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Abstract
The nanoscale interface between two immiscible electrolyte
solutions (nanoITIES) is an emerging versatile analytical plat-
form. Analytical advantages of chemical analysis using the
nanoITIES include imaging with nanometer spatial resolution,
probing fast dynamics with millisecond temporal resolution and
fast response times, selectively detecting analytes, probing
fundamental chemical processes (e.g., diffusion profiles), and
versatile sensing of metal ions, proteins, neurotransmitters,
ionic and neutral species, redox-active and non-redox active
analytes, etc. We present here a brief theoretical background
of the nanoITIES and experimental advances from the past five
years. These advances include imaging of nanopores, probing
diffusion profiles, biosensing, a new pH modulation mecha-
nism for sensing neutral species, and studying exocytosis from
Aplysia californica neurons.
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Introduction
The interface between two immiscible electrolyte so-
lutions (ITIES) has been demonstrated as a versatile
analytical platform to detect metal ions [1e4], proteins
[5], and neurotransmitters [6e14]. The ITIES is typi-
cally formed between two solvents with low mutual
miscibility where one phase is aqueous and the other
www.sciencedirect.com
phase is a polar organic solvent that has a moderate to
high dielectric permittivity [15]. Compared to conven-
tional solid electrodes (e.g., carbon, platinum), ITIES
has the benefit of being able to detect non-redox active
species without the enzymatic modifications often
needed when using solid electrodes [16]. Thus, ITIES
platforms expand the capability of electrochemistry to
detect both redox-active and non-redox active analytes,

where the detection is based on one type of faradaic
processes-ion transfer [9,16e21], in contrast to the
electron transfer that commonly occurs at a solid elec-
trode/solution interface. This ion transfer across the
ITIES was described by the Marcus theory, which pro-
posed that an ion undergoes initial desolvation from the
first phase accompanied by concerted solvation into the
second phase [22].

The field of ITIES has several decades of history, with
the whole field advancing from the macroITIES to the

microITIES and then to the nanoITIES. Here, we
mainly discuss developments at the nanoITIES from
2017 until now. The works presented here are not
possible without earlier pioneering work, however, due
to space limitations, we refer the readers to other pub-
lications about the macroITIES, microITIES, and early
nanoITIES [1e4,8,9,23e55]. Nanoscale electrodes
have analytical advantages of faster diffusive mass
transport, low background interference due to the small
capacitive current of nanoscale electrodes [16], and
improved spatial resolution [16,45,56,57]. In addition,

nanoITIES electrodes are not subject to electrostatic
damage as has been reported for metal nanoelectrodes
[58]. These advantages contributed to the miniaturi-
zation of supporting structures for the ITIES to the
nanoscale [45]. The nanoITIES has been supported by
both nanopore arrays and nanopipettes for the purpose
of ionic sensing, nanoscopic imaging, characterization of
diffusion [59e62], and studying cellular release mech-
anisms [63,64] at the nanoscale.

We begin this article by discussing the working prin-

ciples (e.g., thermodynamics) of ion transfer across the
ITIES. We then describe the electric double layer at
the ITIES and methods for characterizing nano-
pipettes for the nanoITIES. Finally, we discuss recent
studies that used the nanoITIES to characterize
diffusion at nanopore arrays, model drug transfer
across hydrophobic bacterial membranes, and detect
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neurotransmitters to enable exciting cellular studies.
We hope these recent advances will stimulate further
discoveries in nanoscience, chemistry, neuroscience,
and biomedicine.
Working principles of nanoITIES
Kinetics and thermodynamics of ion transfer at ITIES
are analogous to electron transfer at solid electrode/
solution interface. The determination of kinetic pa-
rameters (e.g., standard rate constant and transfer co-
efficient) at the ITIES can be achieved based on Butler-
Volmer equation [48,65,66]. Advantages of faster mass
transport at nanoITIES allow the measurement of fast

