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ABSTRACT: Single-entity electrochemistry (SEE) de-
scribes a recent trend in state-of-the-art electrochemistry
applied to the study of individual “things.” Conceptually,
SEE covers fundamentals and applications of SEE, as well
as methods and tools to make SEE measurements. SEE is
especially appealing, as it unifies different branches of
electrochemistry and comingles diverse approaches and
techniques toward similar goals. In this Perspective,
motivations and advantages of SEE are considered. A
brief historical perspective and overview of recent ideas
and directions in research in SEE are considered. In
closing, future challenges, opportunities, and destinations
related to SEE are discussed.

t the most basic level, single-entity electrochemistry

(SEE) refers to the study of one “thing” at a time by
electrochemical means. SEE is an overarching concept in
measurement. The “thing” measured could be anything (a cell,
a molecule, a reaction) that represents a unit of interest. A
diversity of topics, which includes entities from fields such as
cellular biology, catalysis, and organic chemistry, means SEE is
inherently interdisciplinary, seeking to answer questions from
all corners of science. Length scales for SEE measurements can
include entities and processes 100s of micrometers to
angstroms in size (Figure 1). A unifying theme of SEE is the
measurement process, be it the instrumentation, the method or
the data analysis used to extract information at the level of a
single-entity. At its core, SEE is electroanalysis at the ultimate
limits of our ability. The origins of SEE are sprinkled through
the last decades of research. Starting as early as the 1950s, and
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Figure 1. Single Entities. A single-entity is a “thing” that is measured
one “thing” at a time. For example, one may desire to investigate
neurotransmitter concentrations. Use of electrochemistry to measure
the neurotransmitter concentrations associated with each of these
“things”, i.e., the amount of a neurotransmitter in a single cell, the
amount of neurotransmitter in a single vesicle, or a single
neurotransmitter itself would constitute “single-entity electrochemis-
try” or a “SEE” measurement.
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becoming more prevalent with the advent of microelectrodes
in the 1980s, SEE has sought to push the limits of
electrochemical measurement to ever shrinking size scales.

A 2016 Faraday Discussion (organized by Unwin, Bartlett,
Fermin, Gooding, Koper, and Vincent) coined the name
“single-entity electrochemistry”,' and prompted electrochem-
ists to codify the concept of SEE as a special area of inquiry.””*
Thus, SEE has begun to take corporeal form as an organizing
or a unifying theme in electrochemical measurement, and has
been the subject of additional recent meetings, editorials®™”
and reviews, and original research.

This perspective considers why we should make SEE
measurements, pioneering experiments of the concept, recent
triumphs, and a prospectus of the future for SEE measure-
ments.

B WHY SHOULD WE STRIVE TO MEASURE SINGLE
ENTITIES VIA ELECTROCHEMISTRY?

There are two layers to this question. First, why should we
measure single entities? Second, if we postulate such
measurements are important, why use electrochemistry to do
so?

1. To Separate Individual Responses from the Bulk.
The most obvious reason is to determine what individual
(single-entity) responses contribute to the bulk (ensemble)
response typically observed. If we understand how a single-
entity contributes to the ensemble response, an understanding
of the underlying chemistry (or biology/physics/materials
science) can be better determined. An example of this is the
measurement of a catalyst. If we understood exactly how a
single molecule turned over at a single catalyst, we could
conceivably optimize the chemical transformation catalyzed.
This example also underscores the difficulty in single-entity
measurements. If we truly want to understand a single catalytic
reaction as described, measuring a single particle, a single
molecule, a single reaction would represent the ultimate in
terms of characterization, and presents an incredible challenge
that is often impossible with present measurement techniques.
Further, making measurements at these scales in an innocent,
nonperturbative manner can provide additional challenges.
The example of a catalyst above also demonstrates the
importance of statistics, populations and reproducibility in
SEE measurements. Providing context for an individual SEE
observation of a large number of comparable, repetitive
measurements is important to extract meaningful information,
and requires attention to rigor in analysis.

Dynamic SEE measurements are also important. For an
ensemble measurement, convoluting time on top of a
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Figure 2. Pioneering experiments of single-entity electrochemistry. The Coulter Counter. An illustration from Coulter’s patent for particle
counting via resistive-pulse sensing. Two fluid reservoirs are connected by a narrow sensing channel. An ion current is generated by applying a
potential difference across the sensing channel. Displacement of fluid in the small channel by analyte results in a transient change in current
amplitude, to allow counting of single entities. The Patch Clamp. A glass pipette is sealed to the membrane of a cell to allow measurement of
individual ion channels. An ion current trace for ion channel activity stimulated by addition of suberyldicholine is shown. Single-Cell
Electrochemistry. A carbon microfiber electrode is placed near a cell of interest. Stimulation of the cell by a nearby ejection pipette invokes cellular
release by the cell which is monitored by voltammetry or amperometry (shown bottom) at the carbon fiber. Single-Molecule Redox Cycling. An
insulated nanoelectrode tip is moved close to a larger substrate electrode to create an ultrasmall electrochemical chamber. Trapping redox
molecules in between the tip electrode and substrate electrode allows cycling and electrochemical amplification for the detection of single
molecules, as exhibited by the potential dependent current response shown. Portions of figures adapted with permission from References 9 (United
States Patent & Trademark Organization), 13 (Springer Nature), 17 (American Chemical Society), and 21 (American Associate for the

