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Introduction

In this review we describe the electroanalytical method known as fast-scan cyclic
voltammetry (FSCV), how it has advanced over the years, and in what way(s) it is impacting
other sciences. To begin, a brief history will be discussed. The various means to enhance
chemical selectivity by manipulating the applied potential will be covered. Some limitations
of this electroanalytical method will be highlighted to inform and provide clarity to the
scientific community. The intent is to seek out effective solutions to the difficult problems
associated with the technique, so that the field will continue to flourish. Rounding out the
review, the utility and adaptability of this powerful bioanalytical technique will be
addressed, as new frontiers of research are established for FSCV outside the scope of the
neuroscience community.

FSCV: A Brief History and Overview
The History

Cyclic voltammetry is simply the combination of two segments of linear sweep
voltammetry. This electroanalytical strategy can provide substantial insight into chemical
species present at the electrode surface, as the experimenter can control a reversible reaction
in either direction. For this reason, CV is widely used to determine the electric and
thermodynamic properties of molecules and also to probe reaction kinetics across various
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fields of chemistry including inorganic chemistry, organic chemistry, and biochemistry.
FSCV is a variant of this technique that has been particularly useful for monitoring
molecules in neuroscience applications.

During the late 1950’s,2 Arvid Carlsson discovered that dopamine acts as a neurotransmitter
in the brain. This lead to an explosion of research focused around quantifying this molecule,
and other biogenic amines, as a means to understand the complexities of neurochemical
disease states. Many of the early detection paradigms required physical sampling of tissue,
which can be quite an invasive process. The first occurrence of voltammetry in brain tissue
was by Leland “the father of biosensors” Clark, using a glassy carbon sensor in 1965.3
Around the same time, Ralph Adams began studying the oxidation of catecholamines and
other compounds associated with neuronal communication at the ‘solid” carbon electrode.*°
Being captivated with neurobiology and unaware of Clark’s earlier work, Adams converged
his chemical expertise with his interests in neuroscience to voltammetrically record what
was assumed to be catecholamine in the lateral ventricle of an anesthetized rat.% These
recordings were achieved with “solid electrodes’, which were constructed from graphite
mixed with mineral oil, packed into Teflon tubes, and then cut to expose a 0.5 mm diameter,
disc-shaped electrode.” These electrodes were lowered into the desired brain region and
cemented into place for recording over multiple days (Figure 1). This intrepid and exciting
venture demonstrated that neurochemicals could be quantified 7n situ, without physically
sampling or removing tissue. This could provide information that was not accessible with
alternative approaches, as the neural circuitry remained intact. The creative and remarkable
efforts of the Adams group during the early 1970’s lead the charge for the use of
electrochemical methods to quantify endogenous catecholamines, ascorbate, and other
redox-active molecules in live brain tissue.

Later, Mark Wightman collaborated with Julian Millar and others to develop the
electroanalytical method now known as FSCV,8 which primarily uses carbon-fiber
microelectrodes.® The popularization and broad impact of FSCV in the field of neuroscience
has arisen due to the ease of sensor fabrication, the simplicity of the instrumentation, the
ability to miniaturize and multiplex the components, and the ability to follow neurochemical
dynamics in real time, which enables measurements to be time locked to discrete biological
phenomena and behavioral events.

The Overview

Voltammetry relies on the simple principle that scanning the potential of the sensing surface
through the region at which a molecule is redox active generates current flow at specific
energy levels, and a waveform is specifically chosen to encompass this region. The plot of
current versus the applied potential, the voltammogram, has features that can be used to
identify and quantify an analyte.19 The wavelimits define the driving force for the
electrochemical reaction(s) at the electrode surface, and they can be selected to allow (or
disallow) electron transfer for specific analytes. The scan rate defines the flux of analyte to
the electrode surface or, more specifically, the thickness of the diffusion layer. The
frequency of waveform application limits the time available for an analyte to accumulate in
the vicinity of the electrode surface, and directly determines the temporal resolution of the
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measurement. The waveform supplies the energy to transform the chemical environment
around the electrode, and manipulation of this crucial component allows for tailored
monitoring of specific classes of analytes.

