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ABSTRACT: A concentration gradient driven imaging
mechanism is described for scanning ion conductance
microscopy (SICM). Two different solution phases, one
filling a double-barrel pipet and one in the bath, are used to
afford probe control and imaging under nonstandard SICM
conditions. Under these conditions, solutions with no added
electrolyte can be utilized as the bath solution. Further, both
positive and negative feedback modes are exhibited as the
probe approaches the surface. We term this method biphasic-
SICM (BP-SICM). Technical details of implementing BP-
SICM and operational principles are described herein.

Scanning ion conductance microscopy (SICM)1 provides
noninvasive topographic imaging in electrolyte solutions

with high resolution and has been extensively utilized for in
situ imaging of biomaterials,2 cell membranes,3,4 living cells,5−8

and tissues.9 SICM has also found application to character-
ization beyond imaging, for instance, measurement of surface
charge at interfaces,2,10,11 mapping mechanical stiffness of cell
membranes,12 and localized electrochemical measurements.13

Dual-barrel SICM platforms, where two barrels are colocated
at the same pipet tip, have proven very useful for advanced
SICM techniques. For instance, Korchev and co-workers
demonstrated dispensation of water droplets at surfaces with
dual-barrel nanopipettes in organic solvents.14 Dual-barrel
pipettes have also proven especially useful for techniques with
complementary electrochemical imaging techniques, as dem-
onstrated clearly by scanning electrochemical cell microscopy
(SECCM) which affords versatile, high-resolution electro-
chemical measurement.15−17

In a recent report, Unwin and co-workers described
differential concentration SICM (ΔC-SICM),10 which em-
ploys a single-barrel SICM platform for enhanced SICM
measurements and uses concentration gradient driven ion
currents with small applied electric potentials. Here, we
describe a complementary concentration gradient driven
approach to SICM that uses dual-barrel probes. The method
is applicable to multiphase systems where the pipet is filled
with one liquid phase and the solution surrounding the pipet
(bath solution) consists of a second phase; thus, we term the
method biphasic-scanning ion conductance microscopy (BP-
SICM).
The feedback for BP-SICM and image acquisition

parameters are significantly different than typical SICM,
which provides advantages for unique applications. First,
atypical electrolytes may be chosen for the bath solution,
including nonaqueous solvents or solvents with little or no

(intended) electrolyte. Second, under proper conditions (e.g.,
positive feedback and appropriate concentration gradients
between the pipet solution and bath solution), BP-SICM
affords operation at longer working distances, but with good
topographic resolution, which can prove beneficial for
noncontact imaging. Further, as demonstrated here, the
working distance and feedback (positive or negative) can be
chosen as desired. Third, new realms of electrolyte
composition can be interrogated with SICM, which provides
access to new fundamental studies. Here, we describe the
operation, current−distance relationship, and imaging princi-
ples for BP-SICM. Results obtained are compared to atomic
force microscopy (AFM) images of collagen fibrils.

■ EXPERIMENTAL SECTION
Solutions and Materials. Aqueous electrolyte solutions

(0.1 M KCl and 1.0 M KCl) were prepared with deionized
water (DI H2O, resistivity ca. 18 MΩ·cm at 25 °C, Millipore
Corp., Danvers, MA, USA). For selected experiments, absolute
ethanol (Greenfield Global, Toronto, Canada) was used as a
bath solution. Hydrochloric acid (EMD Millipore corp.,
Darmstadt, Germany) was used to prepare solutions for pH
studies. Elastomer substrates used for imaging were prepared
as described in the Supporting Information.