ion transfer kinetics at the nanoITIES. Amemiya,
Mirkin and colleagues developed a new method for ki-
netic analysis at the nanoITIES [48]. As with electron
transfer at the solid electrode/solution interface, an ion’s
electrochemical potential is the same in the initial and
final phases of the transfer at equilibrium. Deriving from
the electrochemical potential, for the transfer of ion Mz

from the water (w) to oil (o) phase; the Galvani po-
tential difference (Do

wf) is expressed as:
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In Equation (1), m
0;p
Mz is the standard chemical potential

of ion Mz in phase p (w or o), z is the charge on ion M, F
is Faraday’s constant, R is the ideal gas constant, T is the

temperature, a
p
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In Equation (2), DG0; w/o
tr is the standard free energy

needed to transfer ion Mz from w to o. Do
wf

0
Mz is specific

to different analytes being transferred across an ITIES,

allowing for differentiation and selective detection of
analytes. In addition, ion-transfer assisting ionophores
[67] and/or different oil phase solvents modulate the
analyte’s Do

wf
0
Mz [12,29,66,68].

The diffusion-limited current (i) of a single-channel
micro- and nano-pipette with a disc geometry is
related to the radius of the ITIES according to the
expression [69]:

i ¼ 4xnFcDa (3)
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In Equation (3), x is a function related to the quantity
RG ¼ rg=a [46], where rg and a are the outer and inner
tip radii, respectively, n is the number of charges trans-
ferred across the nanoITIES per analyte ion, F is Fara-
day’s constant, c is the concentration of the ionic
analyte, and D is the diffusion coefficient of the ionic
analyte. Solving Equation (3) for a allows the electrode’s
inner radius to be calculated from electrochemical data.

For ITIES arrays where all the ITIES within the array
are diffusionally independent, the diffusion-limited ion-
transfer current is described by a different equation
(Equation (4))

i ¼ Np4nFDca (4)

where Np is the number of pores in the array that forms the

ITIES [36] while the rest of parameters are defined above.
Electric double layer at ITIES
Non-faradaic processes (no charge transfer) and faradaic
processes (charge transfer) occurring at an ITIES
resemble those at solid electrodes (e.g., carbon, plat-
inum). An electrode at which no charge transfer can

occur across the electrode/solution interface is called an
ideal polarizable electrode (IPE) [66]. Since charge
cannot transfer across the IPE interface when the po-
tential is changed, the electrode/solution interface be-
haves like a capacitor so that charge accumulates on the
metal electrode and in the solution until q ¼ C � E.
q, E, and C are the charge stored on the capacitor, the
potential across the capacitor, and the capacitance,
respectively [66]. The whole array of charged species
and oriented dipoles existing at the metal-solution
interface is called the electric double layer [66]. The solu-

tion side of the double layer is thought to be made up of
several “layers,” including an inner layer (containing
solvent molecules and specifically adsorbed species) and
a “diffuse” layer (composed of nonspecifically adsorbed
solvated ions, which extends from the outer Helmholtz
plane (OHP) into the bulk of the solution) [66]. The
OHP is the locus of the center of the nearest solvated
ions [66].

The ITIES double layer is analogous to that at the
metal-solution interface with new studies carried out to

uncover new phenomena regarding double layer struc-
ture at the ITIES [70e79]. In 1939, Verwey and Nies-
sen described the electric double layer at the ITIES as
two non-interacting “diffuse” layers, one at each side of
the interface. It is unclear if this “diffuse” layer has the
same composition as the one described above. They
stated that, for the ITIES, every electrolyte added to
the system is potential determining. The electrolyte is
generally distributed unequally about both phases and
builds up an electric double layer at the ITIES as a
consequence of the generally unequal distribution
www.sciencedirect.com
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coefficients of the positive and negative ions [80]. Later,
Verwey described that since there are no space charges
involved in the bulk aqueous phases, the ionic concen-
trations remain constant. Therefore, when approaching
the region near the interface, the ionic concentration of
Figure 1

