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Abstract
Here we review the recent applications of ion transfer (IT) at the interface between two immiscible
electrolyte solutions (ITIES) for electrochemical sensing and imaging. In particular, we focus on
the development and recent applications of the nanopipet-supported ITIES and double-polymer-
modified electrode, which enable the dynamic electrochemical measurements of IT at nanoscopic
and macroscopic ITIES, respectively. High-quality IT voltammograms are obtainable using either
technique to quantitatively assess the kinetics and dynamic mechanism of IT at the ITIES.
Nanopipet-supported ITIES serves as an amperometric tip for scanning electrochemical
microscopy to allow for unprecedentedly high-resolution electrochemical imaging. Voltammetric
ion sensing at double-polymer-modified electrodes offers high sensitivity and unique multiple-ion
selectivity. The promising future applications of these dynamic approaches for bioanalysis and
electrochemical imaging are also discussed.

1. Introduction
The transfer of charge (ions and electrons) at the interface between two immiscible
electrolyte solutions (ITIES; also known as the liquid/liquid interface) has been extensively
studied electrochemically [1]. These fundamental studies have been aimed at obtaining a
greater understanding as to how charge transfer kinetics [2] is related to interfacial structure
[3, 4]. In addition, these studies have laid the foundation for various electrochemical
applications of charge transfer at the ITIES [5]. In particular, ion transfer (IT) at the ITIES is
attractive for the electrochemical sensing of the ionic analytes that are undetectable or
difficult to detect by redox electrochemistry. For instance, potentiometry of IT at the ITIES
has been widely used as the basis of ion-selective electrodes (ISEs) [6–9] for biological [10],
clinical [11], and environmental [12] analysis. In contrast, the sensing applications of IT
voltammetry and amperometry at the macroscopic ITIES [13] had been limited by the
traditional use of a four-electrode setup for the compensation of the large ohmic potential (or
iR) drop in the resistive non-aqueous media [14]. To overcome this limitation, microscopic
ITIES [15] was developed by supporting it at the tip of a glass micropipet [16, 17] or at the
microhole drilled through a polymer film [18]. A micropipet-supported ITIES was also
useful as an amperometric tip for scanning electrochemical microscopy (SECM) [19]. The
macroscopic array of microhole-supported ITIES was employed for various sensing
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applications [20]. Alternatively, a macroscopic ITIES system with low resistance was
developed by coating a solid electrode with a thin water-immiscible solution [21].

In this review, we discuss the recent applications of IT at the ITIES for electrochemical
sensing and imaging. Specifically, our discussion is focused on the development and
emerging applications of two important enabling technologies (i.e., nanopipet-supported
ITIES and double-polymer-modified electrode) (Figure 1). We provide the brief historical
overview of each technology as to how it was originally introduced for potentiometric ISEs
and then adapted for voltammetry and amperometry. Then, we focus on and detail our recent
work on the development and applications of the dynamic electrochemical methods for
sensing and imaging.

2. Electrochemical Measurement of IT at the Nanopipet-Supported ITIES
Nanopipet-supported ITIES was developed in 1970s [22] for ion-selective potentiometry in
the intracellular and extracellular spaces of various cells and tissues [23]. A pair of
nanopipets was readily prepared by heat-pulling a glass capillary to yield tip diameters down
to ~10 nm [24]. A glass nanopipet was silanized to be hydrophobic [25, 26] and filled with a
water-immiscible organic solution with high selectivity to a target ion. The ion selectivity of
the inner solution was controlled by the ionophore that selectively forms a complex with an
analyte ion such as H+, Li+, Na+, K+, Ca2+, and Mg2+ as the counterion of a hydrophobic
anion (also known as ionic sites [8]) in the organic phase [27]. The penetration of the
organic-filled nanopipet into the intracellular or extracellular space formed the nanoscopic
ITIES to drive the selective and equilibrium partitioning of the analyte ion between the two
phases. Subsequently, the Nernstian phase boundary potential, E, was developed across the
ITIES and measured potentiometrically to determine the activity, ai, of an analyte ion with a
charge z, iz, in the aqueous sample as given by [8]

(1)

where Ei is a constant and includes the constant sample-independent activity of the analyte
ion in the organic phase. Eq 1 indicates that the size and shape of the interface is neither
relevant to nor determinable by potentiometry. In practice, the tip diameter of a pipet was
limited to >100 nm because the pipet was filled with the highly resistive solution based on a
viscous organic solvent such as o-nitrophenyl octyl ether (oNPOE) [24].

