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We report scanning electrochemical microscopy-scanning ion conductance microscopy (SECM-SICM)
experiments that describe transport of redox active molecules which emanate from single pores of

a track-etch membrane. Experiments are performed with electrodes which consist of a thin gold layer
deposited on one side of a nanopipet. Subsequent insulation of the electrode with parylene results in
a hybrid electrode for SECM-SICM measurements. Electrode fabrication is straightforward and highly
parallel. For image collection, ionic current measured at the nanopipet both controls the position of the
electrode with respect to the membrane surface and reports the local conductance in the vicinity of the
nanopipet, while faradaic current measured at the Au electrode reports the presence of redox-active
molecules. Application of a transmembrane potential difference affords additional control over

migration of charged species across the membrane.

Introduction

Scanning ion-conductance microscopy (SICM) is a multi-
purpose scanned probe technique with unique advantages in
physiological settings.'* Non-contact image collection,* robust
feedback, multiple image collection modes™**° and high reso-
lution®'" can be achieved with SICM. Applications of SICM
include studies of surface topography of synthetic and biological
membranes,>!? measurement of ion transport through porous
materials and ion channels,”*® and observations of dynamic
properties of live cells.”*”"? Additionally, the combination of
SICM with other microscopy techniques, such as scanning near-
field optical microscopy,®?*?* atomic force microscopy?*** and
confocal fluorescence microscopy,>2’ has resulted in hybrid
techniques, which can supplement information measured. In this
report, hybrid SECM-SICM has been performed with parylene
C insulated Au nanopipet-electrodes to study diffusion and
migration of positive (Ru(NHj3)s**) and negative (Fe(CN)g*")
redox probes through a porous polyimide membrane. With this
technique, both ionic and faradaic current images of ions that
permeate a single pore can be recorded.

Tonic current measured with SICM depends on both the
resistance of the nanopipet-electrode and the resistance that
develops when the nanopipet is in proximity to a surface, termed
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the access resistance. As the pipet is advanced toward a sample
surface, changes in the access resistance result in a distance-
dependent current which serves as feedback for control of pipet
position. The nanopipet is then raster-scanned over the surface
in the x and y dimensions. Movements of the scanned probe and
the total ion current, recorded simultaneously, can be monitored
to generate two-dimensional maps of topography and ion
current.

A drawback to SICM is an inherent lack of chemical speci-
ficity. Scanning electrochemical microscopy (SECM), known as
the chemical microscope, is advantageous in this respect.?*7!
Here, an ultramicroelectrode (UME), utilized as the scanned
probe, reports spatially resolved electrochemical information.
Numerous reports demonstrate the ability of SECM to measure
molecular transport through synthetic and biological porous
membranes.3?¢ Through these experiments, quantification of
the effects of diffusion, migration and convection to the overall
flux of the system have been demonstrated.’*3>373% SECM,
however, often suffers from poor resolution in comparison to
SICM, largely due to difficulty in fabrication of electrodes with
proper geometry. The development of hybrid SECM-SICM
techniques offers an opportunity to control pipet position
through SICM, and to measure faradaic -electrochemical
processes by SECM. Central to the development of SECM-
SICM is electrode fabrication. Bard and coworkers reported an
electrode design that involved a micropipet coated with a gold
conductive layer, followed by an insulation layer of electropho-
retic paint.* In the first demonstration of functional SECM-
SICM, a similar approach to electrode fabrication was described
by Hersam and co-workers.*® In this study, atomic layer depo-
sition of aluminum oxide was performed to insulate a gold-
coated nanopipet followed by focused ion beam (FIB) milling to
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expose the nanopipet pore and electrode surface. More recently,
Matsue and co-workers insulated a Au sputtered nanopipet with
electrophoretic paint.** FIB milling exposed a ring-disk electrode
around the nanopipet opening. A different approach to fabri-
cation of carbon electrodes makes use of a theta pipet and was
demonstrated recently by Korchev and coworkers.** One barrel
of the theta pipet was filled with electrolyte and used for SICM
feedback. A carbon electrode was fabricated in the second barrel
through pyrolysis of butane in an inert atmosphere.

Here, we demonstrate simple, bulk fabrication of SECM-
SICM electrodes by parylene C insulation of Au-coated nano-
pipets. Parylene C can insulate high-aspect features at the same
rate as low-aspect regions through vapor deposition and is
a good candidate to provide a uniform, pin-hole free insulation
layer.***7 Additionally, a single run can coat multiple nanopipets
to produce numerous SECM-SICM celectrodes with similar
exposed areas. Applications of these electrodes to measurement
of redox probes that diffuse through nanopore membranes are
demonstrated.