Characterization of quartz glass nanopipettes for nanoITIES using SEM and T
with permission from N.T. Iwai, M. Kramaric, D. Crabbe, Y. Wei, R. Chen, M. Sh
Water/DCE-Octanoic Acid Interface, Anal. Chem. 90 (2018) 3067–3072. Cop
nanopipette at × 100,000, with an inner diameter of ~30 nm. Reprinted with per
Nanopipet-Supported ITIES Tips for Scanning Electrochemical Microscopy of
Copyright 2017 American Chemical Society. (c) A SEM image of a nanopipe
Kramaric, D. Crabbe, Y. Wei, R. Chen, M. Shen, GABA Detection with Nano-
Interface, Anal. Chem. 90 (2018) 3067–3072. Copyright 2018 American Chem
Reprinted with permission from M. Shen, R. Ishimatsu, J. Kim, S. Amemiya,
resolution scanning electrochemical microscopy, J. Am. Chem. Soc. 134 (201
image of a nanopipette with a radius of ~15 nm. Reprinted with permission fro
interface probes for the electrochemical detection of acetylcholine, tryptamine
Copyright 2015 American Chemical Society. (f) ATEM image of a nanopipette o
Blanchard, M. V Mirkin, Surface Patterning Using Diazonium Ink Filled Nanop
Chemical Society. (g) A SEM image of a nanopipet. Reprinted with permissio
Water/Oil Interface Studied by Nanopipet Voltammetry, Anal. Chem. 91 (2019
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one sign increases and the other sign decreases, ensuring
a balance of the total charge for both phases with
opposite signs [81]. In 1988, Marecek, Samec and
Koryta published a detailed review article regarding
charge transfer across the ITIES, where the theory of
EM. (a) ATEM image of a nanopipet tip of inner radius 320 nm. Reprinted
en, GABA Detection with Nano-ITIES Pipet Electrode: A New Mechanism,
yright 2018 American Chemical Society. (b) A TEM image of a quartz
mission from R. Chen, R.J. Balla, A. Lima, S. Amemiya, Characterization of
Single Solid-State Nanopores, Anal. Chem. 89 (2017) 9946–9952.

t tip of inner radius 340 nm. Reprinted with permission from N.T. Iwai, M.
ITIES Pipet Electrode: A New Mechanism, Water/DCE-Octanoic Acid
ical Society. (d) A SEM image of a nanopipet tip of ~15 nm inner radius.

Quantitative imaging of ion transport through single nanopores by high-
2) 9856–9859. Copyright 2012 American Chemical Society. (e) A SEM
m M.L. Colombo, J. V Sweedler, M. Shen, Nanopipet-based liquid– liquid
, and serotonin via ionic transfer, Anal. Chem. 87 (2015) 5095–5100.
f orifice radius 76 nm. Reprinted with permission from M. Zhou, Y. Yu, P.-Y.
ipette, Anal. Chem. 87 (2015) 10956–10962. Copyright 2015 American
n from S.R. Puri, J. Kim, Kinetics of Antimicrobial Drug Ion Transfer at a
) 1873–1879. Copyright 2019 American Chemical Society.
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the electric double layer was further described [49]. In
2020, Girault and colleagues showed that at the ITIES,
the potential difference takes place between two closely
interacting ionic monolayers, where ions of opposite
charges directly neutralize each other leading to an
absence of diffuse layers and charge screening by sur-
rounding ions [78]. The effect of the adsorption of
charged species on the charge distribution at the ITIES

was also simulated based on the description of the
interface employing the Gouy-Chapman model
[76e79]. Overall, the structure of the double layer at
the ITIES is still an active area of research. The nano-
ITIES has a small electric double layer charging current
due to the nanoscale size of the electrodes, producing a
low background current that enables high signal to noise
ratio measurements.
Characterization of Nanopipettes for
nanoITIES
Protocols have been developed for fabricating nano-
pipettes for nanoITIES studies in a reproducible and
easy to fabricate manner [8e10,12,26,47,56,82,83]. The
electrochemical response of nanopipettes is significantly
affected by the physical geometry and surface