Nanopipette Fabrication. Pipettes were pulled with a
CO2-laser puller (P-2000, Sutter Instrument, Novato, CA,
USA) from theta or single quartz capillaries (QT120-90-7.5 or
Q100-70-7.5, Sutter Instrument, Novato, CA, USA). Pulling
parameters for theta were as follows: Heat = 690/690, Fil = 3/
4, Vel = 35/45, Del = 160/160, and Pull = 160/190. Pipettes
were characterized by electron microscopy (FEI Quanta-FEG,
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Hillsboro, OR, USA) with outer diameters of dual-barrel
pipettes estimated to be 120−230 nm (Figure S1). Pipettes
were filled with potassium chloride (KCl) solution, and Ag/
AgCl electrodes were inserted into each dual barrel as quasi-
reference counter electrodes (QRCEs). For dual barrel
applications, one electrode served as a working electrode and
the second electrode, as a counter/quasi-reference electrode.
To minimize crosstalk between barrels, Ag/AgCl electrodes
were prepared from perfluoroalkoxy (PFA) coated silver wire
(0.005 in. bare, 0.007 in. coated, A-M Systems, Sequim, WA,
USA) with the ends stripped to expose silver, which was
subsequently chloridized.
BP-SICM Instrumentation. A modified XE-Bio (Park

systems, Suwon, South Korea) SICM was used to control pipet
position and record electrochemical signals. In experiments
described here, both positive and negative feedback were
employed, with standard hardware/software. To enable
positive feedback with the negative feedback algorithm from
the commercial instrument, the current signal (voltage) was
passed through a voltage inverter and to the feedback input.
With BP-SICM, probe control was achieved with DC (direct
current), AC (or distance modulated), and ARS (approach-
retract scan, or “hopping”) modes, with the imaging set points
optimized dependent on the peak current (ip) value (described
vide infra). (Further details of imaging parameters for AC
mode are included in Supporting Information.) For probe−
surface distance (Dps) estimations, the point of closest
approach was set as zero, as the complex concentration
gradients make standard SICM equations invalid. To evaluate
and compare the resolution of BP-SICM, topography of
collagen fibrils was also measured with atomic force
microscopy (AFM, XE-Bio, Park systems, Suwon, South
Korea). Biolever-mini cantilever (BL-AC40TS, Olympus,
Tokyo, Japan) and tapping mode imaging were used for
both aqueous and ambient conditions.

■ RESULTS AND DISCUSSION
Biphasic Operations and Measurement. The general

experimental configuration employed here is shown in Figure
1. A dual-barrel pipet is filled with electrolyte solution (e.g., 1
M KCl), and reference electrodes are inserted in each barrel. A
potential is applied to the electrode of one barrel, and the
electrode in the second barrel serves as ground. Current flows
between the electrodes in the two barrels, similar to the
situation for SECCM16 and previous studies of Korchev and
co-workers.14 In configurations described here, a lower
concentration electrolyte (or no electrolyte) was present in
the bath solution, and as such, in addition to an ion current
due to migration under the applied potential difference, ions
also diffuse from each barrel to the surrounding solution under
a concentration gradient. As long as the ions are miscible in the
bath solution, this creates a local zone of ion concentration at
the tip of the pipet suitable for generating feedback and probe
control in imaging, as described below.
The dual-barrel tip and concentration gradient in BP-SICM

generate a unique approach curve profile relative to typical
SICM measurements. Generally, approach curves for BP-SICM
are characterized as initially showing a current increase,
followed by a peak current (ip) and subsequent decrease in
current, as shown schematically in Figure 1b and exper-
imentally for approach to a PDMS surface (Figure 2a,b). The
initial increase in current happens at distances relatively far
(>300 nm) in comparison to standard SICM. For this