Experimental
Materials

Ruthenium hexammine trichloride, potassium ferricyanide
(STREM Chemicals, Newburyport, MA) and potassium chlo-
ride (Mallinckrodt, Philipsburg, NJ) all >99% purity were used
as received. Solutions were prepared with 18.2 MQ-cm Milli-Q
water and pH was adjusted to 7.4. Potassium iodide (Mallinck-
rodt, Philipsburg, NJ), and sodium hypochlorite (13% active
chlorine, Acros, Morris Plains, NJ) were used to etch nano-
porous membranes. Dichloro-[2,2]-paracyclophane (parylene C
dimer, SCS Coatings, Indianapolis, IN) was used as received for
electrode insulation. Poly-(dimethylsiloxane) (Sylgard 184, Dow
Corning, Midland, MI) was used to mask the tips of nanopipets
in the microelectrode insulation process.

Electrode fabrication and characterization

Quartz capillaries (Sutter Instruments, Novato, CA) with 1.0 mm
outer diameter and 0.7 mm inner diameter were pulled with a
P-2000 CO,-laser pipet puller (Sutter Instruments, Novato, CA)
to form two, symmetric nanopipets with program H = 640,
F=3,V=41,D =195, P = 185. This produces nanopipets with
inner diameters of 200-230 nm (n = 20) as observed from
scanning electron microscopy.

Thermal deposition (Auto 306, Edwards) of a Cr adhesion
layer (12nmat 2 A s™') followed by a Au layer (188 nmat 2 As™')
was used to create the SECM electrode on one half of a nano-
pipet (Fig. la). Insulation of nanopipet-electrodes was per-
formed by parylene C deposition (Labcoater 2/PDS 2010, SCS
coatings) where nanopipet-electrodes were first stood on end in
a thin polydimethylsiloxane (PDMS) layer and vapor deposition
of parylene C was performed. After insulation, a micromanipu-
lator was used to raise the pipets directly out of the PDMS mask
which left the entire electrode insulted by parylene C except for
the masked region at the tip. Up to 40 electrodes were fabricated
in this fashion in a single run. A success rate of >50% for
nanopipets with tips less than 500 nm outer diameter and
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Fig. 1 (a) Schematic of electrode fabrication. From left to right: bare
quartz nanopipet, nanopipet with 12 nm Cr adhesive layer, addition of
188 nm Au, and finally parylene C insulated pipet-electrode. (b) Scanning
electron micrograph of nanopipet-electrode with an exposed electrode
area of 3.8 x 10° um? and a clear distinction between the Au electrode
(right), quartz (left) and parylene C insulation (top). (c) The tip region of
the electrode which demonstrates the quartz on the left and Au on the
right with a tip diameter of 310 nm and a cone angle of 18.5°. (d) Elec-
trochemical response of the electrode from (b) and (c) in 10 mM
Ru(NHj;3)6Cl3/100 mM KCl at a scan rate of 20 mV s™'.

exposed Au electrodes of length 100 + 20 um (n = 20) was
achieved.

After fabrication, all electrodes were characterized by scanning
electron microscopy (FE-SEM, FEI Quanta-FEG) and cyclic
voltammetry (CHI660 potentiostat, CH Instruments, Austin,
TX), Fig. 1b—d. The scanning electron micrograph in Fig. 1b
displays the gold layer on the right side of the pipet, quartz on the
left and parylene C insulation at the top. The electrode area is
~3.8 x 10° um? and resulted in a quasi steady-state current
of 380 nA in solution which contained 10 mM Ru(NH3)sCl3/100
mM KCI as supporting electrolyte. The steady-state electro-
chemical response of this electrode in 10 mM K;Fe(CN)s/100 mM
KCl was 230 nA, SI Figure lc.
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Membrane preparation and characterization

Nanoporous polyimide membranes were prepared through the
track-etch process as described previously.? Briefly, a polyimide
film, irradiated with heavy ions, was subsequently chemically-
etched to create a porous membrane. Here, membranes (poly-
imide, track density 10* tracks/cm? thickness 25 pum, itdip,
Belgium) were immersed in 13% sodium hypochlorite solution at
70 °C to develop cylindrical nanopores. After exposure to
etchant, membranes were placed in 1M potassium iodide solu-
tion for 30 min to neutralize the etch process. Pore diameters
were further characterized with scanning electron microscopy
(SEM) to produce well-characterized standards for examination
with SECM-SICM. Statistical analysis of pore sizes was per-
formed with ImageJ (National Institutes of Health, MD).