chemistry of the pipettes, particularly at the tip
[84,85]. The geometry of pipettes can be inspected
using several electron microscopy techniques as shown
in Figure 1, including scanning electron microscopy
(SEM), scanning transmission electron microscopy
(STEM), and transmission electron microscopy (TEM)
[9,10,47,61,86e89]. The inner radius (ri), outer radius
(rg), and cone angle (q) are the three crucial parameters
that define pipette geometry [90,91]. Besides micro-
scopic techniques, the sizes of the nanopipettes can also
be determined using Equation (3) for an ITIES of disc
geometry by measuring the diffusion-limited transfer

current of an ion with a known diffusion coefficient and
concentration, such as tetrabutylammonium (TBA)
[40,47]. In addition, the solid angle method [37],
electrochemical resistance method [92,93], and SECM
method [94] have been reported to characterize nano-
pipettes. Another nanopipette characterization method
uses SECM approach curves, where a simulated
approach curve generated using electrochemical theory
is fitted to experimental data. This simulation allows for
determination of geometrical features of the nano-
pipette, such as ri, rg , and the amount of recession for

the electroactive interface [29,94].
Application of the ITIES to study nanopore
arrays
Two kinds of studies have been reported related to

nanopore arrays including 1) nano-imaging of a nanopore
array using a nanoITIES tip, and 2) studying the diffu-
sion profile of nanopore arrays via an ITIES reaction in
the arrays (i.e., silica deposition or tetrapropylammo-
nium ion transfer).
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In 2012, Shen et al. demonstrated the nanoITIES as a
powerful analytical platform to image a nanopore array
coupled with scanning electrochemical microscopy
(SECM) [47]. In this study, nanometer resolution was
achieved and the pore spacing of a nanopore array was
clearly visualized. More recently, Chen et al. demon-
strated that protruded nanoITIES tips were able to be
used for SECM characterization of nanopore arrays.

The authors successfully imaged individual nanopores
with nanometer spatial resolution using a protruded
nanoITIES. Finite element simulations showed that
the SECM imaging with a protruded nanoITIES gave
enlarged sizes of the nanopores. However, the
enlarged nanopore sizes did not affect the spatial
resolution of the SECM nanopore imaging (Figures 2a
and b) [61].

The ITIES was also used to determine the diffusion
characteristics across a nanopore array and the location

of the ITIES in the nanopores [59,60]. In 2016, Liu et
al. probed overlapped diffusion and independent diffu-
sion at nanopore arrays via electrochemically assisted
formation of silica deposits based on ion transfer across a
nanoITIES [60]. In 2018, Holzinger et al. used this
silica deposition strategy with FIB/SEM tomography to
further probe diffusion across nanopore arrays [59].
Figure 2c shows the different orientations of nanopores,
both front- and back-side milled, that were used. Figure
2d shows a two-dimensional SEM image of the silica
residues deposited around the nanopores. By stacking

these images on each other, a three-dimensional recon-
struction of the silica deposition was nicely created
(Figure 2e) [59]. In addition to these square nanopore
arrays, hexagonal nanopore arrays were characterized as
supports for the nanoITIES by a recent study where it
was demonstrated that the ion-transfer behaviors at
nanoITIES arrays are not only dependent on the ratio of
the center-to-center distance (rc) to the nanopore radius
(ra) (rc/ra), but also influenced by the design features of
the nanoarrays that form the interfaces. For example, a
rc/ra of at least 96 was needed for independent diffusion
across the hexagonal nanopores to occur, while a rc/ra of

only 56 was sufficient for independent diffusion to occur
in square nanopore arrays [62].
Application of the nanoITIES to detecting
biologically relevant species
Detection and quantitation of charged and uncharged
neurotransmitters has been reported using nanoITIES
electrodes [8e10,12e14]. Iwai et al. demonstrated
detection of a neutral analyte (i.e., the zwitterion g-
aminobutyric acid (GABA)) at the nanoITIES by
introducing a novel detection mechanism involving pH
modulation. Specifically, the pH of the oil phase was
decreased with an organic acid to protonate GABA to its
cationic form upon detection at the ITIES (Figure 3a).
The cationic form of GABA binds to the ionophore
www.sciencedirect.com
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Figure 2