Triangular cyclic waveforms have been the most utilized in voltammetry, primarily due to
the straightforward nature of scanning through a compound’s redox potential to drive a
controlled reaction, and then reversing the chemistry on the return scan. The cyclic
waveform can be repeated to obtain kinetic information about the concentration of species in
solution, products created through electrolysis, coupled chemical reactions, and more. For
these reasons, the triangular waveform was the starting point for the quantification of
catecholamines and their metabolites in brain tissue. Some of the first applied waveforms
ranged from —-0.2 to +1.2 V at a scan rate of 150 mV/s, and another from 0.0 to +1.0 V, for
intraventricular measurements and measurements in the caudate nucleus, respectively.®:11
These waveforms were successfully used to quantify neurochemicals, but the relatively slow
scan rates required an excess of 13 seconds to collect a single voltammogram. This time
course is not commensurate with that of neurochemical signaling. The waveform parameters
were likely designed to strike an intentional balance between the inherent background
charging current(s) and the expected faradaic current(s) for the analytes in tissue.
‘Background charging current’ is a bulk term used to describe current responses that are
characteristic of the electrochemical cell, being a sum of double-layer capacitance, current
derived from redox-active groups on the electrode surface, and pseudocapacitance.? Under
certain conditions, the background current can be quite large, particularly with respect to
faradaic current generated by analytes of low concentration. To improve temporal resolution
and enhance sensitivity, the scan rate can be increased. In doing so, peak redox current is
amplified, as it is proportional to the square root of the applied scan rate for diffusion-
controlled electrochemical reactions. However, the charging current is directly proportional
to scan rate, and at some point it conceals the faradaic current.}2 Furthermore, the intensity
and shape of the charging current can vary with continual application of the waveform, as
this treatment alters the chemistry on the carbon surface.13

To work around these (considerable) issues with the charging current, alternative
electrochemical strategies were pursued for electroanalytical measurements in neuroscience.
These included chronoamperometry,14 normal pulse voltammetry,1° differential pulse
voltammetry,16 and even differential double pulse voltammetry.1” All of these methods
successfully minimize the contribution of charging current to highlight the faradaic
response, but they lack the chemical information that is provided in the reverse scan, which
is beneficial for mechanistic analysis and chemical resolution. Square wave voltammetry,18
cyclic staircase voltammetry,1® and branch addition techniques?® were later developed.
These alternatives to cyclic voltammetry provide chemical information with a reverse scan,
and work by sampling the current in various ways - either by sampling after the potential
step when the charging current has substantially decayed, or by differentially quantifying
current before and after a step in the potential. Further refinement and research into these
methods transpired, but ultimately digital cyclic voltammetry dominated the field of
electroanalytical neuroscience.
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The advent of computer-controlled instrumentation for cyclic voltammetry enabled an
effortless command of scan rates and the ability to rapidly switch potentials. Modern
construction of these devices made them cost effective, scalable to a portable size, and even
wireless.2! Unfortunately, digitization does not allow for a smooth voltage ramp, such as that
created using analog voltammetry. Modern potentiostats generate a linear sweep as a series
of very small potential steps of defined height and duration, which is analogous to staircase
voltammetry. Fortunately, actions can be taken to correct for this digitization.22 By using
sufficiently small potential steps (< 0.26 mV),23 oversampling the current response, or
filtering to smooth the applied waveform, digital cyclic voltammetry can produce
voltammograms comparable those collected using traditional analog instrumentation.24 With
the advent of digitization, an effective approach to removing the contribution of charging
current was finally devised by Julian Millar and colleagues in 1985 for high scan-rate
voltammetry, and this is considered the advent of present day background-subtracted FSCV.8
It was realized that the background charging current stabilizes after a period of repeated
electrochemical cycling, and that this current could be subtracted to highlight faradaic
current resulting from rapid changes in chemical species at the electrode surface.2> Adoption
of this tactic permitted faster scan rates, millisecond temporal resolution, and the qualitative
analysis capabilities that are inherent to FSCV for the analysis of rapid neurochemical
fluctuations today.

