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Herein, we feature our recent efforts toward the development and application of nanoelectrochemistry at liquid/liquid
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interfaces, which are also known as interfaces between two immiscible electrolyte solutions (ITIES). Nanopipets, nanopores,

and nanoemulsions are developed to create the nanoscale ITIES for the quantitative electrochemical measurement of ion

transfer, electron transfer, and molecular transport across the interface. The nanoscale ITIES serves as an electrochemical

nanosensor to enable the selective detection of various ions and molecules as well as high-resolution chemical imaging

based on scanning electrochemical microscopy. The powerful nanoelectroanalytical methods will be useful for biological

and material applications as illustrated by in-situ studies of solid-state nanopores, nuclear pore complexes, living bacteria,

and advanced nanoemulsions. These studies provide unprecedented insights into the chemical reactivity of important

biological and material systems even at the single nanostructure level.

1. Introduction

Electrochemistry at liquid/liquid interfaces has a history of more
than a century to be well-recognized in both fundamental and
applied electrochemistry.’ 2 A liquid/liquid interface is also known
as an interface between two immiscible electrolyte solutions (ITIES)
in electrochemistry.3 The electrolytes ensure ionic conductivity to
enable the accurate control and measurement of potential drop
and current flow across the interface. Specifically, ions can be
transferred across the interface to control the phase boundary
potential in potentiometry* or generate a current response in
amperometry and voltammetry.® Electrons can be also transferred
across the interface between redox molecules dissolved in opposite
phases. Fundamentally, Marcus theories were developed to
describe the kinetics of both ion-transfer® (IT) and electron-
transfer’.8 (ET) reactions at liquid/liquid interfaces. The IT theory
was originally inspired by the molecular dynamics simulation of
water fingers® and was assessed experimentally.2% 11 Interestingly,
an inverted region was predicted by the ET theory at liquid/liquid
interfaces in contrast to metal/solution interfaces!? and was tested
experimentally by employing scanning electrochemical microscopy
(SECM).13

This article features our recent efforts toward the development
and application of nanoelectrochemistry at liquid/liquid interfaces.
Earlier studies were reviewed a decade ago to highlight the
fundamental electrochemistry of IT and ET reactions at the
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nanoscale ITIES.'* 15 During the last decade, remarkable progress
was made to advance the nanoelectrochemical methods based on
the ITIES as reliable and quantitative analytical tools for biological
and material research. Biological applications are illustrated by in-
situ studies of nucleocytoplasmic molecular transport and bacterial
physiology. Advanced nanoemulsions (NEs) and solid-state
nanopores were also studied as soft and hard nanomaterials,
respectively, at the single nanostructure level for chemical sensing.
These studies provided unprecedented chemical information that is
unobtainable by ex-situ or ensemble studies.

It should be emphasized that the importance of
nanoelectrochemistry at liquid/liquid interfaces is represented by
the number of recent reviews, which are complementary to this
feature article. For instance, a recent fundamental review critically
assessed theoretical and experimental studies to discuss the
structure and thickness of liquid/liquid interfaces.® Moreover,
experimental and theoretical foundations were reviewed to employ
liquid/liquid interfaces for “impact experiments,”t” which are also
known as single-entity!® or single-particle!® electrochemistry as
introduced in Section 2.3. By contrast, recent reviews featured the
biological application of nanoelectrochemical methods based on
liquid/liquid interfaces to reveal the dynamics of neurotransmitter
exocytosis at the single-synaptic level.2% 2! Another recent review
introduced the application of liquid/liquid interfaces for
electrocatalysis and photoelectrocatalysis as mediated by various
nanomaterials and redox enzymes.??

2. Nanoelectroanalytical Methods

Here, we aim at discussing the working principles of three powerful
electroanalytical methods based on the nanoscale ITIES. A key
takeaway is that these methods were significantly reinforced as
reproducible and quantitative methods to enable various
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applications as introduced in Sections 3—6. Specifically, nanoscale
liquid/liquid interfaces can be formed reproducibly and reliably at
the tip of a well-characterized nanopipet. The use of nanopipet-
supported liquid/liquid interfaces as SECM nanotips enables high-
resolution electrochemical imaging.2® 2 More recently, single-
particle electrochemistry?® allowed for studies of IT, ET, and
molecular transport at single NEs as the new form of the nanoscale
ITIES.

2.1. Nanopipet-Supported ITIES

A nanometer-sized liquid/liquid interface can be formed at the tip
of a nanopipet (Fig. 1A) to find various sensing applications.
Nanopipet-supported ITIES is advantageous for the electrochemical
detection of redox-inactive ions, e.g., neurotransmitters,
acetylcholine and tryptamine,?> and bacterial metabolites, lactate?®
and CO;2"?7 The selectivity and sensitivity of these ITIES-based
nanosensors were high enough for practical applications to detect
the target ions in complicated biological media around living
neuronal cells?® 2° and bacteria.?® 2” Moreover, nanopipet-
supported ITIES was applied for fundamental studies to measure
fast ion-transfer kinetics'® ! and electrodeposit metal
nanoparticles® at the nanoscale interface.

Experimentally, a nanopipet is usually filled with a water-
immiscible organic solution of highly lipophilic electrolytes and
immersed in an aqueous electrolyte solution to form a nanometer-
sized interface. A metal electrode is inserted into the organic phase
to externally control the interfacial potential against an aqueous
reference electrode and measure the current based on interfacial
charge transfer. For instance, a more negative potential is applied
to accelerate the transfer of cations from the aqueous phase to the
organic phase. With a sufficiently negative potential, the resultant
ionic current is limited by the steady-state diffusion of the
transferred cations from the aqueous solution to the interface as
given by

it = 4xzFDycoa (1)

where x is a function of RG3! (= rg/a = 1.4 in this study; a and rg are
the inner and outer radii of a micropipet tip), z is the charge of a
transferred ion, F is the Faraday constant, and ¢ is its
concentration. The transferred cations efficiently diffuse away into
the organic phase through the tapered region of the nanopipet to
yield a steady-state cyclic voltammogram. By contrast, a reverse
peak current is expected at the micropipet-supported interface.3?
Experimental cyclic voltammograms at nanopipet and micropipets
are illustrated later.
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Fig. 1 (A) Scheme of IT voltammetry/amperometry at (A) the nanopipet-supported ITIES.
Reproduced from Ref. 5 with permission from Elsevier. (B) SEM image of a quartz
nanopipet coated with a 3 nm-thick Au film. Reproduced from Ref. 33 with permission
from the American Chemical Society. (C) TEM image of an as-pulled quartz nanopipet.
Reproduced from Ref. 34 with permission from the American Chemical Society. SEM
images of damaged (D) Pt and (E) carbon nanoelectrodes with scale bars of 1 um and
200 nm, respectively. Reproduced from Refs. 35 and 36 with permission from the
American Chemical Society and the Electrochemical Society, respectively.

Several issues were identified and overcome to reproducibly
form a nanopipet-supported liquid/liquid interface for reliable
current measurements. A nanopipet with a tip diameter of down to
10 nm can be reproducibly obtained by heat-pulling a glass or
quartz capillary using a computer-controlled CO,-laser puller.3” The
reproducible tip size was confirmed when a nanopipet was coated
with a 3 nm-thick metal layer and inspected by scanning electron
microscopy (SEM; Fig. 1B33) or was directly imaged by transmission
electron microscopy (TEM; Figure 1C34). In TEM, the electron-beam
intensity must be optimized to prevent the melt of the insulating
nanopipet tip. A stable ITIES is spontaneously and reproducibly
formed at the tip of a nanopipet to minimize the contact area
between the mutually immiscible solutions when the inner wall of
the organic-filled pipet is sufficiently hydrophobic. The wall of a
nanopipet can be reproducibly rendered hydrophobic by reacting
under a dry atmosphere with N,N-dimethyltrimethylsilylamine as a
silanization reagent with high purity and moderate reactivity.3® The
excessive reaction of the glass tip with a highly reactive and less
pure silanization reagent under a wet atmosphere can form a
polymeric material to block the tip end.! A recent study also
demonstrated that the nanopipet-supported ITIES was protected
from adventitious contaminants from the metal electrode in the
organic phase and from ambient air to obtain reproducible current
responses.?’