Instrumentation

SICM experiments were performed with a ScanlC scanning ion
conductance microscope (ionscope, Ltd, London, UK) in
conjunction with an Axopatch 200B current amplifier (Molec-
ular Devices, Union City, CA). To perform SECM-SICM with
migration studies, a five electrode system was utilized, adapted
from a previously established four-electrode ion-conductance
microscope, Fig. 2a. Here, the pipet electrode (PE) consists of
a Ag/AgCl wire back—inserted into the nanopipet-electrode,
which was filled with 0.1M KCI. For all of the experiments
reported in this study, PE was biased at +100 mV referenced to
the Ag/AgCl reference electrode (RE), which was also in the top
chamber. A Pt counter electrode (CE) and the Ag/AgCl reference
electrode (RE) were connected to a counter electrode driver (CE
driver) and both were located in the top chamber. To apply
a transmembrane potential difference across the membrane,
a Ag/AgCl working electrode (WE) was mounted in the bottom
chamber of the diffusion cell. Finally, the gold electrode (AuE)
was referenced to the RE through the counter electrode driver.
Faradaic current was collected at the AuE, Fig. 2b, while ion
current was collected at the PE. No electrochemical response was
obtained from Au under the parylene C layer. Under distance-
modulated feedback, the electrode was modulated ~100 nm
vertically at 800 Hz. The horizontal and vertical positions of the
nanopipet and the magnitude of dc ion current were measured to
produce topographic and dc current images, respectively.
Simultaneously, SECM images were collected via the auxiliary
channel of SICM. All images were analyzed with SICM Image
Viewer (ionscope Ltd., London, UK) and Gwyddion (David
Necas and Petr Klapetek, Brno, Czech Republic).

Collection of images at membranes

With the electrodes described in Fig. 1 and the experimental
configuration shown in Fig. 2, transport through porous
membranes was examined. Membranes with nominal pore
diameter of 900 nm were masked in clear tape with a 1-mm-
diameter through-hole which exposed the porous membrane to
electrolyte solutions on both sides, Fig. 2a. Membranes were
further masked with water-resistant epoxy, as described previ-
ously,’? such that only 4 pores were exposed to solution. Initially,
both the upper and lower chambers were filled with 100 mM KCI
as supporting electrolyte. To study the diffusion and migration of
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Fig. 2 (a) Schematic of a nanopipet-electrode for SECM-SICM
measurements. A Ag/AgCl electrode, inside the nanopipet, serves as the
pipet electrode (PE). The Au coating (AuE) is used to obtain faradaic
current from reduction or oxidation of redox probe molecules which
permeate a porous membrane. A Ag/AgCl electrode in the top chamber
serves as the reference electrode (RE), while a Ag/AgCl electrode in the
bottom chamber serves as the working electrode (WE) to apply a trans-
membrane potential difference via the power supply. A Pt counter
electrode (CE) is controlled by the counter electrode driver (CE driver).
(b) Close-up of the nanopipet-electrode where ions traverse the narrow
pipet opening. Redox ions are oxidized/reduced only at the exposed
surface of the AuE (right, golden) but not at the parylene C insulated
region (left, red).

redox probes, the bottom chamber of the diffusion cell was filled
with solutions of varied concentrations of redox probes (e.g. 25
or 100 mM Kj3Fe(CN)¢ with 100 mM KCI, or 10 mM
Ru(NH;)6Cl; with 100 mM KCI).

Results and discussion
SECM-SICM

Distance-modulated image collection was performed to obtain
topography, ion current (conductance) and faradaic current
images of single pores on the membrane. Topography of a 900-
nm-diameter pore, Fig. 3a, was imaged with the electrode at an
electrode-surface distance of 120 nm. From the SICM image,
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Fig.3 (a) Topography imaged with the nanopipet-electrode of a 900 nm
pore in the polyimide membrane. (b) lon current and (c) faradaic current
of Fe(CN)g* "~ reduction recorded with the AuE as the pore was imaged.
All images were recorded simultaneously with a transmembrane potential
of —300 mV vs. Ag/AgCl and a probe-surface distance of 120 nm. Scale
bar in all images is 2.0 um. (d) Cross sections of ion current and faradaic
current images b and ¢ (note scale difference).