Characterization of the nanopore arrays using ITIES. An SECM image of a Si3N4 nanopore array obtained with a non-protruded nanoITIES electrode (a)
and with a protruded nanoITIES electrode (b). Both SECM images resolved the nanopores in the array. Reprinted with permission from R. Chen, R.J.
Balla, A. Lima, S. Amemiya, Characterization of Nanopipet-Supported ITIES Tips for Scanning Electrochemical Microscopy of Single Solid-State
Nanopores, Anal. Chem. 89 (2017) 9946–9952. Copyright 2017 American Chemical Society. (c) A schematic illustrating the difference between the
shape of the front- and back-side milled nanopore arrays as well as their orientations with respect to the ITIES. (d) 2D SEM images of a FIB/SEM to-
mography stack showing the deposit on the nanopore and facing the organic side. (e) A 3D reconstruction of the silica deposits generated with a series of
images like the one presented in (d). In these figures, the side labeled 1 is the aqueous facing side of the nanopore, while the side labeled 2 is the organic
facing side of the nanopore. Adapted from A. Holzinger, G. Neusser, B.J.J. Austen, A. Gamero-Quijano, G. Herzog, D.W.M. Arrigan, A. Ziegler, P. Walther,
C. Kranz, Investigation of modified nanopore arrays using FIB/SEM tomography, Faraday Discuss. 210 (2018) 113–130.
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DB18C6 and is then detected due to the cationic

transfer (Figure 3b) [10]. Electrochemical zwitterionic
detection involves numerous equilibrium processes,
including the ion-ionophore complexation, acid-base,
and partitioning between the oil and aqueous phases
equilibria. Later on, Chen, et al. quantitatively studied
these equilibria at the nanoITIES [14]. Another study
by Chen et al. explored how the tris(crown ether)
ionophore TriBCE and mono(crown ether) ionophore
DB18C6 differed in the detection of ions using elec-
trochemical methods at the nanoITIES. This study
showed that TriBCE enabled easier transfer of ionic

species compared to DB18C6 (Figure 3c). This work
could provide insights into the molecular design of
ionophores for improved sensing of ionic species at the
ITIES [13].

Puri and Kim demonstrated another application of the
nanoITIES by characterizing the transfer of anionic
antimicrobial drugs. These drugs transfer about three
orders of magnitude slower from water to DCE than
hydrophobic TBA and require more polarized poten-
tials than hydrophobic ClO�

4 to transfer across the

water/DCE ITIES (Figure 3d), showing that these
ions are 2e5 orders of magnitude more hydrophilic
than ClO�

4 : Amperometric detection of these drugs
demonstrated the feasibility of using the nanoITIES
to identify less hydrophilic drugs that better permeate
bacteria [86].
www.sciencedirect.com
New oil phase solvents for ITIES-based detection have

different potential windows than existing solvents,
enabling detection of ions that are difficult to detect
with existing ITIES systems. Recently, viscous oil phase
solvents were shown to have relatively fast ion transfer
kinetics at the nanoITIES, allowing for ionic detection
across the nanoITIES using these solvents. Chen et al.
introduced avocado, coconut, and walnut oils for
detecting TBA [40], and Jetmore et al. demonstrated
ionic detection with 2-nitrophenyl octyl ether (NPOE)
for the first time at the nanoscale, using acetylcholine as
the analyte (Figure 3e) [12].
Application of nanoITIES neurotransmitter
detection to cellular studies
An exciting application of nanoITIES-based neuro-
transmitter detection is the ability to perform cellular
studies on neurons to better understand their cellular
processes, such as exocytosis, synapse formation, and