In 1997, Shao and Mirkin reported on their pioneering work of nanopipet IT voltammetry at
the ITIES [28]. In comparison to voltammetry at the ITIES supported by a tapered glass
micropipet with a tip radius, a, of >0.5 μm (Figure 2A) [16], the use of nanopipets with a =
4–250 nm enabled the determination of kinetic parameters for faster IT reactions owing to
higher mass transport conditions [28]. In fact, nanopipet voltammetry of the K+ transfer
facilitated by dibenzo-18-crown-6 gave large standard rate constants, k0, of 1.3–1.7 cm/s as
well as transfer coefficients, α, of 0.4–0.6 [28, 29]. The k0 values are still much lower than a
high mass transfer coefficient of 35 cm/s based on the steady-state diffusion of the crown
ether ionophore from the external 1,2-dichloroethane (DCE) solution to the nanopipet-
supported ITIES with the smallest radius of 5 nm [28]. The small current at the nanoscopic
ITIES minimizes the ohmic potential drop to enable the study of IT at the relatively resistive
ITIES systems based on low-electrolyte [30, 31] or electrolyte-free [32–34] media. For
quantitative studies, an inlaid disk-shaped ITIES was formed at the tip of a well silanized
nanopipet [35] to yield a limiting current, iss, as given by
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(2)

where x is a function of RG [36] (RG= rg/a; rgis the outer radius of a pipet tip), and D and c*

are the diffusion coefficient and concentration of the diffusion-limiting species in the
external bulk solution, respectively. The nanopipet-supported ITIES was used as an SECM
tip to confirm that the nanoscale interface is flush with the surrounding surface of the pipet
tip [35, 37]. A sharp nanopipet with a small RG value of ~1.5 (Figure 2B) can approach very
close to a target substrate for obtaining highly quantitative kinetic data and high-resolution
images.

3. Nanopipet Voltammetry of Fast IT Reactions: A Common-Ion Approach
Recently, we developed a new advanced approach for the reliable kinetic analysis of steady-
state voltammograms to investigate fast IT reactions at the nanopipet-supported ITIES [38].
Unlike the conventional voltammetric protocol, this approach requires the initial addition of
a transferable ion to both liquid phases, i.e., to the filling solution inside a nanopipet and the
external solution. The resulting steady-state IT voltammogram comprises of two waves
corresponding to the ingress of the common ion into the pipet and its egress into the external
solution (Figure 1A). Both ingress and egress waves are required for the characterization of
pipet geometry and the precise determination of thermodynamic and kinetic parameters for
rapid IT reactions. In contrast, large uncertainties were inherent in the kinetic parameters
determined from the steady-state nanopipet voltammogram of nearly reversible simple IT
when the transferred ion was initially present only in one phase [35].

The new approach based on nanopipet voltammetry of a common ion was employed to
reliably determine kinetic and thermodynamic parameters for the simple transfer of
tetraethylammonium (TEA+) [39]. This IT reaction is a particularly important model system
to check the IT theory [2]. Nanopipet voltammetry of TEA+ as a common ion gave a pair of
sigmoidal waves based on ingress and egress TEA+ transfers at the DCE/water interface
(Figure 3A). Both branches of the voltammogram fit very well with theoretical
voltammograms, which were originally simulated by employing the finite element method
and then represented by approximate analytical equations. The inner radius (9.7–33 nm) and
inner angle (θ = 9°–22°) of a nanopipet were determined from the limiting currents
controlled by diffusion of TEA+ in the external and internal solutions. These geometrical
parameters were used for the precise determination of the unique pair of k0 and α values.
Consistent kinetic parameters of k0 = 6.1 ± 0.9 cm/s and α = 0.49 ± 0.9 were obtained with
various concentration ratios of TEA+ in the DCE and aqueous phases. In addition, a formal
potential was determined directly from the zero-current potential of a voltammogram. More
recently, this powerful common-ion approach was applied to the kinetic study of simple IT
at the ionic liquid/water interface [40].

A large k0 value of 6.1 cm/s for simple TEA+ transfer was determined by our new approach
to be compared with theoretical and experimental values reported in literature [2]. In
contrast to other experimental values, this k0 value is free from an error due to a mass
transfer limitation. This k0 value close to an approximate theoretical estimation of 1.5 cm/s
as estimated by Marcus [41]. In the Marcus model, various parameters involved in the
determination of the k0 value were estimated for the equilibrium association of an aqueous
(or organic) TEA+ molecule with the protrusion of the organic (or aqueous) solution from
the interface was followed by the diffusional passage of the TEA+ molecule through the 1
nm-thick interface as the rate-determining step. Apparently, the theoretical value is closer to
a k0 value of 2.1 cm/s as determined by nanopipet voltammetry ofTEA + only in the external
DCE phase [35]. This experimental value, however, was overestimated without the
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consideration of hindered ion diffusion in the inner solution of a nanopipet [42]. The neglect
of ion diffusion in the inner solution gave an even larger k0 value of (1.1 ± 0.2) × 102 cm/s
[43], which was overestimated by factor of ~10 [39].