Advancement of Science).

population, especially if the population undergoes dramatic
change during an experiment, provides challenges in
interpreting data. However, if we can follow a single entity
temporally, a deeper understanding can be obtained. A recent
review from White and co-workers underscores the advantages
of nanoscale electrochemical measurements in dynamic
electrochemical studies and expounds on the most significant
challenges of making fast, low current measurements.”

2. To Enable New Concepts in Electrochemical
Measurement. The chance to measure single entities can
open the path to completely new types of measurements. An
example of this is if we consider the transition from a filtration
membrane to DNA sequencing by protein channels. At first
glance this may seem unrelated, but what if—instead of
separating an ensemble of molecules through a filtration
membrane—one sought to pass a single entity through a single
pore? What other experiments could be realized? The Coulter
counter (described below) used this approach to realize single-
entity measurement with micron scale single pores to
characterize single cells. The concept was extended further in
recent years to realize a method to sequence individual nucleic
acids as they travel through a single protein channel. Taking
the concept of a membrane that filters at large scales to the
scale of a single-entity, thus realizes completely new modes of
interrogation.

Because SEE measurements often operate at very small size
scales, size dependent phenomenon that emerge can also lead
to new methods of measurement. Small electrodes lead to
different properties for electrochemical measurements, partic-
ularly when diffusion and capacitance are considered, which
can change the scope of measurement, for example, the time
scales, that can be accessed. Further, when merged with other

fields, for example plasmonics in SEE nanoparticle measure-
ments, nanoscale phenomenon wholly absent at larger scales
can be exploited.

3. Because We Can. SEE measurements often represent an
ultimate challenge. Pursuit to test the limits of what can be
measured is often compelling justification, as continual
surprises are revealed as we increase the sensitivity, range,
time scale and statistics of measurement. This sentiment must
not be lost in the modern world of translational science, where
clear applications are often required. Fundamental, basic
research and scientific inquiry driven by curiosity remain
vital to scientific growth. Basic research is key to opening new,
original lines of inquiry and real paradigm shifts in science.
Seminal discoveries with immense contributions to society
(e.g., penicillin, magnetic resonance spectroscopy, conducting
polymers) underscore such contributions. As SEE opens the
door to new views at exceedingly complex, small and fast
scales, a better understanding of the natural world around us
will surely emerge with impact we have yet to envision.

B WHY USE ELECTROCHEMISTRY FOR
SINGLE-ENTITY MEASUREMENTS?

Nonelectrochemical methods can also be used to make single-
entity measurements, most obviously spectroscopy, but
electrochemistry is attractive for a number of reasons. First,
the process of moving an electron or ion from one entity to
another is a key step in a multitude of important chemical
processes. To probe the movement of charge for a single entity
is fundamentally an electrochemical process and is at the heart
of SEE. Second, electrochemistry has the inherent sensitivity
required to make single-entity measurements. Advances in
electronics for electrochemistry and electrophysiology have
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provided basic tools that can be employed for SEE. Through
clever electrochemical methods, for instance redox cycling
(vide infra), SEE measurements can be amplified to the levels
of single molecules. And third, the semiconductor industry, a
huge technology driver, has an insatiable need to go to faster,
smaller, more reliable materials and devices. The tools of
semiconductor manufacturing go hand in hand with tools for
SEE and provide new routes to SEE experiments. Photo-
lithography, focused-ion beams, reactive-ion etching, chemical
vapor deposition, and many other fabrication tools have been
key to materials and methods of SEE.

Pioneering Experiments of Single-Entity Electro-
chemistry. The invention of scanned probe microscopies,
the nanotechnology boom, and the need to make quantitative
biochemical measurements at the level of single cells or even
single molecules has created an environment in which SEE
measurements flourished. There were many early advances, but
four key experiments, the Coulter counter, the patch-clamp,
single-cell electrochemistry and single-molecule redox cycling
(Figure 2) have proven especially inspirational in providint a
glimpse into what could be achieved, and especially in the case
of the Coulter counter and patch clamp, proving that such
approaches had real-world application. These four experiments
are considered below.