2.2. Nanoscale SECM

Nanopipet-supported liquid/liquid interfaces played crucial roles in
the recent development and applications of nanoscale SECM.2* For
instance, nanopipet-supported ITIES tips were applied to SECM
imaging of single nanopores3* 3° (see Sections 3.1) as well as single
bacteria.?® The recent SECM study of single bacteria employed a
nanopipet-supported ITIES tip as a lactate nanosensor to visualize
the metabolic interaction between two human oral microbiomes,
i.e., Streptococcus mitis and Corynebacterium matruchotii, through
lactate production and consumption at a single-cell level.
Moreover, a nanopipet-supported ITIES tip was positioned at a
nanometer distance from living Aplysia neurons by using SECM to
quantitatively monitor the release dynamics and concentration of
acetylcholine with millisecond temporal resolution.?® The
acetylcholine sensing nanoprobe was combined with SECM also to
reveal the dynamics of Ca?*-dependent acetylcholine exocytosis
from a living neuronal soma.?® The practical applications of
nanoscale SECM for neuronal and bacterial systems were enabled
by the high selectivity of the ITIES-based nanosensors for redox
inactive acetylcholine and lactate, respectively, in complicated
biological media.

Advantageously, a nanopipet-supported ITIES tip is robust in
comparison with a solid nanoelectrode, which has been also

This journal is © The Royal Society of Chemistry 20xx
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employed for nanoelectrochemical measurements including
nanoscale SECM. A solid nanoelectrode is an electronic conductor
and is readily damaged by electrostatic charge, which had not been
recognized or accepted despite decades-long research on solid
nanoelectrodes.®0 Electrostatic charges may be injected from an
operator to the contact wire of a nanoelectrode to completely
damage the tip including the surrounding glass sheath. The
resultant nanoscale damages were demonstrated for both
platinum3> and carbon3® nanoelectrodes (Figs. 1D and 1E,
respectively). In addition, electrostatic charges may be injected into
a nanoelectrode from the operational amplifier of a potentiostat.
The amplifier Is transiently saturated to generate a high voltage
when the potentiostat is switched between the actual
electrochemical cell and an internal dummy cell.*! The respective
sources of electrostatic charges can be eliminated by grounding the
operator under high humidity and by maintaining the connection
between the potentiostat and the electrochemical cell.3> 42 The
absence of the tip damage can be confirmed by SEM or TEM of a
used nanoelectrode as demonstrated for Pt nanoelectrodes with
sizes of down to ~200 nm.*? Unfortunately, the inspection of
smaller nanoelectrodes by SEM or TEM has been reported only
before use.

Reproducible nanoscale SECM imaging was enabled by the
precise positioning of a nanopipet-supported ITIES tip,3* 3° which
was robust enough to yield reproducible current responses (see
Section 2.1). An SECM tip was moved vertically and laterally by
using closed-loop piezo actuators with the sub-nanometer
resolution based on capacitive feedback (Fig. 2), which dynamically
stabilizes the stage positions. The sub-nanometer resolution also
required the piezo actuators that were designed for relatively short
travel distances of 50-100 um and, subsequently, mounted on the
micrometer stage with longer travel distances of 0.5-1 inches. The
micromanipulators must be locked to minimize the nanoscale
creeping or drift of the stage.*> 43

tip
rubber cap\ piezo
stage
counter: "y, solution ﬁ
¥ /
= =
! |/ A
[
=itk = =
substrate / micrometer
reference stage

thermal insulation plate

Fig. 2 Scheme of nanoscale SECM set up with an isothermal chamber. Reproduced from
Ref. 44 with permission from the American Chemical Society.

Importantly, nanopipet-supported ITIES tips were used to
identify the thermal drift of the tip position, which was minimized
by developing an isothermal chamber for reproducible nanoscale
SECM imaging.*> An SECM tip must be positioned within the tip
radius, a, from a substrate to investigate the reactivity and

This journal is © The Royal Society of Chemistry 20xx
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topography of the substrate with high spatial resolution. The short
distance, however, is readily compromised by a change in the
ambient temperature, which thermally expands or shrinks the
SECM stage attached to a nanometer-sized tip (Fig. 2). The thermal
drift can be minimized by isolating the SECM stage within an
isothermal chamber, where the temperature changes only ~0.2
mK/minute. The chamber is made of vacuum-sealed thermal
insulation plates to prevent heat exchange between the interior of
the chamber and the external ambient. Moreover, extra heat is
generated around the SECM stage by an operator and is quickly
absorbed by the surrounding metallic heat sinks to thermally
equilibrate the chamber interior. The remarkable stability of ~0.4
nm/min in the distance between the tip and the substrate was
measurable by monitoring the ionic current at an extremely small
nanopipet-supported liquid/liquid interface. The highly stable tip
position also confirmed that the heat sources that were not
eliminated by the isothermal chamber, e.g., reaction heat, were not
relevant to the thermal drift of an SECM tip. The isothermal
chamber was employed for SECM imaging of single nanopores3* 3°
and single nanoparticles.*> %3 The isothermal chamber also enabled
SECM-based nanogap voltammetry to investigate fast ET and
adsorption reactions at carbon electrodes,** e.g., graphene,*® highly
oriented pyrolytic graphite,*-*° and electron-beam-deposited
carbon 3051

2.3. Single NE Detection

Single-entity electrochemistry!® has emerged recently to enable
the electrochemical detection of single NEs dispersed in an
immiscible electrolyte solution.>? Importantly, this general
approach applies not only to simple oil-in or water-in emulsions but
also to various “soft” nanoparticles including artificial liposomes,>?
human platelets,>* and vesicles in the cytoplasm of single cells®> in
addition to Pickering emulsions,>® which are practically used in
cosmetic and culinary technologies. In these applications, the “soft”
nanoparticles contained redox-active molecules, which were
detected at the UME upon collision with each nanoparticle to
generate a current spike as discussed below. Alternatively, the
current response of a UME to redox-active species in the solution
can be lowered by the collision of individual “soft” nanoparticles,
which block the electrode surface.>” This principle was applied for
the detection of single living bacteria®® and single virus.> By
contrast, the current response of a UME to a redox-active species
was enhanced by the collision of an individual virus, which was
recognized by the antibody functionalized with glucose oxidase to
regenerate the redox-active species.®° The catalytic amplification
was successfully applied to detect murine cytomegalovirus in the
urine of infected mice.