Noticeably, all k0 values for simple TEA+ transfer at nanopipet-supported ITIES are
significantly higher than those determined at macroscopic [44–51] and microscopic [52, 53]
ITIES (Figure 3B). Apparent kinetic effects observed at the latter systems are likely due to
the uncompensated ohmic potential drop, thereby underestimating the k0 values. In fact,
reversible voltammograms of simple TEA+ transfer were obtained using the micrometer-
sized ITIES supported by well silanized pipets [39, 42]. Nevertheless, one may wonder
whether apparently faster IT kinetics at the nanopipet-supported ITIES may be due to its
small size [1] or its confinement within the glass orifice [38]. These effects will be
addressable by studying TEA+ transfer at the macroscopic ITIES using a nanopipet-
supported ITIES as an SECM tip. Sun et al. employed this SECM approach to yield k0= 0.7
± 0.3 cm/s and α = 0.56 ± 0.08 for the K+ transfer facilitated by dibenzo-18-crown-6 [54].
The authors concluded that these kinetic parameters are similar to the values determined by
nanopipet voltammetry (see above), thereby indicating the minimal effect of interfacial size
on the kinetics of this facilitated IT reaction. This result, however, is not directly relevant to
the size effect on the simple transfer of TEA+ because the rate-determining step of
facilitated IT is not simple IT but is ion–ionophore complexation at the interface [55] as
discussed below.

4. Nanopipet-Supported ITIES for High-Resolution SECM Imaging
The application of nanopipet-supported ITIES as an SECM tip allows for high-resolution
electrochemical imaging [37]. For instance, Laforge et al employed a nanopipet-supported
ITIES tip with a radius of 106 nm for successful topographic imaging in the constant-height
mode of SECM [56]. More recently, we demonstrated the quantitative imaging of ion
transport through single nanopores at an unprecedentedly high spatial resolution by
employing even smaller nanopipet tips [57]. In this study, we imaged a highly porous
nanocrystalline silicon (pnc-Si) membrane (Figure 4A). This emerging class of ultrathin
nanoporous membranes has extremely high permeability, which enables its unique practical
applications such as for the efficient separation of macromolecules [58–60] and
nanoparticles [61], tissue engineering [62], and cell culture [62]. The future development of
a pnc-Si membrane with even higher permeability requires the quantitative characterization
of single nanopore permeability by SECM as fundamental study because the permeability of
the whole nanoporous membrane depends on the convolution of several structural properties
of each nanopore, including its shape, size, and density [63, 64].

The nanoscale spatial resolution of SECM was achieved by scanning a 17 nm-radius pipet
tip at a distance down to 1.3 nm from a pnc-Si membrane. In the constant-height imaging
mode of SECM, the peak current response was solely based on the nanopore-mediated
diffusional transport of tetrabutylammonium (TBA+), which is transferred at the nanopipet-
supported ITIES tip (Figure 4B). TBA+ transport through a nanopore is not due to migration
because no potential was applied across the nanoporous membrane. A 280 nm × 500 nm
image resolved 13 nanopores (Figure 4C), which corresponds to a high density of 93 pores/
μm2. A finite element simulation of the SECM image was performed to determine the actual
size of nanopore 7, which was approximated as an elliptic cylinder with a depth of 30 nm
and major and minor axes of 53 and 41 nm, respectively. These structural parameters are
consistent with those determined by TEM (Figure 4A), which thereby confirms the
reliability of quantitative SECM imaging at the nanoscale. The numerical simulation also
indicates that two adjacent pores with an edge-edge separation of the tip diameter or larger,
i.e., ≥ 34 nm, are completely resolvable. Remarkably, this spatial resolution is the highest
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reported for SECM-based imaging to date, with the exception of one study [65], where a
nanometer-thick electrolyte solution was needed and no quantitative image analysis was
shown. Moreover, this spatial resolution exceeds that of any electrochemical method
employed for single pore imaging. The shortest separations between two resolvable pores
were limited to > 250 nm and ~1.5 μm for SECM [66] and scanning ion conductance
microscopy [67], respectively. Advantageously, no feedback distance control was needed to
achieve the highest resolution of SECM under normal solution conditions. This was possible
not only because the surface of a pnc-Si membrane was flat, but also because the SECM
stage was isolated from the ambient environment using an isothermal chamber to suppress
thermal drift (see below). The application of this simple, quantitative, and high-resolution
SECM approach to the imaging of biological nanopores is envisioned.