The Coulter Counter. In 1949 Wallace H. Coulter filed a
patent titled “A method for counting particles suspended in a
fluid”, which described what eventually came to be known as
the Coulter Counter (Figure 2).” The device measures ion
current which flows between two electrolyte filled chambers
that are connected by a small central channel. In Coulter’s
original description, a pressure difference was generated by the
difference in fluid height between the two chambers. The
pressure difference generated a fluid flow from one chamber to
the other through the central channel. When a single particle of
appropriate size was carried through the central channel, the
momentary change in the volume of electrolyte in the channel
resulted in a change in the current measured, which allowed for
individual particles to be counted, providing a very early
example of a SEE measurement. Early on the concept was
extended to characterizing the size and shape of biological cells
and eventually viruses and is in fact used today in clinical and
laboratory settings on a regular basis. The Coulter Counter is
conceptually simple and can generate statistically relevant data
by measuring the passage of many particles. Perhaps most
impressively, Coulter’s device lives today in practice as a
commercial product, with applications in biomedical and
research settings for characterizing and counting individual
cells."” Decades later, the Coulter Counter concept would be
extended further, especially to biological macromolecules, as
described in more detail below.

Patch-Clamp Electrophysiology. Although technically
electrophysiology, the patch-clamp'"'* approach to studies of
single ion channels has been hugely influential in electro-
analytical chemistry. This award-winning technique, first
described by Neher and Sakmann in 1976'° showed at a
relatively early time the opportunity to measure single proteins,
in the form of ion channels. In the patch clamp a glass pipette
is sealed to a section of a cell membrane to allow electrical
measurement of ion currents through individual cells or ion
channels. Because of the importance of ion channels, the
biological implications of science learned from this approach
have been immense. A multitude of variations in configuration
of the original patch clamp experiment have been realized, with

voltage and current clamp protocols, as well as different patch
configurations at use today. Efforts beyond single pipette
patches toward automated patch clamp methods have been
somewhat effective in developing routes to high throughput
screening of ion channel and receptor activity.'*"® Importance
for this work was magnified outside of the electrophysiology
community, where electrochemists quickly realized the utility
of high bandwidth, low noise current amplifiers and automated
machines for pulling pipettes in electrochemical studies.

Single-Cell Electrochemistry. More recently (1982),
Wightman and co-workers described single-cell electrochem-
ical measurement of neurotransmitters at single chromaffin
cells'® that sparked significant subsequent efforts in SEE. Key
to these experiments was the development of microscale
electrodes, which could be positioned very close to a cell of
interest."” The cell was then stimulated by release of nicotine,
which resulted in release of catecholamines from the
chromaffin cell, that were electrochemically detected at the
microelectrode. Catecholamines measured in this manner were
commonly recorded by both fast-scan cyclic voltammetry (for
species identification) and amperometry (for quantitative
temporal release). This seminal report underscored the need
for instrumental advances to realize SEE measurements. Here,
carbon fiber microelectrodes were needed to position the
electrode at distances close enough to catch catecholamines
released as they diffused away from the cell. The low
capacitance of microelectrodes also allowed fast measurements
necessary to quantify release. Additionally, advances in
electronics and hardware were required to realize fast data
acquisition with fast-scan cyclic voltammetry. This work
opened the door to a significant number of cell types,
releasates and biological measurements related to neuro-
transmitter release from single cells, and eventually even single
vesicles.'>"?

Single-Molecule Redox Cycling. The development of
scanned probe microscopies was a key step in the nano-
technology revolution. Bard and co-workers developed the
most popular electrochemical scanned probe, the scanning
electrochemical microscope (SECM),”® which has been a
pivotal tool for micro and nanoscale electrochemistry. In 1995,
Fan and Bard described a SEE experiment based on SECM
that created generator-collector electrode experiments carried
out at the scale of a single redox molecule.”’ In these
experiments, a nanometer scale sharpened metal tip was
insulated in wax and brought to a conducting surface (an
electrode). Under appropriate conditions, a small volume of
solution with a single redox molecule (a ferrocene derivative)
could be trapped in a pocket formed by the surface, electrode
and wax insulation. With the electrode tip poised at an
oxidizing potential, the single ferrocene species was oxidized to
the ferrocenium species. The ferrocenium species then diffused
to the surface electrode and was reduced to the original state,
providing an oxidation—reduction cycle (redox cycling). For
conditions used in these experiments, a single molecule could
undergo 107 roundtrips between the two electrodes in one
second, to give 1 pA of current flow, and allowed detection of
single electrochemically active molecules for the first time. This
experiment challenged technical limits and reinforced a key
tool for SEE measurements, namely chemical amplification of
redox reactions, in this case realized by diffusional trapping.
Such amplification has proven key in a number of more
modern SEE techniques. These types of experiments have also
pushed the limits of instrumentation and experimental design.
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In particular, signal/noise ratio and instrument bandwidth have
constantly been challenged by SEE approaches. Presently,
significant challenges in addressing these limits remain.