Fundamentally, Bard pioneered the intriguing electrochemical
strategy for single NE detection by encapsulating redox-active
molecules in the NE to obtain a spike current response upon the
collision of each NE with a metal ultramicroelectrode (UME).>2 The
current response based on the electrolysis of the redox-active
molecules at the UME increases upon collision and decays as the
redox-active molecules are depleted in the NE. Importantly, the ET
reaction at the emulsion/electrode interface must be coupled with

J. Name., 2013, 00, 1-3 | 3
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another charge transfer reaction at the emulsion/solution interface
to maintain the electroneutrality of the emulsions, e.g., an IT
reaction at the emulsion/solution interface as an ITIES (Fig. 3).6* The
heterogeneous ET reaction was also coupled with a homogeneous
ET reaction in the emulsion for the electrogenerated
chemiluminescence detection of single emulsions as synchronized
with current spikes.5? The spike current based on the oxidation of
decamethylferrocene at the emulsion/electrode interface was
amplified by the immediate reduction of ferrocenium by CO,*~ at
the emulsion/solution.®® The strong reducing reagent, CO,*", was
generated from oxalate at the solution/electrode interface.

| UME ‘ | ﬁ UME
A A" A A*
G @
t .t

g

i I

Fig. 3 Electrochemical detection of the single NE collided on the UME (left) only with a
residual background current without the transfer of an ion, A* or D, across the
emulsion/water interface or (right) with a current spike based on the oxidation of a redox
probe, A, to A* as coupled with the transfer of an ion, X* or N-, across the emulsion/water
interface. The oil-in-water emulsion (yellow) is surrounded and stabilized by tadpole-
shaped amphiphilic molecules. Reproduced from Ref. 61 with permission from the
American Chemical Society.

Liquid/liquid interfaces can be used instead of UMEs to detect
single NEs electrochemically.®4%6 Historically, Kakiuchi pioneered
the electrochemical formation and detection of microemulsions at
macroscopic liquid/liquid interfaces.®’” Chronoamperometric spikes
were observed stochastically and attributed to the transfer of ~2.4
x 10° emulsions by assuming a radius of 1 um and a surface charge
density of 0.1 C/m?2. Recently, individual oil-in-water
microemulsions were preformed in the aqueous phase and
detected as current spikes at the ITIES.%® The current spikes were
attributed to the fusion of the single emulsion at the ITIES followed
by the release of ions from the emulsion into the aqueous phase.
The distribution of the emulsion diameter around 2 pm at the ITIES
was estimated electrochemically from the charge under the current
spike to satisfactorily agree with the emulsion diameter distribution
in solution as determined by dynamic light scattering. This
agreement ensures the high stability of the emulsions with minimal
aggregation at the interface and in the solution. More recently,
current spikes with ~10 um-diameter emulsions were studied to
suggest a change in the interfacial potential of the emulsions upon
fusion with the ITIES.®®

The reproducibility of current spikes in single NE detection is
determined not only by the size distribution of NEs but also by the
efficiency of electron transfer across the NE/UME junction or ion
transfer across the NE/ITIES junction. Advantageously, these
junctions are stable enough to mediate the exhaustive transfer of
electrons and ions from or into the NEs®! despite the relatively large

4| J. Name., 2012, 00, 1-3
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NE diameters of >40 nm. Subsequently, a single current spike is
observed upon the collision of each NE to correlate the collision
frequency to the diffusion coefficient and concentration of NEs.
Moreover, fast electron or ion transfer across the stable junctions
narrows the current spike to maximize the current sensitivity, which
is eventually limited by the number of available electrons and ions
in the NE. By contrast, it is well known that the collision of single Ag
nanoparticles at the UME can yield multiple current spikes to
compromise the current sensitivity.”® Specifically, Ag nanoparticles
with diameters of >50 nm are only partially oxidized during each
collision and are desorbed from the UME to rapidly bounce across
the UME surface, thereby yielding multiple current spikes.

3. Solid-State Nanopore Membrane

The goal of this section is to discuss how ion transport through
ultrathin nanoporous membranes can be investigated quantitatively
by employing nanopipet- and micropipet-supported liquid/liquid
interfaces as ion-selective SECM tips.23> A major takeaway is that the
powerful SECM method established a quantitative structure—
permeability relationship for ultrathin nanoporous membranes.
Significantly, this relationship is useful not only to better
understand nucleocytoplasmic molecular transport (Section 4) but
also to design highly sensitive ion sensors based on nanoscale ITIES
arrays (Section 3.3). Specifically, the ultrathin nanoporous
membranes can be molecularly thin (~10 nm in thickness) and,
subsequently, much more permeable than traditional nanoporous
membranes but are still robust enough to be self-standing in the
solution.”® The ultrathin nanoporous membranes can be considered
as superior alternatives for hemodialysis’2 and cell co-culture”® and
also as enabling nanomaterials for wearable artificial kidney’ and
tissue-on-chips.” The dimensions of solid-state nanopore
membranes can be similar to those of the nuclear envelope
perforated by nuclear pore complexes with a pore length of 35 nm
and a pore radius of 24 nm.”®

3.1 Single Nanopore Imaging

The power of nanopipet-supported liquid/liquid interfaces as
nanoscale SECM tips were demonstrated by imaging ion transport
through single solid-state nanopores.3® This work represented the
first example of truly nanoscale SECM imaging with a spatial
resolution of less than 100 nm with the substrate fully immersed in
the solution. A much higher spatial resolution of ~1 nm was
achieved earlier by imaging biological macromolecules on a mica
substrate covered with a thin layer of condensed water (a few
nanometers or less).”” Specifically, a nanopipet-supported
liquid/liquid interface was scanned over a nanoporous membrane
by maintaining a short tip—substrate distance of ~¥1 nm in the
isothermal chamber. The current based on the transfer of
tetrabutylammonium (TBA*) across the nanopipet-supported
interface was enhanced when the tip was scanned over the
nanopore. The high spatial resolution of ~30 nm was limited by the
tip diameter of a nanopipet and was confirmed quantitatively by
the finite element analysis of SECM images.

More recently, a nanopipet-supported liquid/liquid interface
was employed as an SECM tip to image a periodic array of solid-

This journal is © The Royal Society of Chemistry 20xx
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state nanopores with uniform pore diameters of 100 nm (Fig. 4A).34
The nanoporous membrane was imaged by using TEM to ensure the
periodicity and diameter of nanopores. Nanoscale SECM imaged the
periodicity of the nanoporous membrane (Figure 4B). The pore
diameter in the SECM image was larger than the actual pore
diameter owing to the lateral diffusion of TBA* in the gap between
the tip and the pore. The diffusion effect was corrected by the finite
element analysis of the SECM images to find that the pore diameter
determined electrochemically in the electrolyte solution
quantitatively agreed with the pore diameter determined by TEM in
a vacuum. In contrast to the earlier study,3 the tip diameter of a
nanopipet was also determined by TEM (Fig. 1C) to ensure the
reliability of the finite element analysis.

(A) 30 nm-diameter potentiostat
nanopipet tip
e glass wall ™~
piezo stage s Ag/AgCI
water /

Teflon cell

Fig. 4 (A) SECM cell with a nanoporous membrane and an organic-filled nanopipet tip.
DCE represents 1,2-dichloroethane. (B) A 300 nm x 600 nm SECM image of single SisN,
nanopores as obtained with a sphere-cap nanopipet tip in 1 M KCl containing 5 mM
TBACI. Probe scan rate, 100 nm/s in the x direction. Reproduced from Ref. 34 with
permission from the American Chemical Society.
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with
flo) = (143.86°4)/(1 - o) (3)

where N is the pore density, r is the pore diameter, / is the pore
length, yis the ratio of a diffusion coefficient in the pore, D,, against
a diffusion coefficient in the solution, D, and o (= tNr?) is the
membrane porosity. The structure—permeability relationship is
useful, for instance, to determine a pore diameter, which changes
when the pore is blocked or expanded. This relationship is also
useful to assess the interaction of a transported molecule with the
pore, which alters the corresponding diffusion coefficient, Dy, from
the solution counterpart, D;.