5. Stabilizing and Monitoring Nanogap for Nanoscale SECM
The control of a nanometer-wide gap between a tip and a substrate is critical for various
nanoscale applications of SECM, not only for electrochemical imaging [56, 65, 68, 69] but
also for the kinetic study of heterogeneous [54, 70–76] and homogeneous [77] reactions and
single molecule detection [78–81]. Recently, we reported for the first time that the stability
of the nanogap in ambient conditions is significantly compromised by the thermal expansion
and contraction of components of an SECM stage upon a temperature change [82]. In this
study, nanopipet-supported ITIES tips were required to precisely monitor the thermal drift of
the tip–substrate gap, which was dramatically suppressed down to a subnanometer level in a
newly developed isothermal chamber. Importantly, the thermal drift has been recognized as
the origin of vertical and lateral image distortions and unstable nanomanipulation in other
scanning probe microscopy techniques [83, 84]. Currently, these problems due to thermal
drift are unavoidable, unless a cryostat or fast scanning is employed, and are only
correctable [85]. Importantly, thermal-drift errors in either vertical or lateral probe position
can not be eliminated by the feedback control of the probe–substrate distance. Thus, the
isothermal chamber will be useful for SECM and, potentially, for other scanning probe
microscopes.

The sub-nanometer scale drift and fluctuation of a ~20 nm-wide gap under a 12 nm-radius
nanopipet tip was achieved by accommodating an SECM stage in the isothermal chamber
developed in our laboratory [82]. Air temperature in the chamber changed only at ~0.2 mK/
min to remarkably and reproducibly slow down the drift of tip–substrate distance to ~0.4
nm/min (Figure 5) or even lower as seen in the constant-height imaging of single nanopores
(Figure 4C). In fact, a ~10 cm-height SECM stage with a typical coefficient of linear
thermal expansion in the order of 10−5 K−1 is expected to expand or contract only by 0.2 nm
upon a temperature change of 0.2 mK [85]. The subnanometer fluctuation of the nanogap
was mainly caused by the instability of a piezoelectric positioner. In contrast, the thermal
drift of the gap width without the chamber was much more significant and strongly
dependent on ambient conditions to vary in the wide range of 5–150 nm/min. Such a drift
was readily detected using the 0.5 μm-radius tip of either Pt or pipet-supported ITIES. This
finding explains why the holding of a tip at a constant feedback distance of <1 μm for >1
min in imaging [86, 87] and voltammetry [74] is sometimes very difficult without the
chamber. Evidently, the thermal drift effect may be very different in other laboratories and
with different SECM instruments. Previously, a monotonic change in tip–substrate distance
was ascribed to the drift of a piezoelectric positioner [88]. In our setup, closed-loop
piezoelectric positioners were employed to avoid such creeping. Moreover, the positioners
were mounted on a micromanipulator stage, which does not generate heat. In contrast, the
step motor of a commercial SECM instrument is significantly warmed up when it is plugged
to a power supply. The motor is seriously heated during continuous or repetitive movement.
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6. Electrochemical Ion Sensing with Double-Polymer-Modified Electrodes
A double-polymer-modified electrode is the solid electrode that is successively modified
with an electrochemically active polymer membrane and then with an ion-selective polymer
membrane, typically, a plasticized poly(vinyl chloride) (PVC) membrane. Such a chemically
modified electrode was originally introduced as a potentiometric pH electrode by Oyama et
al. [89], and has been developed as “solid-state” or “solid-contact” ISEs for potentiometry
[90]. In contrast to conventional potentiometric ISEs, the solid-state electrodes are free from
the internal solution behind the ion-selective membrane, which facilitates the handling and
miniaturization of the electrodes. Recently, significant attention has been given to
potentiometric solid-state ISEs as an approach to achieve the nanomolar and subnanomolar
limits of detection (LOD) by eliminating the internal solution as the contamination source of
an analyte ion [91, 92]. The LOD of conventional potentiometric ISEs is limited to the
micromolar level by the transmembrane flux of an analyte ion from the internal solution,
which contaminates the interface between the ion-selective membrane and the sample
solution [93].

In zero-current potentiometry, an electrochemically active polymer membrane stabilizes the
potential of a solid-state ISE by inhibiting the formation of a water layer between the ion-
selective membrane and the solid support [94]. The inner water layer is formed by the
condensation of water molecules that are partitioned from the sample solution into the PVC
membrane [95, 96]. The concentrations of O2, CO2, and H+ in the inner water layer affect
the resultant mixed potential of the underlying electrode. In fact, “good” membranes such as
poly(3-octylthiophene) (POT) [97] and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [98] inhibit the formation of
an undesirable water layer as confirmed by neutron reflectometry, synchrotron radiation/
Fourier transform-infrared microscopy, and secondary ion mass spectrometry. Noticeably,
the respective conducting polymers are completely reduced or oxidized so that the stabilized
potential of the solid-state ISEs is not thermodynamically well-defined. In fact, the reduced
form of the POT membrane formed between a gold electrode and a PVC membrane was
externally polarizable [99]. Thus, even a highly capacitive intermediate layer of nanoporous
carbon with a large surface area successfully stabilizes the potential of a solid-state ISE
[100, 101]. A recent review comprehensively summarizes various polymer and carbon
materials that were employed as good intermediate layers for potentiometric solid-state ISEs
[102].