These four early experiments exemplify conceptual leaps and
inspiration to what could be achieved with SEE experiments.
Pivotal to each of the experiments were both a realization of an
insightful design in measurement and advances in hardware
and tools for the measurement. This spirit has persisted and
remains key to SEE advances pursued today.

B MODERN DIRECTIONS IN SINGLE-ENTITY
ELECTROCHEMISTRY

More recently, within the context of previous experiments, SEE
has flourished. The most prominent areas of SEE are
highlighted below, each presented as a vignette at a high-
level overview. Since exhaustive reviews of each area have
previously been prepared, the vignettes are not comprehensive
in scope of discussion, but illustrative of the directions
presently being studied. (More detail on unique areas is
present in recent comprehensive literature reviews referenced
in each vignette.) The areas described are not necessarily
independent, with many of the areas cross-fertilizing each
other. For instance, nanoscale electrodes are used in many
areas (e.g, single-cell studies, nanoscale electrochemical
imaging). The cross-fertilization further underscores the
interdependence of instrument and technique development
on fundamental and applied studies of SEE.

Nanoscale Electrodes. Small capacitances, thin diffusion
layers and ability to provide a spatial probe at ever shrinking
scales, make small electrodes a critical component of many
SEE experiments. In addition to facilitating other areas of SEE,
nanoscale electrodes themselves comprise an active area of
SEE research, allowing new fundamental studies of small
domain, fast time scale electrochemistry. Only recently has
reproducible, routine fabrication of true nanoscale electrodes
become more commonplace (Figure 3).”*7** Nanoscale
electrodes have proliferated recently for two reasons, first,
methods to fabricate and characterize electrodes have
improved, most notably through routine use of focused ion
beams for custom fabrication of known electrode geometries.
Second, glass pipettes, which are much easier to fabricate in the
absence of a central metal filament, have become more
accepted by electrochemists as nanoscale electrodes, typically
as probes of conductance or ion transfer.”® Further, filling
nanoscale pipettes with carbon via pyrolysis of carbonaceous
gases has popularized nanoscale carbon electrodes. Pulled
pipettes with multiple barrels also offer the chance to
incorporate multielectrode probes for more complex studies.
Hybrid nanoelectrode designs that take advantage of decades
of research in patch-clamping, ion transfer at the immiscible
interface between electrolyte solutions, and chemically
modified electrodes have also proven useful, often in SEE
areas of research described in more detail below. Recent
reviews of the state of the art in nanoelectrode research
provide rich resources of the most up-to-date advances.”>*~*’

Single-Cell Electrochemistry. SEE measurements of
individual cells have made significant progress, even moving
to subcellular SEE measurements. A large body of research has
continued in the vein of amperometric measurements of
neurotransmitter release pioneered by Wightman (vide supra)
and has progressed to characterization of single vesicles.
Nanoscale electrodes have even been positioned in the synapse
of cultured cells to observe exocytotic release.”” As electrodes
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Figure 3. Nanoscale electrode fabrication and characterization. (top)
Electron micrograph of a focused ion beam milled carbon
nanoelectrode. Scale bar indicates 200 nm. (bottom) Cyclic
voltammogram (CV) of 1 mM Ru(NH;)Cly recorded with a 29
nm radius carbon nanoelectrode. Dashed line (overlays with
experiment) indicates simulated CV results. Figures adapted from
ref 22 with permission from the Electrochemical Society.

have shrunk, insertion of electrodes into cells has become more
commonplace and has been used for sam})le collection at single
cells and subsequent genetic analysis.”"** Chemically modified
nanoelectrodes have also been inserted into cells to interrogate
subcellular electrochemical processes (Figure 4).>° Future
research on single cells holds promise to measure metabolic
pathways, although significant work remains to determine the
biological consequences of a physically invasive cellular probe
as opposed to an extracellular electrode. Many hybrid electrode
designs, which also incorporate nanopores or ion transfer
electrodes, in addition to faradaic electrodes, find application
in single-cell SEE measurements. Recent comprehensive
reviews of the state of research related to single-cell
electrochemistry are excellent sources for more de-
il 19273436

Nanoscale Electrochemical Imaging. True nanoscale
electrochemical imaging has recently become more accessible,
and as such, has opened a new experimental space for SEE
measurement. These strides come from advances in probe
fabrication and instrumentation, most notably feedback
methods that provide robust chemical imaging at small scales.
New applications of SEE to measurement of nanoparticles,
subcellular imaging, nanopore imaging, and many others have
all been realized recently with nanoscale electrochemical
imaging. In a recent report, measurements at discrete
nanoparticles and even subentity measurements within
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Figure 4. Cartoon of an intracellular nanoscale electrode for
monitoring intracellular electrochemistry. A gold bipolar electrode is
coated with catechol molecules that promote NADH/NAD*, which
generates an electrochemically measurable signal in the form of H,
bubbles produced. Adapted from ref 33 with permission from the
American Chemical Society.