The structure—permeability relationship based on egs 2 and 3
was confirmed by measuring the permeability of an ultrathin
porous membrane using a micropipet-supported ITIES as an SECM
tip.89 The high permeability of the 16 nm-thick porous membranes
was measurable by using SECM owing to a high mass-transport
condition between the tip and the membrane. Experimentally, an
SECM tip approached the membrane vertically to obtain an
approach curve, i.e., a plot of the tip current versus the tip—
membrane distance. The approach curve was analyzed by the finite
element simulation to determine membrane permeability. The
proportionality between the membrane permeability and diffusion
coefficient of various small monovalent ions was demonstrated (Fig.
5) to agree with eq 2 based on the geometrical parameters of solid
nanoporesi.e., r=5.6 nmand N = 67 pores/um? as determined by
TEM and / = 15 nm as determined by ellipsometry. This agreement
indicates that the small monovalent ions diffuse through the water-
filled nanopores as freely as in the solution, i.e., D, = D;.

The use of an IT reaction at the tip and the substrate is
advantageous for high-resolution SECM imaging. When an ET
reaction is employed, an electron may tunnel across the solution
between the nanotip and the substrate to operate in the mode of
scanning tunneling microscopy. Without special care,’8 it is hard to
distinguish between the tunneling current and the Faradic current
at the tip, thereby leaving ambiguity in the interpretation of the
resultant image.”® Accordingly, the reliable SECM imaging of a
conductive substrate with a conductive tip has been limited to a
spatial resolution of ~200 nm. This resolution was confirmed by
guantitatively analyzing the SECM image of single Pt nanoparticles
as obtained by a ~200 nm-diameter Pt tip.4% 43

3.2 Sturture—Permeability Relationship

The ion-selective permeability of solid-state nanoporous
membranes was investigated quantitatively to confirm the
structure—permeability relationship based on the effective medium
theory.8 In this theory, a membrane is perforated by an array of
cylindrical nanopores to yield

k=2NrDy/(2l/mry+ 1/f(o))  (2)

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Plot of the membrane permeability versus the diffusion coefficient of transported
ions. The permeability to Arixtra and protamine was measured with 0.10, 0.03, and 0.01
M PBS while 0.10 M PBS was employed for monovalent ions. The inset shows a TEM
image of the membrane with pores (bright circles) and diffracting nanocrystals (dark
spots). Reproduced from Ref. 80 with permission from the American Chemical Society.

The structure—permeability relationship was used to reveal
electrostatic and steric interactions between the pore wall and
polyions. A micropipet was filled with the organic solution of an
ionophore to selectively transfer a polyion, which is too hydrophilic
to transfer into the organic phase without an ionophore.
Specifically, dimethyldioctadecylammonium was employed as an
ionophore for polyanion Arixtra,®! a synthetic anticoagulant based
on a pentasaccharide with eight sulfate and two carboxylate

J. Name., 2013, 00, 1-3 | 5
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groups. The permeability of the nanoporous membrane to Arixtra
was lower than expected from eq 2 (Fig. 5) and was lowered as the
ionic strength of the solution was decreased. This result indicates
that the transport of the polyanion was hindered electrostatically
by the negative charge on the pore wall. The electrostatic repulsion
was strengthened by decreasing the ionic strength to more weakly
screen the charge of the polyanion and the pore wall. By contrast,
steric hindrance was observed for protamine, a polypeptide (~4.5
kDa) with ~20 positive charges based on arginine residues. The
organic phase was doped with dimetylnaphthalenesulfonate as a
protamine-selective ionophore.®? The protamine permeability of
the porous membrane was lower than expected from eq 2 (Fig. 5)
but was independent of the ionic strength, thereby excluding the
electrostatic effect. The precise SECM measurement of the
membrane permeability revealed the steric effect on protamine
transport. Protamine molecules with a hydrodynamic radius of 2.0
nm were too large to freely diffuse across the nanopores with an
average radius of 5.6 nm.

3.3 Nanopore-Supported ITIES Array

The structure—permeability relationship of nanoporous membranes
will be useful to rationally design a highly sensitive ion sensor based
on an array of the nanoscale ITIES. In principle, the sensitivity of a
nano-ITIES-array sensor can be enhanced for cyclic voltammetry by
decreasing the background charging current as demonstrated for an
array of gold nanoelectrodes.?3 A higher sensitivity is expected for
an array of smaller electrodes or interfaces as follows.%*

When the entire macroscopic ITIES is available for an IT reaction
during cyclic voltammetry, both IT current and charging current are
determined geometrically by the interfacial area, A, to define a
detection limit. The charging current is suppressed by blocking the
interface with the insulating part of a nanoporous membrane (Fig.
6) and is determined by Ao (= MANr?). When pores are separated
widely to support a steady-state diffusion layer at each ITIES (Fig.
6A), the resultant IT current at each pore is given by eq 1 witha=r
to yield the total IT current that is proportional to ANr. Accordingly,
the ratio of the IT current against the background charging current
is inversely proportional to the pore radius, i.e., ANr/TANr? = 1/mur,
and is enhanced proportionally by decreasing the pore size to lower
the detection limit. The corresponding cyclic voltammogram
becomes sigmoidal under steady states. An even lower detection
limit is expected when pores are located close enough to overlap
diffusion layers (Fig. 6B), where the total IT current is independent
of the pore size and is determined by the total area including the
insulating region, i.e., A. The corresponding ratio of the IT current
against the background charging current is inversely proportional to
the square of the pore radius, i.e., A/TANr? = 1/iNr2. In this case,
peak-shaped transient cyclic voltammograms are expected owing to
the overlapping diffusion layers as demonstrated for the gold
nanoelectrode array with a low nanomolar detection limit.83

6 | J. Name., 2012, 00, 1-3
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Fig. 6. Evolution of the diffusion layer at an array of nanoscale interfaces between two

liquid phases (white and yellow) separated by a nanoporous membrane (gray). Arrows
and dashed lines indicate the diffusional flux and the same concentrations of transferred
ions, respectively. Adapted from Ref. 84 with permission from John Wiley and Sons.

Experimentally, the detection limit of nanopore-supported ITIES
arrays by cyclic voltammetry has been limited to submicromolar
and has not reached the low nanomolar detection limit of a gold
nanoelectrode array.83 For instance, 20 x 20 arrays of 400 pores
with a radius of 17 nm were prepared with a 100-nm thick silicon
nitride membrane by the combination of photo- and electron-beam
lithography to detect a blocker drug, propranolol, with a limit of
0.8 uM.8 The higher detection limit is attributed to the non-
overlapping diffusion layer at each interface, i.e., Fig. 6A. In
addition, the ITIES is more capacitive than the metal/solution
interface to yield a larger charging current. More recently, an array
of ~80 nm-long nanopores with diameters of 2—3 nm was prepared
at a high pore density of 4 x 108 pores/um? on the indium tin oxide
electrode by the Stéber-solution growth approach.8® The 80 nm-
thick porous electrode was transferred to a silicon nitride
membrane to support an 18 pm-diameter patch of the self-standing
nanoporous membrane. The ensemble was integrated into a 3D-
printed frame to develop a portable sensor for choline as the
precursor and metabolite of acetylcholine and as a marker of
cholinergic activity. The limit of detection, however, was only 0.99
UM.

