for a given set
of pipet tip geometry parameters (r;, ., and a). Vice versa, the
geometry parameters can be determined from the shape of the
I-Z curve: Because of the distance dependence of the access
resistance (see previous section), the shape of the I-Z curve at
a small current drop (i.e, in the far field region) depends on
only r, and at a larger current drop (i, in the near field
region) depends on the ratio r,/r, whereas the saturation
current depends on r; and @ [eq 3].

Accordingly, if the I-Z curve is recorded to a large current
drop (ie., to the near field), in our case more than ~4% (see
previous section), all parameters can be determined independ-
ently (see Figure S4a). For example, fitting eq 2 with all
geometry parameters free (not shown) gives r; = 220 + 10 nm,
r, = 320 = 10 nm, and a = 3.5 + 0.1° (fit parameter +
estimated fitting error), matching the measured values (Figure
1a) within the estimated errors.

Recording an I-Z curve to a large current drop is, however,
not always possible because mechanical contact between the
pipet tip and the sample might then occur (see Nanopipets
section for details), for example if the pipet opening is beveled
(see Figure S6 for an investigation of that aspect). In the case of
a smaller current drop (i.e., in the far field), in our case less than
~4%, determining the three parameters (r, r,, and )
independently is then not directly possible (see Figure S4b
and c for the pipet in Figure 1b and c). To still determine the
parameters (r, ., and @) also in this case, prior knowledge of
one of the parameters or the ratio r,/r; is required. For our
pipets, the ratio r,/r; was within a narrow range of r,/r; = 1.5 +
0.1 (average + standard deviation) (see Figure S3a). Fitting the
I—=Z curves in Figure 1 with eq 2 (not shown) then gives r; =
204 + 4 nm, r, = 305 + 6 nm, o = 3.8 + 0.1° for the large
pipet, r; = 44 + 1 nm, ry = 65 + 2 nm, o = 4.1 + 0.1° for the
medium pipet, and r, =25 + 1 nm, r, =37 + 1 nm, & = 2.3 +

1(d 2 0.2r) =

0.1° for the small pipet, in good agreement with the measured
values. (In comparison, fitting the previous model by Wang et
al. gives , = 132 + 3 nm, r, = 198 + 4 nm, a = 6.1 + 0.1° for
the large pipet, ; =29 + 1 nm, r, =44 = 1 nm, @ = 6.2 + 0.1°
for the medium pipet, and r,= 15 + 1 nm, r, =23 + 1 nm, a =
3.8 & 0.1° for the small pipet, which is about a factor of 2 off
the measured value.) For proofing the reliability of the method
for calibrating the pipet tip geometry from I—Z curves, the
procedure was conducted with all 25 different pipets from
seven different pipet pulling procedures with opening radii
between 30 and 300 nm. The I-Z curves were recorded to an
ion current drop of 2%, at which none of the pipets had contact
with the sample. Afterward, the pipets were imaged using SEM.
The I-Z curves were fit with eq 2 setting r,/r; = 1.5. The
resulting values for r; and r, are in good agreement with the
values from the SEM images, typically within the estimated
error (Figure 3a). The resulting values for a varied slightly
more than the radii but were also typically within the error bars
(Figure 3b).

(a) Tip radii r,and r, (b) Cone angle a

=300 7o —~
£ g4
£ 1004 E
[} E 2
3 s
S 30-
0.
30 100 300 0 2 4 6

measured radius (nm) measured a (°)

Figure 3. Comparison of tip geometry parameters, obtained by fitting
the numerical model to experimental [-Z curves down to 2% current
drop (assuming r,/r, = 1.5), with those measured with SEM for 25
pipets from seven different pipet pulling procedures. (a) Inner tip
radius r; and outer tip radius r, from fit and measured with SEM. (b)
Pipet cone angle a from fit and measured with SEM and I (see
Experimental Section for details). The horizontal error bars indicate
the estimated error of the determination from the SEM images, and
the vertical error bars indicate the estimated error of the fit. The
bisecting line specifies perfect matches.

Calibration of Tip—Sample Distance. The absolute tip—
sample distance is not directly accessible in SICM experiments
because the vertical sample position is not known. If the pipet
tip geometry is not known, the tip—sample distance can be
obtained from an I—Z curve by a fit to one of our models using
d = z — z, with z; as a free parameter. For example, fitting eq 2
[or, similarly, eq 7] to the I-Z curve in Figure la with all
geometry parameters and z; as free fit parameters (not shown)
gives z;, = 1930 nm. From z,, we can then calculate the tip—
sample distance as d = z — z,. At 1% ion current drop, for
example, the vertical tip position in Figure la is z = 2210 nm
giving d = 280 nm.