-E 204

app

Pd-H,|QRCE

0?8 1?0 1?2 1?4
E (V) vs. RHE

Figure 5. Nanoscale electrochemical imaging. Schematic of a scanning
electrochemical cell microscopy experiment for SEE measurement of
nanoparticles (NPs). In this experiment, a nanoscale meniscus makes
electrical contact with discrete points on the surface, allowing
extraction of electrochemical information at the nanoscale. Example
linear sweep voltammograms recorded from five individual nano-
particles for the electrocatalytic oxidation of [N,H;]". Figure adapted
from ref 37 with permission from the American Chemical Society.

individual nanoparticles were reported (Figure 5).>” That
electrochemical imaging at scales on the order of 10—100 nm
is approaching routine, is especially exciting as measurements
that focus on chemical characterization at these scales are
rapidly emerging. Imaging via scanning electrochemical
microscopy, scanning electrochemical cell microscopy, scan-
ning ion conductance microscopy, electrochemical atomic
force microscopy and variants of scanning tunneling
microscopy have all made significant strides in probe design,
instrument development and application to SEE measure-

ments. A number of recent reviews present compelling details
that underscore the case for resurgence in the field of
nanoscale electrochemical imaging.**™"'

Single Molecule Electrochemistry. Since the initial
single-molecule redox cycling experiments of Bard, significant
advance in fabrication of reproducible nanogaps, mostly
through the use of micro/nanolithography, has resulted in
more reproducible and detailed studies of single molecule
redox cycling. In particular, Lemay has greatly advanced both
the experimental approach and models used to describe such
SEE studies (Figure 6).** In addition to nanogap devices, a
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Figure 6. (top) Cartoon of a nanogap device for SEE measurements
of single molecules. (bottom) Current—time traces simultaneously
measured at the top (blue) and bottom (red) electrodes as single
ferrocene derivatives flow through the nanogap and are oxidized and
reduced at the top and bottom electrodes, respectively. Figure
adapted from ref 42 with permission from the Royal Society of
Chemistry.

number of other experimental approaches for SEE studies at
the molecular level have been developed. These include
electrodes that trap adsorbed molecules, scanned probes with
more well-defined control of the small gap, and electrified
nanopore formats. Such methods and more are considered in
detail in recent comprehensive reviews of single molecule
research which provide excellent perspectives on the field.**~*

Nanoparticle Impact Experiments. SEE measurements
based on collision of nano and micro entities at an electrode
surface have surged dramatically since the initial description of
the concept.’® These measurements are more flexible than one
might first assume. Blocking experiments, where insulating
micro/nanoparticles physically hinder flux of a redox species to
a surface were initially investigated. Subsequently, catalytic
methods, where the particle turns over a chemical reaction for
signal amplification (e.g, Figure 7)°' or transformative
methods, where the particle is physically transformed (e.g.,
oxidized) have expanded the scope and interest in particle
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Figure 7. (left) Schematic of single iridium oxide nanoparticle
collision event at a platinum ultramicroelectrode (UME) and current
enhancement observed (right) by electrocatalytic water oxidation at
the nanoparticle. Adopted from ref 51 with permission from the
American Chemical Society.
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impact studies. Modes that operate amperometrically,
measuring transient changes in current at small electrodes as
nanoparticles encounter the surface, are most common,
although measurements based on fast-scan cyclic voltammetry
have also been realized.”> While collision experiments are
relatively new and still have considerations to work out, for
example aggregation effects, significant depth exists for future
work in this area. Nanoparticle analysis, catalytic reactions and
details of interfacial charge and electron transfer at the SEE
level are all accessible by these innovative measurements.
Recent reviews of electrochemical collision experiments
proviéi5e3_£161rther descriptions of this rapidly evolving
area. ’