By contrast, IT stripping voltammetry at ITIES based on solid-
supported polymeric membranes can reach detection limits from
nanomolar to picomolar.> In this case, the surface of the polymeric
membrane was not covered with a porous membrane and was
entirely exposed to the aqueous sample solution. An analyte ion
was potentiostatically preconcentrated into a ~1 um-thick ion-
selective polymeric membrane and stripped from the thin solid-
supported membrane voltammetrically and exhaustively to
enhance the stripping current response. The stripping voltammetric
detection limits of heparin,8” ClO,~,38 PF¢~,2% alkylammoniums,®
K*,%0 NH,*,%0 Ca%*,°1 and perfluoroalkyl sulfonates and carboxylates®?
went below the potentiometric counterpart to reach low
nanomolar and low picomolar. Moreover, the voltammetric
approach allows for the selective detection of multiple ions.®3%> IT
stripping voltammetry, however, requires lengthy preconcentration
of an analyte for nanomolar and picomolar detection limits, which
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are also determined by the background charging current. A
nanopore-supported ITIES array will shorten the preconcentration
time of stripping voltammetry for picomolar detection limits or
achieve nanomolar detection limits by cyclic voltammetry without
the preconcentration step. Importantly, IT reactions are fast enough
to yield well-defined diffusion-limited current responses despite the

enhanced nanoscale diffusion at the partially blocked interfaces.?®
97

4. Nuclear Pore Complex

The nuclear pore complex (NPC) solely mediates the transport of
both small molecules and macromolecules between the nucleus
and cytoplasm of a eukaryotic cell to play imperative roles.?® The
NPC is crucial to the regulation of gene expression®® and is linked to
many human diseases! including cancers 1°! and neuronal
diseases.'©2 The NPC represents one of the largest known protein
complexes (in total ~120 MDa) and comprises multiple copies of 30
distinct proteins called nucleoporins to perforate the double-
membraned nuclear envelope.1% The selective transport barriers of
the NPC are based on hydrophobic repeats of phenylalanine and
glycine (FG) of nucleoporins.

The goal of this section is to introduce the biological application
of ion-selective ITIES tips for SECM studies of nanoscale molecular
transport through NPCs as proteinous nanopores.%* An important
takeaway is that new gating mechanisms of the NPCs, i.e., ion-
induced permeabilization% and electrostatic gating,'%¢ were
discovered in these SECM studies. These findings were made by
investigating the NPC-mediated transport of redox-inactive ions%
including polyions'® with microscale ITIES tips. Previously, Pt UMEs
were employed as microscale SECM tips to establish the non-
destructive and non-contact measurement of the high NPC
permeability to various redox-active ions.197-19 These studies
employed the large nucleus isolated from the oocyte of Xenopus
laevis to enable SECM of the nuclear envelope at the intact
nucleus'®”: 198 or spread over the microporous membrane.1%®
Significantly, nanopipet-supported ITIES tips are more robust than
solid nanotips (Fig. 1) and are promising for future SECM imaging of
single NPCs (Fig. 4).

4.1 lon Permeability and lon-Induced Permeabilization

The structure—permeability relationship of the NPC was
investigated by employing small monovalent ions as SECM probes
to find that the NPC nanopore is permeabilized by highly
hydrophobic ions.1% The hydrophobicity of the examined ions was
determined by cyclic voltammetry at micropipet-supported ITIES. A
more hydrophobic cation was transferred into the inner organic
phase at more positive potentials. The resultant order of ion
hydrophobicity was tetraphenylarsonium (TPhAs*) > TBA* >
(ferrocenylmethyl)trimethyl ammonium (FCTMAY). By contrast, the
transfer of a more hydrophobic anion required more negative
potential to follow the order of perfluorobutylsulfonate!*? (PFBS™) >
PF¢ > ClO4~. The permeability of the NPCs to these ions was
measured at the nuclear envelope of the intact nucleus by using
micropipet-supported ITIES as SECM tips (Fig. 7) to vary with the
diffusion coefficient of the transported ions in the aqueous solution
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as expected from eq 2. The slope was consistent with N = 40
NPCs/um?, r = 24 nm, and / = 35 nm as determined for the NPC of
the Xenopus oocyte nucleus by cryogenic TEM and ambient AFM.
This result indicates that these small ions diffuse through the
transport barriers of the NPC as freely as in the aqueous solution,
i.e., D, =Dsin eq 2. These ions are smaller than the size of water-
filled spaces (5.2 nm) among the gel-like network of FG repeats in
the transport barriers.11!
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Fig. 7 SECM permeability measurement of the NPCs using a micropipet-supported ITIES
tip. The nucleus was swollen to detach the nuclear envelope from the nucleoplasm.
Reproduced from Ref. 105 with permission from the American Chemical Society.

Interactions between FG-rich transport barriers and small
hydrophobic ions, i.e., TPhAs* and PFBS, were strong enough to
permeabilize the NPC to passively impermeable albumin. The NPC
was permeabilized when the intact nucleus was immersed in the
solution containing a high concentration of the hydrophobic ions.
The permeabilized NPC became impermeable to albumin when the
hydrophobic ions were removed from the bathing solution. The
reversible permeabilization of the transport barriers by the
hydrophobic ions contrasts with the irreversible permeabilization
by other chemicals such as hydrophobic alcohols.112 Interestingly,
the ion-permeabilized NPC was not permeable to albumin in the
presence of wheat germ agglutinin (WGA), which binds the
nucleoporins at the periphery of the NPC nanopore.1!3 This result
indicates that the hydrophobic ions permeabilized the peripheral
route of the NPC. Moreover, the transport of the importin—albumin
complex was blocked by WGA in the absence of the hydrophobic
ions, but not in their presence. This result indicates that the
hydrophobic ions permeabilized the central route of the NPC to the
importin—albumin complex, which is naturally transported through
the peripheral route. These unexpected findings were made by the
study of non-natural ions to support that the interior of the NPC
nanopore is heterogeneously organized into central and peripheral
routes.108

It should be noted that the water-immiscible organic solvent of
the pipet-supported ITIES is significantly soluble in water. In the
SECM studies of NPCs, the same permeability to FCTMA* was
obtained by using both Pt1%8 and ITIES' tips. This result validates
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that the organic solvent leached from the latter did not alter the
permeability of the NPCs under the tip. More recently, extremely
hydrophobic organic solvents were examined to replace readily
leachable organic solvents for biological studies.!'* 11> Without
these cautions, the application of ITIES tips to the study of
contamination-sensitive systems, e.g., solid electrocatalysts,'® may
cause an unnoticed artifact.'?”

4.2 Nanoscale Electrostatic Gating

Nucleoporins possess various populations of hydrophobic and
charged amino acids to sort out different macromolecules into
different pathways not exclusively by hydrophobic interactions, but
cooperatively with electrostatic interactions. This hypothesis was
made theoretically!'® 1% and confirmed experimentally by
employing micropipet-supported ITIES as polyion-selective SECM
tips.1% In this experimental work, the nuclear envelope of the
Xenopus oocyte nucleus was detached from the nucleoplasm, which
leaches small passively permeable proteins to foul the SECM tips.
The nucleoplasm-free nuclear envelope was supported by
microporous membranes!? to investigate the patch of the nuclear
envelope by SECM. Experimentally, the micropore-supported patch
of the nuclear envelope was located by SECM imaging. The SECM
tip approached the center of the nuclear envelope patch while
measuring the tip current, thereby obtaining an approach curve as
analyzed by the finite element method (Fig. 8A). The tip current
decreased gradually as the tip approached the nuclear envelope,
which was only partially permeable to protamines. The tip current,
however, was much higher than expected at an impermeable
substrate, e.g., SiO, in Fig. 8, because the NPC was permeable to
protamine with a molecular weight of only 4.5 kDa. The tip current
based on protamine transfer at the micropipet-supported ITIES tip
became lower as the ionic strength of the solution was lowered.
This result indicates that the passive transport of protamine
through the NPC was electrostatically hindered by positively
charged residues of transport barriers. Moreover, the permeability
of the NPC to protamine was not lowered by the addition of WGA,
which blocks the peripheral route. This result indicates that
protamine transport was electrostatically prevented through the
peripheral route and was only mediated through the central route.
By contrast, no effect of ionic strength was observed for polyanion
Arixtra to indicate negligible electrostatic effects from anionic
residues, which are less abundant than cationic residues.