If the pipet tip geometry is known (e.g, by using the method
in the previous section), the new numerical model allows
directly relating the ion current to the absolute tip—sample
distance. The dependency is plotted in Figure 4 for selected,
typical pipet geometries. For example, for the pipet in Figure la
(r, = 204 nm, r, = 305 nm = 1.5r;, @ = 3.8°), an ion current of I
= 0.99], (i.e., an ion current drop of 1%) corresponds to a tip—
sample distance d & 1.3r, = 265 + 27 nm (in agreement with
the results from the previous paragraph). As a rule of thumb
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Figure 4. Calibration of the tip—sample distance from the ion current
for different values of the ratio of outer to inner pipet opening radius,
ro/1, and for different values of the inner half cone angle a using the
numerical model [eq 2 with Table S1].

that allows estimating the tip—sample distance from the
measured ion current for typical SICM pipets (r,/r; & 1.5,
~ 3°), an ion current drop of 10% (I = 0.9I,) gives a tip—
sam}gée distance d = 0.1r;, 1% gives d = 1r;, and 0.1% gives d ~
10r,.

In the less frequently used AC mode, the vertical tip
position is modulated sinusoidally, and the amplitude of the ion
current, which depends on the tip—sample distance, is
measured. The amplitude vs distance behavior can be deduced
mathematically from the ion current vs distance behavior;
however, care has to be taken when calculating amplitude and
time-averaged ion current (see Figure S7 for details).

47,48

Bl CONCLUSIONS

In this paper, an extensive analysis of the ion current vs distance
behavior for the SICM is performed. We provide a new
numerical model for the ion current as a function of the tip—
sample distance based on FEM. We verify the model with
experimental I—Z curves of pipets with known tip geometries.
The new model predicts well the distance behavior, whereas
two commonly used previous models*"** significantly deviate
from the experimental data. This is not surprising because these
models use simplified assumptions: For example, Nitz et al?!
assume an unrealistic “mean course of the ions” reaching far
down from the pipet opening, and FEM calculations show a
high current density close to the pipet walls (Figure 2b). The
analytical model adapted by Edwards et al.”* was developed for
SECM tips with a larger ratio of outer to inner radius’>*’
compared to that of SICM g)ipets. However, even in the SECM
model for smaller ratios,”**” also recently used for nanopipets
by Wang et al,” the ion current close to the disklike SECM
electrode is more homogeneously distributed than it is in a
SICM pipet opening (Figure 2b). Therefore, these models
generally overestimate the resistance (or underestimate the ion
current) (see also Figure S2).

Our new numerical model now also allows calibrating two
quantities that are usually not known in SICM experiments: the
pipet tip geometry and the tip—sample distance. Using the new
model, we present a nondestructive method for calibrating the
pipet tip geometry (inner opening radius r, outer opening
radius r,, inner half cone angle @) based on the functional form
of a measured I—Z curve. Note that the new numerical model
[eq 2] has to be used for that, because neither the previous
models nor our empirical approximation [eq 7] are accurate
enough. The method can be applied within a running

experiment (and not only before or afterward) and can be
implemented in every conventional SICM setup without any
modification of the hardware. If the I-Z curve is recorded with
a large current drop, the method provides all three geometry
parameters. If the I-Z curve is recorded with only a small ion
current drop, prior knowledge of one of the parameters or the
ratio r.,/r; is required. For our pipets, we found that the
variation of the ratio of r,/r; was much smaller (7% here, see
Figure S3a) than that of the inner half cone angle (~30% here,
see Figure S3b). Therefore, assuming a constant ratio r,/r, gives
a notably more accurate calibration than assuming, as often
done in the SICM community, a constant inner half cone angle.
Note that the ratio r,/r; is naturally in a quite narrow range with
an upper limit given by that of the original capillary’” and a
physical lower limit of 1.0. In contrast, the inner half cone angle
can theoretically have any positive value below 90°.
Knowledge of the tip—sample distance will be useful for
maintaining contact-free imaging,30 for correcting for the effect
of sample slope on SICM topography images,” or for
quantif]ying hydrodynamic forces in mechanical SICM measure-
ments. *~ The new model for the distance behavior applies to
all widely used SICM imaging modes: hopping/backste
m0(1e29'50)’,51 and AC mode.47’§8 ’ Prne ’
In summary, our new numerical model provides a
quantitative base for a general understanding of the SICM
measurement process and further allows for calibrating pipet tip
geometry and tip—sample during a running SICM experiment.
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