increasing region of the approach curve, the current increase
occurs as the diffusional space under the probe tip narrows on
approach, limiting the volume of solution into which ions
immediately diffuse and effectively increasing the local
concentration of ions (i.e., conductivity). Under conditions
here, typical current increases were approximately 10−20% of
the steady state current (iss), values more than suitable to
generate feedback. Eventually, the local concentration reaches
a maximum, observed as a peak current (ip), and then,
geometric factors of the access resistance (RAC), surface, and
probe geometry result in a current decrease, similar to the case
for typical SICM. The maximum current (the peak current, ip)
is proportional to the applied electric potential (Eexternal). After
reaching the ip, the current decreases dramatically below the iss
value, similar to what is encountered for traditional feedback
generated from RAC as the tip moves toward the surface.
Approach curves at positive and negative potentials and in the
presence of 0.1 M HCl (Figure S2) showed the same general
trend in the approach curve prior to ip, which supports the
diffusional origin of feedback proposed, as opposed to
influences arising from surface charges. From approach curves
at positive and negative potentials, we can observe that
concentration polarization results in different magnitudes in
the presence of surface charge. Generally, for BP-SICM
measurements without added acid, the symmetric nature of
the dual barrel probe, far working distances, and high
electrolyte concentration in the pipet mitigate significant
effects from surface charge.

Figure 1. Schematic of (a) biphasic-SICM (BP-SICM) setup
depicting different electrolyte phases in the pipet and bath solution;
(b) schematic of the BP-SICM approach curve relative to diffusional
current increases and access resistance (RAC) of SICM.
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BP-SICM can also operate in what would typically be
considered an unconventional solvent for SICM, with the only
requirement being solubility of ions in the electrolyte in the
external bath solution. We demonstrate this by collecting
approach curves (Figure 2c) with 0.1 M KCl, DI H2O, and
ethanol serving as bath solution. Under these conditions,
approach curves are dependent on the electrolyte solubility.

For instance, ethanol, with a lower dielectric constant and
limited KCl solubility, required high voltages (>1 V) to
generate current suitable for operation.
The feedback mechanism described above proved sufficient

to acquire images for configurations with 1.0 M KCl inside the
pipet and lower concentrations of KCl (e.g., 0.1 M), deionized
water (DI H2O) with no electrolyte, and nonaqueous solvents
(e.g., ethanol) in the bath. Example images acquired in the DI
water and ethanol are shown in Figure 3. In particular, AC

feedback was found to be especially useful for imaging. This is
because the absolute value of the current change used for AC
feedback afforded probe control regardless of if the current
increased or decreased. Thus, suitable feedback at far distances,
where diffusion resulted in increased ion current, or feedback
at short distances, where RAC resulted in decreased ion current,
could be achieved. (Representative approach curves high-
lighting subtleties of the AC feedback signal are shown in
Figure S3.) For such images, topography in nonionic solutions
were readily acquired, but the roughness of the calibration
standard replica in the topography was increased slightly, a
consequence of the increase of noise and possibly also due to
swelling in nonaqueous solutions. Image analysis (Figure S4),
determining the width and height of the calibration standard
replica topography for DI H2O (bath solution), was
comparable to images acquired in 0.1 M KCl. In ethanol,
swelling of the PDMS substrate resulted in subtle changes in
the width of calibration standard replica of 20−100 nm and
nominal height increases (∼1.8 nm). These changes agree well
with the reported swelling ratio for PDMS in ethanol of 1.04.18

Resolution and imaging parameters were investigated for BP-
SICM in ARS mode for both positive feedback (Dps greater
than ip on the approach curve) and negative feedback (Dps less
than ip on the approach curve) and compared to AFM images
of the same features in topographic images of collagen fibril
bundles (Figures 4 and 5). As BP-SICM operated in the
positive feedback regime (BP-SICMPF) affords the opportunity
to image at extended distances, optimal imaging parameters for
different set points were also examined. At thresholds typical of
ARS mode (1−2% of iss) in conventional SICM (single-barrel
nanopipette), BP-SICMPF images of collagen fibrils were
poorly resolved, likely due to the extended working distances
of BP-SICM. At thresholds of 7% of iss, features on collagen
fibrils came into focus, with thresholds of 14% and 21% of iss
allowing resolution of detailed fibril features (Figure 4). This
same phenomenon was also observed for DC mode imaging
with BP-SICMPF (data not shown).