8| J. Name., 2012, 00, 1-3
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Fig. 8 (A) Experimental (lines) and simulated (circles) approach curves of protamine at
the micropore-supported nuclear envelope in the low salt buffer (LSB) at pH 7. The tip
inner and outer radii are 1.5 and 2.2 um, respectively. (B) Scheme of protamine transport
through the central route of the NPC with the electrostatically blocked peripheral route.
Reproduced from Ref. 106 with permission from the Royal Society of Chemistry.

The permeability of the NPC to protamine was analyzed by
using the structure—permeability relationship established for small
ions at both intact nuclei and micropore-supported nuclear
envelopes (eq 2). When the ionic strength of the solution was
sufficiently high, the permeability of the NPC to protamine agreed
with that of small ions. This result indicates that protamine diffuses
through the NPC barrier as freely as in the aqueous solution. The
hydrodynamic diameter of protamine (4.0 nm) is smaller than the
size of water-filled spaces (5.2 nm) among the gel-like network of
FG repeats in the transport barriers.'? As the ionic strength was
lowered, the corresponding Debye length increased to
electrostatically block the passive transport of protamine. The
resultant protamine permeability of the NPC corresponded to a
smaller pore diameter of 20.8 nm in eq 2 when other parameters
remained the same. This result indicates that a 13.6 nm-thick
peripheral region of a 48 nm-diameter pore was electrostatically
blocked against protamine transport (Fig. 8B). We attributed the
electrostatic effect to a peripheral nucleoporin, POM121, which has
a high population of cationic residues in comparison with anionic
residues and even FG dipeptides. Interestingly, the functional role
of cationic residues contrasts with the structural role of anionic

residues, which maintain the spatial distribution of FG domains.106
120

5. Bacteria

In this section, we aim at discussing how the capability to
electrochemically detect redox-inactive ions at liquid/liquid
interfaces can be useful for studies of bacterial physiology. A major
takeaway is that the in-situ and real-time detection of redox-
inactive bacterial metabolites (CO3227 and lactate?®) was enabled
recently by employing nanopipet-supported ITIES tips. The
combination of SECM with nanopipet-supported ITIES tips allowed
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for the study of a small number of bacteria?” and even for the
imaging of a single bacterium.?6 Nanopipet-supported ITIES tips can
be also useful for the detection of antibacterial drugs,3? which are
often redox-inactive. Previously, SECM based on redox-active solid
microtips was employed to spatially resolve bacterial biofilms and
aggregates, which revealed new information about bacterial
physiology. Specifically, a 25 um-diameter gold tip was used to
detect hydrogen peroxide produced by the fermentation of sugars
into lactic acid in the biofilms of oral bacteria, Streptococcus
gordonii.*?* Moreover, a 10 um-diameter Pt tip was employed to
discover the “electrocline” of pyocyanin (PYO) released from the
biofilm of a pathogenic Gram-negative bacterium, Pseudomonas
aeruginosa.'*? Most recently, the 3D-microprinting technology was
combined with microscale SECM'23 to successfully study PYO-based
quorum sensing in and among aggregates containing a well-
controlled number of Pseudomonas aeruginosa cells.'?*

5.1. Uptake of Antimicrobial Ag*

The application of electrochemistry at liquid/liquid interfaces to
studies of bacterial physiology was demonstrated by Bard and co-
workers.'?> In this work, a micropipet-supported ITIES tip was
doped with Ag*-selective ionophore IV for differential pulse
voltammetry of Ag*. A Pt tip was used in an earlier study to detect
Ag* by stripping voltammetry.126 SECM measurements with a Ag*-
selective ITIES tip revealed that the uptake of antimicrobial Ag* by
Escherichia coli (E. coli) was enhanced in the presence of 4-
aminopyridine (4-AP), a blocker of potassium channels. Specifically,
E. coli was implanted in a collagen gel (Fig. 9) at a concentration of
~10"! colony-forming units. A Ag*-selective micropipet tip was
positioned above the collagen gel to monitor a time-dependent
change in Ag* concentration in the droplet. With a higher
concentration of 4-AP, the Ag* concentration dropped more quickly
to reach a lower steady value. This result indicates that 4-AP
promotes not only the uptake rate but also the amount of Ag* taken
up by E. coli. The time profile was analyzed quantitatively to yield
1.5 x10% 3.5 x 10% and 5.9 x 10%ions per cell per sec for 0.1 mM
Ag,S0,4, with 0, 0.5, and 1 mM 4-AP, respectively. In addition, a Hg-
covered Pt tip was employed as an O, microsensor to find that the
respiration rate of the E. coli cells also decreased with an increase in
the 4-AP concentration. A respiratory activity, however, was
maintained with 1 mM 4-AP to confirm the viability of E. coli.
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Fig. 9 Ag* concentration near a collagen gel (black squares) without E. coli exposed to 0.1
mM Ag,S0,, or with E. coli exposed to (red circles) 0.1 mM Ag,SO,, (green triangles) 0.1
mM Ag,SO, and 0.5 mM 4-AP, or (blue inverted triangles) 0.1 mM Ag,SO, and 1 mM 4-
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AP. The inset shows a schematic for the SECM detection of Ag* in the bulk droplet.
Reproduced from Ref. 125. Copyright 2008 National Academy of Sciences.

5.2. Metabolic CO3?~ Production

CO52" is an important metabolite and a reactant or product in
reactions relevant to sustainable energy and environmental
applications. Specifically, CO32" is a metabolic product of microbial
fuel oxidation and a reactant for microbial electrosynthesis.1?7. 128
Accordingly, the direct sensing of local concentration of CO3%~ with
high sensitivity is required to profoundly elucidate the given
systems. Amperometric sensing is more affordable for high
sensitivity due to the direct dependence of current on the
concentration, while potentiometric sensing logarithmically
depends on the concentration.'?® Moreover, CO32~ sensing with
nanoscale probes allows for a study at a high spatial resolution,
thereby scrutinizing individual levels of bacteria and establishing
the structure—reactivity relationship.

We developed nanoscale CO;2-selective
amperometric/voltammetric probes using a nanopipet-supported
ITIES (Fig. 10A).%” The recognition of CO3>~ was mediated by highly
selective molecular-tweezer-type CO;2 ionophore VIl via covalent
bond formation.’3° The fundamental understanding to realize this
nanoscale CO;2~ probe was newly addressed through both
theoretical and experimental studies. These studies assessed the
slow dissolution and pre-activation of the ionophore in the organic
phase, a peculiar solubility at the nanoscale interface, and the
cleanness of the nanoscale ITIES. Highly reproducible and reliable
nanopipet voltammograms could be obtained for ionophore-
facilitated CO32~ transfer (Fig. 10B), which enabled us to
mechanistically and kinetically evaluate the given IT reaction. The
one-step mechanism of the electrochemical interfacial CO3%~
transfer concerted by ionophore complexation (E mechanism) is a
plausible mechanism with the standard rate constant of k° = 0.048
cm/s. This k° value is similar to reported values for Ag*, K*, and Ba?*
with non-covalent-bonding ionophores,’3! implying a weak covalent
bond formation between CO3?2~ and the ionophore. By contrast, the
two-step mechanism of the electrochemical IT reaction followed by
the chemical complexation reaction (EC mechanism) could be
excluded. A good fit of experimental voltammograms with the EC
mechanism required the unrealistically high standard rate constant
of CO;% transfer as well as the large association constant between
CO;2 and ionophore VIl exceeding a diffusion limit.
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Fig. 10 (A) Scheme and (B) steady-state voltammogram of CO32~ transfer across the 1,2-
dichloroethane/water interface supported by the nanopipet filled with a premade 30
mM ionophore solution. The best theoretical fitting (red open circles) to the
experimental curves (black solid curves, background subtracted forward wave) was
calculated for the E mechanism from simulations with COMSOL Multiphysics.
Reproduced from Ref. 27 with permission from the American Chemical Society.