The voltammetric and amperometric operation of a double-polymer-modified electrode was
proposed by Sun et al. [103], and was experimentally demonstrated by us [99] (Figure 1B).
In contrast to the potentiometric mode, an intermediate polymer film must be electrolyzed in
these dynamic modes to drive the net flux of an analyte ion across the interface between the
ion-selective membrane and the aqueous sample. The slow electrolysis of a redox-active
osmium polymer, in contact with the viscous PVC membrane, hindered the dynamic
operation [103]. We found that the intermediate membranes of polythiophenes are quickly
electrolyzed with small overpotentials to voltammetrically mediate IT at the interface
between the PVC membrane and the aqueous sample [104]. Specifically, the oxidation of an
undoped POT membrane was coupled with the transfer of an aqueous anion into the PVC
membrane [99, 105] while cation transfer was driven by the reduction of the oxidatively-
doped membrane of PEDOT [106] or its lipophilic derivative (Figure 6). The transferred
cations (or anions) can be stripped from the PVC membrane to the aqueous sample by
applying anodic (or cathodic) potentials to the underlying electrode, which drive the
electrolysis of the oxidized POT (or reduced PEDOT) membrane.
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For IT voltammetry and amperometry, a thin PVC membrane (0.7–20 μm) was coated on a
thin conducting polymer membrane not only to minimize the ohmic potential drop across the
double-polymer membrane, but also to maximize the sensitivity of IT stripping voltammetry
(ITSV) based on a thin layer effect (see below). In addition, the thin membrane of a
conducting polymer with a high redox density offers sufficient redox capacity. In contrast, a
thicker PVC membrane is required for obtaining a sufficient redox capacity when redox-
active molecules such as ferrocene are dissolved in the PVC membrane [107, 108] or
covalently attached to the backbone of PVC [109]. Alternatively, a redox-active monolayer
was densely adsorbed to the surface of a solid electrode to provide a high redox capacity
[110–112].

7. Electrochemical Mechanism of Ion–Ionophore Recognition at the ITIES
The ionophores that were developed for potentiometric and optical ion sensors [7, 113] are
attractive as selective ion-recognition elements for ITIES-based voltammetric and
amperometric sensing with superior sensitivity and unqiue selectivity. As the first step
toward this goal, we doped double-polymer-modified electrodes with various ionophores
and voltammetrically investigated the kinetics and mechanism of ionophore-facilitated IT at
the ITIES [55]. Such quantitative kinetic data have been demanded for resolving long-
standing controversies on the mechanism of facilitated IT [114, 115]. The IT reaction
facilitated by an ionophore, L, may proceed based on the one-step electrochemical (E)
mechanism, where an 1:n ion–ionophore complex, iLnz, is formed at the very interface and
then transferred into the membrane as given by

(3)

This reaction, however, is thermodynamically equivalent to the two-step electrochemical–
chemical (EC) mechanism. In the EC mechanism, the simple transfer of an aqueous ion is
followed by its complexation with ionophore in the bulk membrane as given by

(4)

(5)

Kakutani et al., proposed that these two mechanisms can be kinetically discriminated [116].
For instance, they excluded the EC mechanism for the Na+ transfer facilitated by
dibenzo-18-crown-6 at the macroscopic nitrobenzene/water interface. They reasoned that, if
this electrochemically reversible reaction is based on the EC mechanism, the dissociation of
the stable ion–ionophore complex in the organic phase (eq 5) must be unrealistically fast.
The validity of the E mechanism, however, was not addressable because of a lack of kinetic
data.