a pore diameter of 1.0 + 0.1 pm (n = 5) was measured, which
overestimates the pore size as measured by SEM, in agreement
with previous reports.’* Conductance images were recorded at
the same time by the measurement of the dc component of the
ion current signal. For data shown in Fig. 3, the top chamber of
the diffusion cell housed an aqueous solution of 100 mM KCl
and the bottom chamber housed 100 mM K;Fe(CN)s/100 mM
KCl. To enhance ion migration between two chambers, the
working electrode in the bottom chamber of the diffusion cell
was biased at a constant transmembrane potential difference of
—300 mV (vs. the Ag/AgCl reference electrode in the top
chamber). Transport of ions and the subsequent increase of
solution conductivity in the vicinity of the pore resulted in an
increase of the ion current signal, Fig. 3b. Under the same
conditions, faradaic current was measured simultaneously, as
shown in Fig. 3c. Here, the AuE was biased at —100 mV (vs. Ag/
AgCl reference electrode), a potential sufficient to reduce
Fe(CN)g*~ in the vicinity of the electrode (SI Figure lc). The
working electrode (present in the bottom half of the diffusion
cell) drives not only K* and Cl~ ions, but also charged electro-
chemical species, such as Fe(CN)g’~. Here, faradaic current
measured in the vicinity of the pore is greater than at regions
away from the pore.

Due to the high resistance of the PE (~100 MQ, a result of the
relatively small pipet opening ~200 nm), conductance variations

around the pore are observed as differences in the total ion
current on the order of 10 pA. Total ion currents measured by the
nanopipet were on the order of 1 nA under conditions here. In
comparison, due to the larger electrode size (~micrometres) of
the AuE, a much greater faradaic response (900 pA) is recorded.
In addition to the larger electrode size, the fact that a significant
fraction of the total surface area of the AuE is located 50-150
nanometres from the nanopipet opening results in lower reso-
lution, compared to the true pore dimension. Resolution of
electrochemical image collection recorded with the AuE
employed here might also suffer if electrochemical species were
present at significant concentrations in the top half of the
diffusion cell, which would result in a large background current.
For studies reported here, the AuE geometry and size perform
adequately for measurement of electrochemical species, as the
initial concentration of redox probes in the top half of the
diffusion cell is essentially zero, which results in little to no
background current in regions away from the pore opening. This
redox probe-dependent difference in resolution is shown in
Fig. 3d, where cross sections of the current response over the
single pore are plotted. A Lorentzian fit of the faradaic current
response gave a full width of half maximum (FWHM) of 5.7 um,
while the ion current gave 1.2 um, both with high (0.98) corre-
lation coefficient. This difference in resolution is dependent on
the nanopipet-electrode geometry employed here and does not
reflect an inherent difference in resolution of SECM vs. SICM.

The influence of a transmembrane potential on both the ion
current and faradaic current was examined in more detail. For
these experiments, initially no KCI concentration gradient was
used (100 mM KCIl was placed both in the top and the bottom
chamber of the diffusion cell) while the pore was imaged at
a constant electrode-surface distance of 120 nm. Further, for
initial measurements, no redox probe was present. Consecutive
images of a single pore were recorded at 0, —100, —300 and
—500 mV vs. Ag/AgCl transmembrane potential. The maximum
peak currents observed over the single pore for both ion current
and faradaic current are shown in Fig. 4 a and b. Under these
conditions, a linear change in ion current (conductance) with
applied transmembrane potential measured at the PE is clearly
obvious, Fig. 4a, A. As no redox probe is initially present, no
change in the faradaic current signal is detected at the AuE
(=100 mV vs. Ag/AgCl), Fig. 4b, A. Redox probe was then
added to the bottom chamber of the diffusion cell to a final
concentration of 25 mM ferricyanide. Peak currents measured
over a single pore for this condition report an increase in both
current responses, ionic and faradaic, as the total ion concen-
tration (and conductivity) in the vicinity of the pore is increased
for the ion current measured, Fig. 4a, @. The redox probe
concentration is also increased as reported by the AuE, Fig. 4b,
O. Increase of the redox probe concentration in the bottom
chamber to 100 mM K;Fe(CN)g/100 mM KCI, resulted in similar
increases in each current signal (ion current: Fig. 4a, m; faradaic
current: Fig. 4b, ), which further demonstrates the interde-
pendence but uniqueness of each signal recorded.