The analytical utility of the amperometric CO32~-selective
nanopipet was validated by directly measuring CO32~ produced by
the ensemble of metal-reducing bacteria, Shewanella oneidensis,
through microbial fuel oxidation. The CO3%~ concentrations of 0.70 +
0.04 mM were estimated from pristine voltammograms and
confirmed by the standard addition method with 0.67 + 0.03 mM.
The electrochemically measured CO32 concentrations were similar
to the total dissolved inorganic carbon of 0.2 mM including CO,,
HCOj3, and CO3?" as reported for another Shewanella strain.!32
Now, we envision that this amperometric CO3>~ nanoprobe can be
employed as an SECM tip to investigate extracellular electron
transport through metal-reducing bacteria at a single cell level.?®

5.3. Nanoelectrochemical Antibiotics Sensing

Direct probing of pristine drug molecules is crucial to quantitatively
assess their permeation through bacteria membranes, thus
elucidating bacterial drug resistance. Liquid/liquid interfaces have
been used as probes to sense pristine drug molecules via interfacial
IT with voltammetric techniques.'33 IT voltammetry at the ITIES is
advantageous to detect many antibiotics, which undergo acid-base
equilibria without redox activity and form either cation or anion at
the physiological pH. Moreover, the liquid/liquid interfaces can be
utilized instead of biological membranes to obtain the
physicochemical property of drugs.13* Accordingly, the kinetic study
of interfacial drug-ion transfer can offer information about the drug
permeability across the artificial membrane, and provide a clue of
drug structure and permeability relationship.

We applied cyclic voltammetry with nanopipet-supported ITIES
to study antibiotic quinolones and sulfonamide derivatives (Fig.
11).33 Well-defined voltammograms of the hydrophobic ions were
obtained without an ionophore to reliably determine the
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permeability of each drug ion. Surprisingly, lipophilic drugs
containing aromatic rings feature c.a. 3 order of magnitude slower
rates of interfacial IT, i.e., lower permeability than small
hydrophobic cation, TBA*. This slower drug-ion transfer could be
attributed to the strong interaction between water fingers and
localized charges on carboxylate or amide group of drug-ions at the
liquid/liquid interface.'3> 136 The relative hydrophobicity of drugs
compared to the small hydrophobic anion, ClO,~, could be
estimated during interfacial IT by comparing their E;/; values in the
resulting voltammograms, which revealed that drugs are 2—6 orders
of magnitude more hydrophilic than Cl04~.33 The high hydrophilicity
of drug ions is consistent with the slow IT kinetics, i.e., low
permeability as determined by nanopipet voltammetry. Hereby,
voltammetry with a nanopipet-supported ITIES could provide a
useful tool to fundamentally study the physicochemical properties
of pristine drugs, e.g., permeability and relative hydrophobicity (or
apparent-hydrophilicity), thus suggesting insight into the
relationship between the drug structure and permeability. We
envision that a nanopipet-supported ITIES tip can be employed for
SECM to real-time investigate the permeability of pristine drugs
through a real bacterial membrane at a single living bacterium.?®
Such an SECM study will enable us to elucidate the relation of
bacterial drug resistance with the inherent permeability and
structure of drugs.
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Fig. 11 Steady-state voltammograms of (A) TBA*, (B) NA-, (C) FMQ:, (D) SDM- transfers
across nanopipet-supported 1,2-dichloroethane/water interfaces. The scan rate is 25
mV/s. The best theoretical fitting (red open circles) to the experimental curves (black
solid curves) simulations with COMSOL Multiphysics.
Voltammograms of blank buffer solutions (gray solid curves) are plotted for NA (nalidixic
acid), FMQ (flumequine), and SDM (sulfadimethoxine). Reproduced from Ref. 33 with
permission from the American Chemical Society.

was calculated from

6. Advanced NEs

Finally, we aim at introducing our fundamental studies focused on
the development and characterization of advanced NEs toward the
analytical application of single-entity electrochemistry.137-139 A
major takeaway is that the electrochemical measurement of single
NEs allowed us to optimize the composition of the NEs for the
highly sensitive detection of an aromatic toxicant at the low
nanomolar level. Specifically, the NEs were prepared from a triblock
copolymer, Pluronic F-127, with the central hydrophobic chain of
poly(propylene oxide) flanked by two hydrophilic chains of
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poly(ethylene glycol). The biocompatible NEs were applied for
fluorescence imaging of intracellular oxygen and pH.1*% In addition,
we introduce the recent discovery of ionosomes as a new form of
NEs as probed by employing the micropipet-supported liquid/liquid
interface.®*% Uniquely, ionosomes are stabilized not by surfactants
but by ion pairs formed across the interface.

6.1. Electron Transfer

The application of biocompatible NEs to electroanalysis relies on
how efficiently electron transfer occurs across the NE/electrode
interface. We uniquely applied single-entity electrochemistry to
investigate the interfacial structure and relevant electrochemical
activity of NEs.'3’ Specifically, the highly monodisperse NEs with
~40 nm diameter were composed of biocompatible surfactants of
Pluronic F-127, castor oil as plasticizers, and ion exchangers e.g.,
potassium tetrakis(pentafluorophenyl)borate. The ensemble
measurements by dynamic light scattering with two types of NEs,
i.e., NE85 and NE250 in Fig. 12A, having distinctly different ratios of
surfactant to oil exhibited similar sizes. These NEs, however, had
dramatically different {-potentials as a measure of surface charges
of NEs, thereby implying different interfacial structures of NEs. We
hypothesized that the uneven distribution of
tetrakis(pentafluorophenyl)borate inside NEs with a low fraction of
surfactants (i.e., NE85) forms a borate inner layer for additional
structural stabilization, thus affecting the interfacial structure of
NEs (Fig. 12A left), while borates are randomly dispersed inside NEs
with the high fraction of surfactant (i.e., NE250, Fig. 12A right). This
structural hypothesis was proved by single-entity electrochemistry.
ET reactions occurring at an individual NE containing ferrocene (Fc)
were selectively monitored upon each collision of NEs onto a Pt
UME under a sufficient anodic potential. NEs with a high fraction of
surfactants (NE250) showed the characteristically sharp current-
spike response due to the rapid oxidation of Fc upon the collision
(Fig. 12B). A current response was not observed with NE85, where
the borate inner layer could slow down ET across the NE/UME
interface by acting as a tunneling barrier.*1 The Pt UME potential
was increased to overcome a tunneling barrier and accelerate the
electron transfer to drive Fc oxidation inside a NE. Resultantly, a
series of current-spike responses could be obtained with NE85
during the single-entity electrochemistry. This result confirms not
only the presence of the borate inner layer at the NE interface but
also its electrochemical property as a tunneling barrier. Overall, the
unique electrochemical approach with the single-entity
electrochemistry enabled us to elucidate the relation between
structures and the electrochemical functionality of NEs. This study
also provided quantitative criteria for the proper composition of
NEs regarding their activity in electrochemical applications.
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Fig. 12 (A) Schematic illustrations of hypothesized structures of NE85 (left) and NE250
(right). NE85 has a borate inner layer, while NE250 has randomly distributed borates (not
to scale). (B) /-t curve of NE250 collisions at Pt UME under 0.85 V vs Pt quasi-reference
electrode. 8 pM of NEs containing ferrocene (Fc) was added to the aqueous bulk solution.
Each current spike corresponds to the individual collisions of NEs onto a Pt UME.
Reproduced from Ref. 137 with permission from the American Chemical Society.