Nano/micropores. SEE measurements based on pores
have advanced greatly since Coulter’s initial report. Resistive-
pulse measurements akin to the Coulter Counter but at the
level of single molecules have been realized in different
synthetic pore formats and in a number of protein pores. By
controlling chemistry at the surface of synthetic pores or
targeting protein channel modification by site-directed muta-
genesis, elegant chemical selectivity has been demonstrated in
a variety of nanopore sensing formats. One particularly
compelling application that has served as a major driver for
the field has been sequencing nucleic acids by nanopores,”’ %
which has resulted in astounding advances. Initial nanopore
sequencing efforts focused on the a-hemolysin protein pore.
Pores derived from other proteins, such as the bacterial
amyloid section channel CsgG, have since been employed in
this rapidly developing field (Figure 8).5%%% In addition to

CsgG pore

side view

Figure 8. Nucleic acid sequencing by SEE nanopore measurements
with a CsgG protein nanopore. (left) Structural depiction of CsgG
pore (side view). (right) An enzyme-modified CsgG pore threads
nucleic acid through the central channel of CsgG, where blockages of
current allow for sequence read-out of the translocating strand.
Adapted from ref 62 with permission from Elsevier.

resistive-pulse measurements, simple current—voltage inter-
rogation or other more complicated nanofluidic designs have
been able to take advantage of the control provided by single
pores to enable new measurement approaches. Recent
comprehensive reviews of the state of nano/micropore
research are excellent sources for additional detail.*>*”%*~%
Optoelectrochemical Imaging. Coupling optical meas-
urements with electrochemical processes is an especially
compelling approach to SEE. For many techniques, the
transduction of electrochemical events by optical means
improves measurement. For instance, optical methods often
do not require physical movement of an electrode, but instead
can record multipixel images, or can quickly raster a light
source, which greatly accelerates measurement. The field of

optoelectrochemical imaging is advancing rapidly, both with
more standard techniques like dark-field or fluorescence
imaging, and with developing optical methods related to
plasmonic imaging or super resolution imaging. Such methods
promise to generate new information at higher resolution than
what is otherwise unattainable. SEE studies of metallic
nanoparticles for catalysis are a prime example of optical
SEE measurements that have recently been developed which
provide compelling demonstrations of the power of light-based
techniques. Recent reviews of optoelectrochemical imaging
give detailed overviews of the field and the influence on SEE
measurements (Figure 9).2‘70_75
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Figure 9. Optoelectrochemical imaging. (left) Scattering model of
surface plasmon resonance (SPR) imaging showing that a nano-
particle image contrast arises from the interference of scattered
surface plasmon and reflected light, which is sensitive to changes in
the medium induced by local electrochemical processes. (right)
Plasmonics-based electrochemical current microscopy (PECM)
current density image of a single Pt nanoparticle at —0.50. Scale
bar: 3 pm. Figure adapted from ref 73 with permission from the
American Chemical Society.
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Electrochemical Electron Microscopies. A very different
instrumental approach has recently gained traction for
examining SEE systems. Addition of ultrathin windows to
vacuum tight fluidic cells has allowed for in situ experiments to
be carried out under observation of electron microscopes.
Addition of an electrode to the fluidic cell allows investigation
of the individual electrochemical response of single nanoscale
structures (particles, wires, etc.) (Figure 10).7° As the electron
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Figure 10. (top) Cross-sectional and (bottom) plan view schematics
of a cell with the electrolyte confined primarily to the viewing area.
Black dotted lines indicate liquid filled area. Figure adapted from ref
76 with permission from the Electrochemical Society.
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beam is highly energetic and structures with some degree of
crystallinity are more easily analyzed, in situ electrochemical
transmission electron microscopy has become an appealing
route to investigate nano/microscale electrochemical processes
in batteries and energy storage materials. Interaction of the
high energy electron beam with electrochemical processes
remains a caveat and details of the subtleties of these
interactions are still being investigated in this rapidly evolving
field.”*~*

Nanoscale Phases. Nucleation and growth at the
nanoscale has been extensively studied and has become more
prevalent recently for electrochemists in the realm of single
nanobubbles. White and co-workers have recently demon-
strated that nanoelectrodes provide a unique platform to study
the formation of ultrasmall, transient bubbles (Figure 11).%
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Figure 11. Nanoelectrode for SEE studies of nanobubble nucleation
and growth. Schematic of electrochemical formation of an individual
nanobubble at a platinum nanodisk electrode with a radius of a < 50
nm. Figure adapted from ref 81 with permission from the American
Chemical Society.