We employed ionophore-doped double-polymer electrodes to reveal that facilitated IT is
kinetically controlled by the E mechanism (eq 3) based on ion–ionophore recognition at the
very interface [55]. In contrast to the previously reported voltammetric ISEs [117], our
double-polymer-modified electrodes are free from a significant ohmic potential drop to give
high-quality IT cyclic voltammograms (CVs) for quantitative kinetic study. Specifically,
quasi-reversible CVs of the Ag+, K+, Ca2+, Ba2+, and Pb2+ transfers facilitated by highly
selective ionophores were measured at various potential sweep rates (Figure 7A for Ca2+

and Ba2+). The CVs were analyzed numerically using the E mechanism to determine k0

values in the range of 10−2–10−3 cm/s and α values of ~0.5. Similar kinetic parameters were
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also obtained at the micropipet-supported interface with a much less viscous DCE solution.
The little effect of the viscosity of non-aqueous media on the IT kinetics excludes the EC
mechanism, where the kinetics of simple IT (eq 4) is viscosity-dependent [41]. Moreover,
the fit of the experimental CVs with the theoretical CVs based on the EC mechanism
required unrealistically large k0 values of >60 cm/s for simple IT (eq 4) in comparison to k0

= 6 cm/s for fast TEA+ transfer (see above). In addition, our study excludes the EC
mechanism also because the dissociation of stable ion–ionophore complexes in the non-
aqueous phase must be faster than a diffusion limit, as pointed out by Kakutani et al [116].

The new kinetic data thus obtained gave molecular-level insights into the E mechanism.
Microscopically, rate constants of 30–90 cm/s were estimated for a diffusion-limited
collision between an ionophore molecule and an analyte ion at the interface. These rate
constants are much higher than k0 values of 10−2–10−3 cm/s for the E mechanism, which is
kinetically limited by ion–ionophore complexation at the interface. Interestingly, the
formation of a three-dimensional complex at the two-dimensional ITIES may play an
important kinetic role in the E mechanism. CVs in Figure 7A demonstrate that the formation
of a 1:3 Ca2+–ionophore complex is thermodynamically more favorable, but is slower in
comparison to the formation of a 1:2 Ba2+–ionophore complex. The slower kinetics of the
facilitated Ca2+ transfer was ascribed to the hindered access of a lipophilic ionophore to a
Ca2+ ion from its aqueous side, which is mediated only through the mixed solvent layer at
the interface (Figure 7B).

8. IT Stripping Voltammetry for Trace Analysis
ITSV at the ITIES is a powerful electroanalytical method that enables the trace analysis of
various ions. In comparison to traditional redox-based stripping voltammetry [118], the
ITSV technique has complementary principles, as well as greater versatile applicability
because target ions do not need to be reduced or oxidized [119]. In ITSV, an aqueous
analyte ion is potentiostatically preconcentrated into a water-immiscible organic phase and
then voltammetrically stripped to yield an enhanced current response. ITSV was
successfully applied for relatively lipophilic ions such as acetylcholine [120, 121], vitamin
B1 [122], various protonated amines [123], tetraalkylammoniums [124–126], anionic
surfactants [126, 127], and β-blocker propranolol [128, 129]. In addition, various ionophores
were employed to enable ITSV of highly hydrophilic ions such as alkaline earth metal ions
[130] and oligopeptides [131]. ITSV of reducible heavy metal ions [119, 132–134] is a good
candidate to replace anodic stripping voltammetry with a mercury electrode [135].
Moreover, adsorptive ITSV was developed to detect macromolecular ions such as
anticoagulant/antithrombotic heparin [136], lysozyme [137], and digested proteins [138].
ITSV of neutral surfactants is also possible because these analytes form electrically-charged
complexes with aqueous metal ions to be preconcentrated associatively and stripped
dissociatively [127, 139, 140].

We demonstrated that double-polymer-modified electrodes massively improve the
sensitivity of ITSV to low nanomolar [105] and subnanomolar [106] levels. The extremely
low LODs are due to the solid-supported thin membrane, where the preconcentrated analyte
ions are exhaustively stripped to maximize the resultant current response. For instance,
ITSV of perchlorate in drinking water gave LODs of 0.2–0.5 nM when a double-polymer
electrode was rotated at 4000 rpm to accelerate ion preconcentration [105]. These detection
limits are much lower than the interim health advisory level of ~150 nM in drinking water
set by the U.S. Environmental Protection Agency (EPA) and even comparable to the LODs
of the most sensitive methods for perchlorate analysis, i.e., ion chromatography coupled
with a suppressed conductivity detector or electrospray ionization mass spectrometry. The
EPA’s recent decision to regulate perchlorate in drinking water [141] augmented the
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significance of our perchlorate sensor. Moreover, ITSV at the rotating double-polymer
electrode gave subnanomolar LODs for more lipophilic analyte ions, which can be
preconcentrated at higher concentrations in the hydrophobic PVC membrane [106]. A
detection limit of 90 pM thus obtained for hexafluoroarsenate is lower than that for less
lipophilic perchlorate and is comparable to the lowest LOD of 80 pM as obtained for this
arsenical biocide so far using inductively coupled plasma–mass spectrometry with anion-
exchange chromatography. Also, a PVC/POT-modified electrode was useful for adsorptive
ITSV of heparins to achieve a very low LOD of 0.005 unit/mL in a stirred 0.12 M NaCl
solution, which is equivalent to ~2.5 nM heparin with an average molecular weight of 15
kDa [99].