the temporal dependence of neurotransmitter release.
Coupling nanoITIES-based detection with SECM
enables probing of neuronal processes with enhanced
signal-to-noise ratios and detection of real-time
spatiotemporal dynamics, etc. SECM enables high
spatial resolution probing of neurotransmitter release
by positioning a nanoITIES probe within nanometers
of a neuronal membrane to detect neurotransmitter
flow out of the cell [63,64]. This nanoscale spatial
Current Opinion in Electrochemistry 2022, 34:101005
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Figure 3

Applications of nanoITIES for neurotransmitter, metal ion detections and biosensing. (a) Scheme showing how GABA is detected across the nanoITIES.
(b) Cyclic voltammetry detection of GABA. Reprinted with permission from N.T. Iwai, M. Kramaric, D. Crabbe, Y. Wei, R. Chen, M. Shen, GABA Detection
with Nano-ITIES Pipet Electrode: A New Mechanism, Water/DCE-Octanoic Acid Interface, Anal. Chem. 90 (2018) 3067–3072. Copyright 2018 American
Chemical Society. (c) Comparison of the transfer potentials of different metal ions and dopamine using two different crown ethers, DB18C6 and TriBCE.
Reprinted from R. Chen, A. Yang, A. Chang, P.F. Oweimrin, J. Romero, P. Vichitcharoenpaisarn, S. Tapia, K. Ha, C. Villaflor, M. Shen, A Newly Syn-
thesized Tris(crown ether) Ionophore for Assisted Ion Transfer at NanoITIES Electrodes, ChemElectroChem. 7 (2020) 967–974. (d) Voltammograms
showing the transfer of antimicrobial drugs at more polarized potentials than the hydrophobic anion. Abbreviations – FMQ: flumequine, NA: nalidixic acid,
SMR: sulfamerazine, SMT: sulfamethazine, SDM: sulfadimethoxine, TBA: tetrabutylammonium. Reprinted with permission from S.R. Puri, J. Kim, Kinetics
of Antimicrobial Drug Ion Transfer at a Water/Oil Interface Studied by Nanopipet Voltammetry, Anal. Chem. 91 (2019) 1873–1879. Copyright 2019
American Chemical Society. (e) Scheme showing how acetylcholine is detected via ion transfer across the nanoITIES, with representative linear detection
via cyclic voltammetry and amperometry. Adapted with permission from H.D. Jetmore, C.B. Milton, E.S. Anupriya, R. Chen, K. Xu, M. Shen, Detection of
Acetylcholine at Nanoscale NPOE/Water Liquid/Liquid Interface Electrodes, Anal. Chem. 93 (2021) 16535–16542. Copyright 2021 American Chemical
Society.
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resolution is enabled by the nanoscopic positioning
capabilities of SECM [45,47,95,96]. The probe can be
placed near neuronal somas or synapses, allowing for

studies of neurotransmitter exocytosis from different
parts of a neuron. Two studies of neurotransmitter
release from neurons of the commonly studied
mollusk Aplysia californica [97,98] are presented
here [63,64].

The first study focused on the somatic exocytosis of
acetylcholine from Aplysia californica neurons [64]. A
nanoITIES electrode was placed w140 nm from the
soma of an Aplysia neuron using an SECM approach
(current vs. distance) curve. Chronoamperometry (cur-
rent vs. time) at the diffusion-limited potential of

acetylcholine was used to detect acetylcholine release
stimulated by application of high concentration Kþ
Current Opinion in Electrochemistry 2022, 34:101005
(Figure 4a) in a selective manner. Numerical simulation
of the SECM approach curve determined that the
density of releasable vesicles and the cellular perme-

ability to artificial sea water ions were 25� 2 vesicles per
mm2 and between 5 � 10�4 and 1 � 10�3 m/s, respec-
tively. The concentration and number of released
acetylcholine molecules were measured using amper-
ometry, and further experiments showed that the so-
matic exocytosis of acetylcholine was Ca2þ-dependent.
These results demonstrated that nanoITIES electrodes
and SECM can effectively characterize neuronal
acetylcholine release dynamics with unprecedented
high spatiotemporal resolution [64].