Catalytic electrode materials are typically used to generate a
local change in the concentration of molecules, for example
through proton reduction to dihydrogen, which leads to
formation of a bubble that then interacts with local
electrochemical properties (transport to the electrode,
capacitance, etc.) as a measurable property. Nanoscale
electrodes are key to the fast time scales and small bubble
sizes for these experiments. These fundamental studies have
proven especially stimulating for energy applications, as effects
from nano and microbubbles are important areas of research in
fuel cells or energy storage schemes. Recent reports from the
nascent field of SEE nanobubble research as related to
electrochemistry provide deeper context.*”™*

B PROSPECTUS

Pushing the limits of instrumentation, theory and our
fundamental understanding of electrochemistry are some of
the most exciting aspects of SEE. These are also some of the
most significant challenges, as SEE truly ventures into
unknown territory. A recent, vigorous debate over the data
interpretation and the possibilities of measuring the kinetics of
single enzymes with nanoparticle impact experiments under-
scores the opportunities and possible pitfalls of SEE.* "7 The
debate, which includes original research, comments and
replies, is an excellent introduction to consideration of
instrumental limits for fast, low-current measurements, aspects
of theoretical differences in measurements of single-entities vs
ensembles, and design of both experiments and models to
investigate SEE systems. In particular, this example under-
scores the importance of defining and understanding limits of
models employed and in clearly reporting complete exper-
imental set-ups and data treatment protocols of SEE.
Statistics and High-Throughput SEE. A significant
present challenge for SEE that is being addressed, but requires
additional attention is understanding the relevance of many
SEE measurements. That is to say, if we measure the

electrochemical response of a single entity, that measurement
might prove a significant technical achievement, but can the
results be put in context that makes it (more) meaningful
outside of that experiment? For most instances, limited scale/
scope SEE measurements will be important, but context,
through statistical analysis of signals, modeling of measure-
ments, and, if appropriate, comparison to ensemble measure-
ments will be necessary to fully realize the impact of SEE. For
the example given in Figure 1, of measuring a neurotransmitter
in a biological setting, population statistics are routinely
implemented, with statistical criteria applied to aid in
determining relevance. Further, for SEE measurements that
truly address discrete events, Poisson statistics, as opposed to
Gaussian, are necessary to accurately address data analysis.
These kinds of tests can be, but are not always, applied to SEE
measurements outside of biological settings (with full acknowl-
edgment that statistics are not infallible). There is no reason
why more stringent comparative statistics cannot be consid-
ered for studies aimed at SEE measurements in other fields like
materials science or organic electrochemistry. For instance, if
one measured the catalytic activity of a large number of single
nanoparticles with voltammetry, could this data be used to
reconstruct or extrapolated to what more typical ensemble
voltammetric measurements would record? If this can be done,
the impact of such studies becomes much more significant
outside of the immediate SEE community. The importance of
these considerations in SEE measurements often requires
careful considerations of probability and statistical treatment of
data for detailed analysis. Several studies have made efforts to
consider the place of SEE in ensemble measurements and this
is an important area for future study that can be expected to
grow as we improve techniques and are able to more rapidly
generate replicant measurements.

This challenge, to increase data collection is even more
daunting for dynamic SEE measurements that look to follow
entities at high time resolution.”® While good examples exist,
improving the chance to follow a single entity from beginning
to end through a chemical process will be a future area of
significance.® The idea of collecting more data also brings ideas
of multiplexed data collection to mind, where arrays of
electrodes or probes could significantly increase the amount of
data that can be collected.

The above discussion of increasing throughput for SEE
measurements, also leads us directly to so-called “big data”
efforts, an area of intense interest in diverse scientific fields.
One might expect increasing data collection abilities on robust
SEE measurements to generate huge data sets could provide
real utility and extend what is possible. A perfect example of
this is nanopore sequencing, where the ability to sequence a
single strand of DNA is an amazing technical achievement, but
put that SEE measurement in the context of multiple reads to
generate more complete data sets, coupled with the genetics of
the individual in then the larger picture of the genetics of a
population of individuals, and the importance of the result is
amplified enormously. This would seem a compelling model
for other areas of inquiry as well. For instance, SEE
measurements could provide the critical bridge between first-
principles calculations of new materials and molecules (e.g., a
catalyst, a molecular switch, etc.) to larger multientity micro or
macroscale devices. As a more detailed level of theory can be
applied to small systems, single-entity models can benefit from
the reduced or simplified computational costs. These studies

DOI: 10.1021/jacs.8b09747
J. Am. Chem. Soc. 2018, 140, 15549—15559


http://dx.doi.org/10.1021/jacs.8b09747

Journal of the American Chemical Society

can then be used to inform measurements of larger populations
or averaged measurements.

Instrumental Advances. As highlighted in this Perspec-
tive, instrumentation advances have been pivotal to SEE and
this is expected only to increase. Methods to position
nanoscale electrodes for SEE have evolved rapidly in the past
decade and it is now feasible to consider employing typical
macroscale electrochemical measurement approaches to nano-
scale SEE measurements. Areas of research outside of
electrochemistry, for instance in high performance computing,
are expected to provide new tools that electrochemists can
utilize. This is the case with field programmable gate arrays,
which were developed in the 80s and 90s for computing, that
have now found wide application in user-friendly formats for
developing flexible, powerful and fast electrochemical
instrumentation. An obvious question is: how might more
recent cutting-edge computational paradigms, like machine
learning or quantum computing, impact electrochemical
measurements? The step to applying these fields is not as far
as it may seem. Some of the most advanced measurements in
electrochemical science happen in SEE related research, so we
should be on the lookout for new ways to take advantage of
these rapidly developing technologies.