Recently, we reported on the first ITSV application of an ionophore-doped double-polymer
electrode to demonstrate nanomolar LOD and multiple-ion detectability [142]. We
developed a theoretical model for ionophore-based ITSV at the thin polymer membrane to
predict that the LOD based on equilibrium preconcentration is lower when a more stable
ion–ionophore complex is formed. The theoretical prediction was confirmed using
valinomycin, which forms a ~60 times more stable complex with K+ than with NH4

+ as
confirmed by cyclic voltammetry. A LOD of 0.6 nM K+ was achieved by ITSV using
commercial ultrapure water as a K+-free media, where voltammetric responses to 1–10 nM
of spiked K+ are comparable to or larger than those to ~100 nM of contaminated NH4

+

(Figure 8). This background concentration of NH4
+ contamination in the ultrapure water

was determined from the dependence of the ITSV response on the preconcentration time
under the rotating electrode configuration. Advantageously, this approach does not require
the background ITSV measurement of a contamination-free blank solution, which is not
available for NH4

+ as a target ion. The ITSV approach was also used to determine ~5 nM
K+ contamination in laboratory-purified water. Importantly, the presence of easily
contaminable and hardly removable K+ and NH4

+ in a blank solution may be the origin of
higher LODs of 5 nM [143] and 100 nM [92] K+ for potentiometry with conventional and
solid-state ISEs based on valinomycin, respectively. The background contamination of a
sample solution with these ions is not detectable by potentiometry, which measures only a
change in the electrode potential in the sample solution with respect to that in the blank
solution.

Finally, an inexpensive and disposable electrode for ITSV was developed by simply coating
a pencil lead with a POT membrane, followed by a plasticized PVC membrane [144].
Remarkably, the simple electrode allows for the ITSV detection of perchlorate in tap water
at concentrations of 100–1000 nM below the interim health advisory level set by the EPA
(Figure 9). This result shows the versatility of the double-polymer approach to IT
voltammetry. Moreover, the pencil lead electrode is useful as an educational tool for
undergraduate instrumental laboratories. Students can fabricate and utilize their own
electrodes in the 3 to 4 hour laboratory session to learn important concepts and methods of
electrochemistry and also quantitatively address whether their local drinking water is
contaminated with nanomolar perchlorate.

9. Perspectives
Electrochemical methods based on IT at the ITIES found early success in potentiometric ion
analysis and adopted the concepts and methodologies of voltammetry and amperometry
from redox electrochemistry at solid/liquid interfaces to be reinforced as the most advanced
approaches for electrochemical ion sensing and imaging. The promising future applications
of these dynamic approaches for bioanalysis and electrochemical imaging are foreseen, as
discussed in this section.
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The establishment of such robust and practical sensing formats as the pipet-supported ITIES
and the double-polymer-modified electrode for IT voltammetry and amperometry will offer
great opportunities in bioanalysis. In fact, various bioanalytical applications of dynamic
electrochemical methods have been seen for redox electrochemistry, from amperometric
sensors for blood glucose [145] to in-vivo voltammetry and amperometry of
neurotransmitters in the brain and other tissues [146, 147]. Moreover, ion analysis in
biological media such as blood samples and extracellular/intracellular spaces has been
extensively explored by ion-selective potentiometry. The feasibility of IT voltammetry in
undiluted blood samples was also demonstrated using the fast simple transfer of
tetrapropylammonium at the micropipet-supported ITIES as a model system [136].

Voltammetric/amperometric ion analysis in complicated biological media will be
challenging and require highly selective ionophores. Fortunately, >1,000 natural and
synthetic ionophores have been reported for potentiometric and optical sensors during the
past five decades [7, 113]. Subsequently, the ion selectivity of most of these ionophores has
been determined under equilibrium conditions and has not been tested under dynamic
conditions for voltammetry or amperometry at the ITIES. Interestingly, ETH 129 is
thermodynamically more selective for Ca2+ against Ba2+ while the transfer of the latter ion
is kinetically more facile. In addition to the appreciation of both thermodynamic and kinetic
ion selectivity, these dynamic approaches allow for the exploration of multiple-ion
selectivity of an ionophore in contrast to the ionophore-based potentiometric and optical
sensors that respond only to the most selective ion. Moreover, IT voltammetry is useful for
both thermodynamic and kinetic characterization of ionophores in contrast to the
equilibrium potentiometric and optical measurements. Micropipet IT voltammetry was
applied for the comprehensive characterization of new ionophores for inorganic anions [148]
and heparins [149, 150]. Advantageously, pipet-supported ITIES and double-polymer-
modified electrodes require a tiny amount (≪1 mg) of an expensive or elaborately
synthesized ionophore, in contrast to the traditional four-electrode setup, which requires the
bulk non-aqeuous solution of an ionophore.