The second study focused on the synaptic exocytosis of

acetylcholine from Aplysia californica neurons [63]. The
high spatial resolution of nanoITIES electrodes allows
www.sciencedirect.com
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Figure 4

Applications of nanoITIES in cellular studies. (a) The detection of acetylcholine release from the soma of Aplysia californica neurons after high con-
centration K+ stimulation. Data was collected using current– time amperometry at the diffusion-limited potential for acetylcholine. Reprinted from T.M.
Welle, K. Alanis, M.L. Colombo, J. V Sweedler, M. Shen, A high spatiotemporal study of somatic exocytosis with scanning electrochemical microscopy
and nanoITIES electrodes, Chem. Sci. 9 (2018) 4937–4941. (b) The detection of acetylcholine transmission dynamics from the synapse of Aplysia
californica neurons. The singlet, doublet, and multiplet release mechanisms corresponding to the release of one, two, or more than two vesicles are
shown. The occurrence of partial release was also possible. Reprinted with permission from M. Shen, Z. Qu, J. DesLaurier, T.M. Welle, J. V Sweedler, R.
Chen, Single Synaptic Observation of Cholinergic Neurotransmission on Living Neurons: Concentration and Dynamics, J. Am. Chem. Soc. 140 (2018)
7764–7768. Copyright 2018 American Chemical Society.
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for SECM positioning of the electrode over only the
nanoscale synaptic cleft for localized detection of syn-
aptic neurotransmitter release. Acetylcholine release

from Aplysia californica neuronal synapses was detected
after Kþ stimulation using amperometry at the steady-
state detection potential of acetylcholine (Figure 4b).
This detection revealed release of acetylcholine in
singlet, doublet, and multiplet patterns, which were
hypothesized to correspond to the release of one, two, or
many synaptic vesicles, and a multiple-vesicular-
exocytosis mechanism was proposed [63]. A cryogenic
electron microscopy study later showed multiple vesi-
cles fusing at one synaptic active zone [99], confirming
this hypothesis [63].
Conclusion
We reviewed recent advances in the nanoITIES
supported over a nanopipette orifice or a nanopore array
during the past five years. These recent advances

include nanometer resolution imaging of single nano-
pores, the introduction of pH modulation strategies to
detect neutral species (i.e., zwitterions), probing
diffusion profiles (i.e., overlapping vs. independent) in
nanopore arrays by performing silica deposition at
nanoITIES arrays, characterizing diffusion across a
hexagonal nanopore array, and developing new iono-
phores and viscous oil phases (e.g., avocado oil, coconut
www.sciencedirect.com
oil, NPOE) for analyte sensing. We also discussed
applying the nanoITIES as a model of antimicrobial drug
transfer across hydrophobic membranes. Finally, we

discussed the use of nanoITIES platforms for studying
somatic and synaptic exocytosis of neurotransmitters
from Aplysia californica neurons.

In conclusion, the ITIES has been demonstrated as a
versatile analytical platform with the capability to sense
metal ions [1e4], proteins [5], neurotransmitters
[6e14], in ionic and neutral forms. Detection at the
nanoITIES has the analytical advantages of specificity,
nanometer spatial resolution [16,56,57], low background
current to allow for higher signal-to-noise ratio mea-

surements [16], and high temporal resolution (e.g.,
millisecond) with chronoamperometry to enable prob-
ing fast biological dynamics in real-time. We envision
that these new developments and applications will
catalyze future research in the interdisciplinary fields of
environmental science, ion transfer, electrochemistry,
analytical chemistry, biochemistry, and neuroscience.
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