Figure 2. Experimental approach curves of BP-SICM. (a) Effect of
applied potential difference on current−distance relationship. (b)
Normalized approach curves collected at each applied potential. (c)
Approach curves collected with different bath solvents/solutions on
flat PDMS substrate. The steady state current (iss) and externally
applied electric potentials (Eexternal) were as follows for the bath
solution: 0.1 M KCl, 1069 pA/49 mV (red △); DI H2O, 1015 pA/57
mV (black ○); ethanol, 1118 pA/8.8 V (blue □).The pipettes were
filled with 1.0 M KCl for each instance.

Figure 3. Topography of PDMS calibration standard replica,
measured with AC mode of BP-SICM (a) in deionized water and
(b) ethanol. Pipettes used were filled with 1.0 M KCl. The scale bar
for (a) is same as for (b).
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To further evaluate resolution of BP-SICMPF, the same
single collagen fibril was imaged by using both positive and
negative feedback of BP-SICM and both in situ and ambient
AFM (Figure 5). In BP-SICMPF, the threshold for ARS
(hopping) mode was set as 7% to secure the long working
distance. In the negative feedback regime of BP-SICM (BP-
SICMNF), the threshold was set as 0.9%. In these image
comparisons, the lateral resolution of BP-SICMPF appeared as
the lowest among all, showing the full width half max (fwhm)
of single collagen fibrils of 600 nm (threshold 7%), as
compared to 250 nm for BP-SICMNF, 320 nm for in situ AFM,
and 420 nm for ambient AFM. For negative feedback regimes
BP-SICMNF (<100 nm), Dps is smaller than for BP-SICMPF,
which probably results in higher lateral resolution for BP-
SICMNF, as found that a closer working distance plays an
important role in image resolution for SICM in the
literature.19−21 The height of the collagen topography,
measured with BP-SICMPF, was ∼197 nm, similar to that
measured by in situ/ambient AFM (190 nm/170 nm,
respectively). Height measured in BP-SICMNF was ∼360 nm,
comparable to the value recorded for the other feedback
modes tested. In previous studies, SICM has consistently
reported higher apparent heights observed relative to AFM
measurements, presumably a result of tip−sample forces
applied in tapping mode AFM, which resulted in height
information measured by AFM being underestimated in the
range of 30−50%.9,22 For measurements recorded here with
SICM, BP-SICMPF was not as accurate as BP-SICMNF, a result
of the differences in Dps for different feedback regimes.

■ CONCLUSIONS
We have reported BP-SICM, which exhibits ion current
independent of bulk electrolyte composition and imaging
environment. Through BP-SICM imaging and analysis, we
have demonstrated topographic imaging in electrolyte free and

nonaqueous bath solutions. BP-SICM has interesting potential
applications in imaging, where longer working distances may
be useful in minimizing probe contamination and sample
damage from the unintended physical contact for samples with
extreme topography. BP-SICM also provides a simple way to
image in nonaqueous solutions with minor modification of
conventional SICM equipment.
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topography dimension analysis; image analysis of
topography recorded for elastomer grating replica
substrate; image analysis of topography of PDMS replica
grating substrate (PDF)

Figure 4. (a) Approach curve and (b) topography of image collection
with BP-SICMPF of collagen fibrils with ARS (hopping) mode in
deionized water. Points denoted indicate change in ARS thresholds,
where (1) = 7.0%, (2) = 14.0%, and (3) = 21.0%. Pipettes used were
filled with 1.0 M KCl.

Figure 5. Topography comparison of (a) positive feedback BP-
SICMPF (ARS mode) in DI H2O (blue ■), (b) negative feedback BP-
SICMNF (ARS mode) in DI H2O (green ●), (c) AFM (tapping
mode) in DI H2O (orange ▲), and (d) AFM (tapping mode) in
ambient (red ▼). The height and width of collagen fibril in
topography are (a) 197 nm/600 nm, (b) 360 nm/250 nm, (c) 190
nm/320 nm, and (d) 170 nm/420 nm. Pipettes used were filled with
1.0 M KCl.
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