SEE measurements also need to be very careful in
instrumental applications and how data is processed with
more conventional techniques as well. Recent reports have
underscored the need to carefully consider instrument
limitations and filtering effects on single nanoparticle impact
measurements.””'*® White and co-workers convincingly
describe the need to combine modeling approaches to truly
understand the limits in SEE measurements, an approach that
should be considered more widely.”

Chemical Amplification Schemes. A recurring theme in
SEE measurements has been chemical amplification schemes,
which can overcome signal-to-noise and instrument limita-
tions. For instance, single-molecule redox cycling and catalytic
nanoparticle impact studies both take advantage of clever
chemical amplification schemes. Such amplification schemes
might be expected to find wider application, and even signal
conversion processes from electrons/ions to photons through
techniques like electrogenerated chemiluminescence provide
fertile ground to enhance SEE studies.

Improving Selectivity and Heterogeneity. Selective
measurement is an issue that can prove difficult for macro or
microscale electrochemistry, and this can be exacerbated at the
level of single entities. The classic example of selective
requirements in an electroanalysis is identification of different
species in brain chemistry, where quantitation of dopamine,
serotonin, ascorbate, etc., by electrochemical means has
required significant attention. Tricks and techniques such as
development of selective coatings and potential waveforms
have overcome many of these issues for applications of
microelectrodes in the brain. In other electroanalytical
measurements, ion selective electrodes provide exquisite
selectivity in discrimination of different ionic species, but can
be limited in temporal resolution. The ability to measure
individual entities in a background of similar entities is a
significant challenge that is matrix dependent and is especially
important in analysis of real samples. When coupled with
possible needs to address location or to measure dynamics of a
single entity, such tasks become even more daunting. Methods
to improve selectivity might include incorporation of biological
paradigms (e.g., lessons from ion channels) or incorporation of
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orthogonal techniques for measurement (considered more
below).

Hybrid Techniques. As described above, hybrid ap-
proaches are poised to revolutionize electrochemical measure-
ments. Optical techniques have extremely wide adoption and
have rapidly improved in resolution, speed and sensitivity in
recent years. These techniques are beginning to bleed into
electrochemical studies and SEE techniques are at the forefront
of this intersection.

Mass spectrometry also provides another interesting area for
advance in SEE measurements. This field is rapidly evolving,
especially with respect to the mass analyzer, in particular with
ion traps allowing the measurement of smaller and smaller
quantities of material. Many of the tools used for SEE can be
utilized in mass spectrometry, especially for sampling
approaches at the level of single cells and smaller. A number
of studies at this intersection of mass spectrometry and
electrochemistry have been carried out recently.'”"'*> A caveat
to these measurements is even if single entities can be
analyzed, transmission efficiency, or how many entities are not
collected for mass analysis after ionization, remains an area in
need of significant improvement.

There are a number of complementary areas, for instance
molecular biology, organic synthesis, that are in a prime
position to contribute to SEE measurements as well, it remains
to be seen where overlaps will emerge, but one would expect
that spreading the SEE concept to new arenas will be prevalent
in the near future.

B CONCLUSIONS

Single-entity electrochemistry has nucleated as a special area of
inquiry at the forefront of chemical measurement and analysis.
This Perspective provides context of the history and inspiration
of SEE studies, and how these initial seeds have grown to
modern studies that push the limits of instrumentation, theory
and imagination. A prospectus of where we might go in the
future, and where the author sees important challenges is also
provided. Because of the difficulty in fast, low-current
measurements, advances in instrumentation and theory are
critical to advance chemical insight from experiments, more so
than most typical areas of electroanalysis. Statistical analysis is
of special important for SEE, where probabilistic treatments
must be considered and subtleties in data analysis become even
more pronounced as SEE moves to dynamic measurements at
ever-shrinking time scales. As SEE experiments that are
focused on electrochemistry become more mature, we can
expect hybrid measurements that use spectroscopic or
spectrometric techniques can provide orthogonal approaches
to complement electrochemical measurement. With acknowl-
edgment that the diversity and breadth of SEE studies makes
prognostication difficult, the horizon for SEE surely goes well
beyond these speculations. A hallmark of SEE studies has been
clever experiments and an open-minded approach to area of
study, which are sure to continue in the future.
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