6.2. Molecular Transport

Molecular transport through NE/solution interfaces can be
practically applied to the ultra-trace level analysis, where NEs are
utilized as nanoextractors to separate and preconcentrate
hydrophobic analytes from aqueous bulk media and are in situ
electrochemically sensed by the single-entity electrochemistry (Fig.
13A).138.139 pluronic F-127 functionalized NEs were employed to
extract and preconcentrate target analytes, e.g.,
ferrocenemethanol and 2-aminobiphenyl (2-ABP) as a model of
ubiquitous aromatic-toxicants dissolved in water. The in situ
detection and quantitative estimate of analytes extracted in
individual NEs were made via the oxidation of extracted analytes
upon a NE collision onto a Pt UME. Extraction was markedly
efficient to reach ~8 orders of magnitude of preconcentration
factor under the true equilibrium.138 139 The resultant ultra-trace
level analysis reached a detection limit of ~0.2 ppb for
ferrocenemethanol and ~0.1 ppb for 2-ABP. Notably, sigmoidal
calibration curves were constructed for quantitative analysis by
performing a series of single-entity electrochemistry with varying
concentrations of NEs and analytes in the aqueous bulk solution
(Fig. 13B).138 The charge densities estimated at individual NEs were
plotted as a function of the total concentration of analytes added to
the solution. Sub-ppb detection limits were obtained by modulating
the concentration of NEs in the bulk solution, thereby controlling
the number of analytes extracted in each NE. Given the excellent
detection performance as well as the broad applicability, the
introduction of selectivity factors in NEs such as ionophores or
chelators for specific analytes is envisioned. The combination of
selective NEs with single-entity electrochemistry will offer great
prospects as a sensor for environmental and bioanalytical
applications.
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Fig. 13 (A) A schematic illustration of single-entity electrochemical measurements using
NEs as nanoextractors to effectively scavenge target compounds, A, from water to NEs,
and electrochemically sense them by oxidation (or, reduction) upon the collision of NE.
Reproduced from Ref. 124 with permission from the American Chemical Society. (B)
Charge density curves vs. logarithm of 2-ABP concentration in aqueous bulk solution in
the presence of 8 pM (blue circles), 0.8 pM (red circles), and 80 fM NEs (grey circles),
respectively. Reproduced from Ref. 138 with permission from Elsevier.

6.3. lonosome

A micropipet-supported liquid/liquid interface was employed to
form and detect a new type of NE, ionosome, which is based on a
water droplet stabilized by a pair of aqueous and organic
electrolytes.®® The formation of ionosome was initiated by the
transfer of a highly hydrophilic ion, e.g., Li* (Fig. 14) or CI-, from the
aqueous phase into the organic phase. Water molecules were
drugged and surrounded by the transferred ions, which were
stabilized by organic counterions, i.e.,
tetrakis(pentafluorophenyl)borate or bis(triphenyl-
phosphoranylidene)ammonium, respectively. When the interfacial
potential was reversed, the collision of single ionosomes at the
interface resulted in the release of the transferred ions into the
aqueous phase to yield current spikes. The polarity of the spike
current depended on the charge of the transferred ions. lonosome
sizes were determined from the charge associated with the spike
currents by assuming that the transferred ions were closely packed
on the spherical surface of the ionosomes. The electrochemically
estimated diameter of 150-170 nm agreed well with the diameter
of 120 nm as estimated by dynamic light scattering. lonosomes
were considered nanometer-sized capacitors that store energy in
the electrical double layer formed between hydrated ions at the
aqueous side and hydrophobic counterions at the organic side.
Recent studies also demonstrated that the fusion of ionosomes at
the liquid/liquid interface followed the bulk electrolysis model® as
represented by an exponential decay of the spike current.®5 6
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Fig. 14 Schematic diagram of the electrochemical in situ generation and detection of
single ionosomes based on the transfer of hydrated cations at the ITIES formed at the tip
of an aqueous-electrolyte-filled micropipet in an immiscible organic solution with
bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluorophenyl)borate, BA*TB-,
as the supporting electrolyte. A constant positive bias is applied to drive the transfer of

um “n

the hydrated cations from “w” in the pipet into the “0” phase for ionosome formation.
Soon afterward, the bias is reversed to observe negative ionic current spikes based on
the fusion of the ionosomes on the oil side of the ITIES for the release of the hydrated
cations. Reproduced from Ref. 64 with permission from the American Chemical Society.

7. Challenges and Opportunities

Remarkable progress has been made in the development and
application of nanoelectroanalytical methods based on
liquid/liquid interfaces. There, however, are still a lot of room
for the future advancement of the already powerful methods in
selectivity and sensitivity.

High selectivity is required for a wider range of applications
to detect target ions in complex samples. For instance, the
highly selective ionophores developed for potentiometry!4?
were successfully applied to amperometry/voltammetry at the
microscale ITIES!?> 131, 143 tg enable the nanoscale counterpart
only recently.?’ This nanotechnological breakthrough will allow
for the utilization of not only commercially available ionophores
but also the ionophores that have been developed in the field
of supramolecular chemistry. In comparison with equilibrium
potentiometry, the highly selective detection of multiple ions is
achieved by dynamic based on both
thermodynamics and ionophore-
facilitated/accelerated IT reactions.?395 The fast nanoscale IT
reaction facilitated by a highly selective ionophore?’ is
promising for the development of the ion sensor based on an
array of the nanoscale ITIES. The incorporation of ionophores
into NEs is also feasible!#* and attractive for sensing applications
of single-entity electrochemistry. Moreover, the voltammetric
characterization of newly synthesized ionophores will be
informative to gain both thermodynamic and kinetic insights
into the ionophore—ion recognition mechanism at the ITIES.?”
131 The voltammetric information will be especially useful for
the advancement of anion recognition, which
challenging and less established than cation recognition.'*> The
selective recognition of an anionic group, e.g., carboxylate,'4¢
widen the applicability of nanoelectrochemistry at
liquid/liquid interfaces for various applications. For instance,
neurotransmitters with a carboxylate group, e.g., gamma-
aminobutyric acid and glutamate, are redox-inactive and can be
zwitterions, which are detectable electrochemically by using
the ITIES.147. 148

voltammetry
kinetics of

is more

will
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A high sensitivity will enable us not only to detect lower
concentrations of target ions but also to improve spatial and
temporal resolutions. A higher spatial resolution requires a smaller
nanopipet or a smaller NE to sample a local concentration of a
target ion in a smaller volume. A smaller nanopipet will also
improve the spatial resolution of SECM imaging. Advantageously,
the amperometric response of a nanoscale SECM tip is less affected
by convection to reach a steady state more quickly, thereby
enabling faster imaging with higher temporal resolution.”®
Moreover, faster SECM imaging allows us to implement a more
advanced algorithm than the standard constant-height imaging,
thereby simultaneously resolving the topography and reactivity of a
complex substrate.1*® Currently, the smallest size of a nanopipet is
limited to ~10 nm by the capability of the laser-based pipet puller.
The diameter of NEs studied by single-entity electrochemistry is
usually larger than 100 nm but can be as small as 40 nm.137-139
Experimentally, either a smaller nanopipet or a smaller NE requires
the measurement of lower current, which is eventually limited by
the shot noise to ~2,000 electrons for a given temporal
resolution.?® This limitation was discussed in the recent study of K*
transport by single valinomycin molecules through the bilayer lipid
membrane.>!
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