Chemical imaging: effects of redox probe identity

The experiments described in Fig. 3 and 4 demonstrate the ion
current measured in SICM indeed responds to changes in
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Fig. 4 (a) lon current measured with the pipet electrode biased at +100
mV vs. Ag/AgCl in the absence (A) and the presence of 25 mM (@) and
100 mM (m) K3Fe(CN)g in the bottom chamber. (b) Faradaic current
measured with the AuE biased at —100 mV vs. Ag/AgCl in the absence
(/) and the presence of 25 mM (QO) and 100 mM ([0) K3Fe(CN)g in the
bottom chamber.

solution conductivity, which occur upon the addition of a redox
probe. SECM affords an opportunity to examine chemical
identities based on the electrochemical oxidation-reduction
potential of a redox probe. To examine this in detail, two redox
probes, ferricyanide and ruthenium hexamine were chosen.
Ferricyanide is an anionic redox probe which is reduced to
ferricyanide at moderate negative potentials (= —100 mV vs. Ag/
AgCl). In contrast, ruthenium hexamine is a cationic redox probe
which is oxidized at moderate negative potentials (= —400 mV

vs. Ag/AgCl). Here, one redox probe was added to the bottom of
the diffusion cell and a transmembrane potential was applied
across the membrane. As configured, under a negative trans-
membrane potential (i.e. WE biased at a negative potential vs.
Ag/AgCl), anions are driven to the top chamber of the diffusion
cell, whereas cations are driven to the bottom chamber. When the
polarity of the transmembrane potential is reversed, the direction
of driven ion transport is also reversed. Peak currents over
a single pore were measured at the AuE for each redox probe, as
shown in Fig. 5.

In the first case, with 100 mM Fe(CN)*/100 mM KCl in the
bottom chamber, faradaic current was detected at the AuE
(biased at —100 mVvs. Ag/AgCl) due to Fe(CN)g* "~ reduction
when a negative transmembrane potential was applied. At more
negative transmembrane potentials, a greater driving force for
anion transport is present, and thus results in higher faradaic
currents as observed in Fig. 5. In the case of ferricyanide, for
positive transmembrane potentials, little to no faradaic current is
recorded.

In the second case, with 10 mM Ru(NH3)s**/100 mM KCl in
the bottom chamber, the opposite transport directionality was
observed. Faradaic current was detected at the AuE (biased at
—400 mV vs. Ag/AgCl) due to Ru(NH;3)s**"** oxidation when
positive transmembrane potentials were applied. However, no
faradaic response is observed when a negative transmembrane
potential was utilized.

The spatial distributions of the faradaic response as a function
of applied transmembrane potentials are shown in Fig. 5 (b-e).
This demonstrates that electrochemical detection for redox
probes of opposite charge can be turned “on” and “off”, which
further highlights the chemical nature of the measurements
recorded with SECM.

Conclusions

We have demonstrated that thermally evaporated Au electrodes,
insulated with parylene C on nanopipets can serve as an SECM-
SICM electrode. The advantages of this electrode include a fast
and simple bulk-fabrication method and high-resolution capa-
bilities. In addition to faithful measurement of surface topog-
raphy, these electrodes can detect diffusion and migration of
positively and negatively charged redox probes which permeate
a nanoporous membrane. Importantly, SECM-SICM benefits
from the ability to control the position of the electrode with high
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Fig. 5 (a) Faradaic current of Fe(CN)g*~ reduction (100 mM K;3Fe(CN)/100 mM KCI bottom chamber) and Ru(NH;3)s** oxidation (10 mM
Ru(NH3)Cl3/100 mM KCl bottom chamber) at various transmembrane potential differences. (b) Fe(CN)4*~ does not migrate to the top chamber of the
diffusion cell with a transmembrane potential difference of +500 mV vs. Ag/AgCl, however, migration of Fe(CN)s*~ readily occurs with a trans-
membrane potential difference of —500 mV vs. Ag/AgCL. (c). (d) Ru(NHj3)g*" oxidation occurs with a transmembrane potential difference of +500 mV
due to enhanced migration but is not observed at —500 mV vs. Ag/AgClL. (¢). AuE biased at —100 mV vs. Ag/AgCl for Fe(CN)g*~ reduction and —400 mV

vs. Ag/AgCl for Ru(NH;)6** oxidation. Scale bar is 2.0 um for all images.
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precision through SICM feedback, but still retains chemical
information afforded from oxidation/reduction reactions
measured with the SECM electrode.
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