Nanopipet-supported ITIES tips allowed us to establish a technological basis toward the
future advancement of nanoscale SECM for high-resolution imaging and fast kinetic
measurement. Significantly, the simple and robust operation of SECM, which has been
appreciated at the micrometer-scale, is also possible at the nanoscale by minimizing thermal
drift. The success of a nanopipet-based tip originates not only from its simple fabrication,
but also from its design with a thin glass sheath, which facilitates tip positioning within
nanometer distances from a target substrate.
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Figure 1.
Scheme of IT voltammetry/amperometry at (A) the nanopipet-supported ITIES and (B) the
double-polymer-modified electrode.
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Figure 2.
(A) Scheme of a pipet electrode and (B) SEM image of a silanized nanopipet.

Amemiya et al. Page 19

Electrochim Acta. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
(A) Steady-state CV of TEA+ transfer across the DCE/water interface as obtained using a 19
nm-radius water-filled nanopipet at 10 mV/s. The DCE and water phases contained 1.7 and
2.6 mM TEA+ as tetrakis(4-chlorophe- nyl)borate (TPBCl) and chloride salts, respectively.
Supporting electrolytes in the respective phases are 9.4 mM tetrahexylammonium TPBCl
and 0.1 M LiCl. Adapted with permission from ref. [39]. Copyright 2010 American
Chemical Society. (B) Plot of log k0 values for TEA+ transfer reported in literature versus
the year of the publication. This type of plot was reported originally by Kakiuchi and more
recently by Samec. See ref. [2].
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Figure 4.
(A) TEM image of a pnc-Si membrane and (B) scheme of SECM line scan with a nanopipet-
supported ITIES tip over the impermeable and nanoporous regions of the membrane. (C)
SECM image of the pnc-Si membrane based on the transfer of 10 mM TBA+ in 0.3 M KCl
at a 17 nm-radius pipet as silanized and filled with a DCE solution of 0.1 M
tetradodecylammonium tetrakis(pentafluorophenyl)borate. Adapted with permission from
ref. [57]. Copyright 2012 American Chemical Society.
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Figure 5.
Time profile of (top) the current based on the transfer of 10 mM TEA+ in 0.3 M KCl at a 12
nm-radius pipet as silanized and filled with a DCE solution of 0.1 M tetradodecylammonium
tetrakis(pentafluorophenyl)borate and (bottom) the corresponding tip–substrate gap width
calculated using eq 3 in ref. [82]. Chamber temperature drifted at −0.2 mK/min during the
current measurement. Adapted with permission from ref. [82]. Copyright 2012 American
Chemical Society.
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Figure 6.
Scheme of (left) anion and (right) cation transfer at the solid electrodes (e.g., gold
electrodes) modified with a conducting polymer membrane (CPM) and then with an ion-
selective membrane (ISM).
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Figure 7.
(A) Background-subtracted CVs (solid lines) of the facilitated transfer of Ca2+ and Ba2+ (as
10 μM chloride salts in 10 mM CH3COOK at pH 7.1) as obtained using the glassy carbon
electrode modified with a lipophilic PEDOT membrane and the oNPOE-plasticized PVC
membrane doped with ETH 129. Theoretical CVs (closed circles) were obtained by the
finite element simulation based on the E mechanism. (B) Scheme of the formation of 1:3
Ca2+–ionophore (ETH 129) complexes at an oNPOE-plasticized PVC membrane/water
interface with a mixed solvent layer. Adapted with permission from ref. [55]. Copyright
2011 American Chemical Society.
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Figure 8.
(A) ITSV of 0–10 nM K+ as sulfate salt in ultrapure water at 0.1 V/s after 5 min of
preconcentration as obtained using the gold electrode modified with a lipophilic PEDOT
membrane and the oNPOE-plasticized PVC membrane doped with valinomycin. Aqueous
and organic supporting electrolytes are H2SO4/HCl and tetradodecylammonium
tetrakis(pentafluorophenyl)borate, respectively. Preconcentration potential, 0.38 V. The
electrode was rotated at 4000 rpm. Adapted with permission from ref. [142]. Copyright 2012
American Chemical Society.
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Figure 9.
Stripping voltammograms of perchlorate at a PVC/POT-modified pencil lead (see inset for
its image). Aqueous and organic supporting electrolytes are Li2SO4 and
tetradodecylammonium tetrakis(pentafluorophenyl)borate, respectively. Scan rate, 0.1 V/s.
Adapted with permission from ref. [144]. Copyright 2012 American Chemical Society.
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