The advent of carbon-fiber microelectrodes was another key driver of the rise of FSCV.
Carbon-based electrode materials are largely preferred over transition metal electrodes for
work in tissue, because they are less susceptible to the adsorption of oxidation products and
fouling.2% The carbon-paste electrodes originally used by Adams were eventually phased out
in favor of smaller profile, glass insulated carbon-fiber microelectrodes, first introduced by
Jean-Francois Pujol.? These sensors essentially revolutionized in vivo electrochemical
measurements, as they result in less tissue damage and allow the application of faster scan
rates (due to decreased time constants). The small surface area minimizes the effects of
ohmic drop, which can distort potentials. Over the years, many strategies have been explored
to advance carbon-fiber microelectrode design, with the intent of increasing chemical
selectivity or improving sensitivity while mitigating the effects of biofouling. The cylindrical
geometry is most common, and other popular designs include a polished planer disc2’ and a
flame etched cone.?8 A cylinder electrode is best for evaluating the extracellular
environment in tissue, as the fiber can sample from all sides.?® The flame-etched conical
geometry offers increased surface roughness and enhanced mass transport when compared
to the standard cylinder.3 Finally, the planer disc geometry is most useful for measuring
exocytosis from discrete recording sites, such as at the surface of individual cells in
culture.31

Most carbon fibers are a product of the pyrolysis of either a polyacrylonitrile or mesophase
pitch source to form conductive turbostratic structures.32 The surface of the carbon fiber or,
more specifically, the edge plane of the graphitic lattice is functionalized with various
oxygen-containing groups.33 The presence of this oxidized layer contributes to the
adsorption of many analytes and can enhance electron transfer rates.34-36 The electrode
surface can be conditioned by applying specific potentials to manipulate this chemistry,
where application of a sufficiently positive potential (>1.0 V) facilitates oxidation of the
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carbon surface. This treatment also serves to etch a layer of carbon in what is hypothesized
to be a Kolbe-like electrolysis (anodic oxidation of carboxylic acids or carboxylates
followed by a decarboxylation step that generates carbon dioxide), to reveal a fresh sensing
surface with each scan.26:37 As this technique is intended for use in living tissue, fouling of
the electrode surface is an expected consequence of the non-specific adsorption of proteins
and the products of electrolysis. The regenerative nature of the surface allows these sensors
to operate in tissue for extended periods of time. Additionally, the surface of the electrode
can be chemically modified with various polymers and membranes to impart added chemical
selectivity and enhance sensitivity. These coatings include Nafion,38 PEDOT,39 and
polypyrrole.0 However, it is important to note that sensor performance is then dependent on
the integrity and stability of the membrane on the dynamic carbon surface. These coatings
also generally decrease the temporal response of the sensor, because mass transport is
restricted.

FSCV was developed as a means to study chemical communication between cells on a sub-
second time scale. As such, this technology has been applied to many biological studies, in a
variety of preparations. FSCV can be used at single cells in culture to evaluate fundamental
mechanisms that govern individual exocytosis events. Such measurements were first
demonstrated using a carbon-fiber disc electrode to amperometrically oxidize
catecholamines that were released from bovine adrenal chromaffin cells.! Later, FSCV was
used to identify the co-release of multiple chemical constituents in exocytotic events at
chromaffin cells.#2 The ex vivotissue slice is also commonly used in voltammetric studies.
It is a more complex preparation, in that multiple cell types exist in their natural
environment with local connections intact; however, afferent and efferent connections from
other brain regions are generally lost, unless slicing is modified to retain a specific signaling
pathway. Slices can be prepared for a variety of tissue types, including brain,*3 spinal
cord,** and adrenal glands.*® This preparation is preferred when investigating the role of
specific proteins at work in nerve terminals, such as those that govern the release and
reuptake of chemical messengers from vesicles.#6:47 Electrodes can be easily positioned, and
pharmacological agents can be locally delivered to probe the system of interest.
Anesthetized animals are useful when intact projections and pathways are required, but the
added complexity of sensory inputs is not. However, there are some caveats to anesthesia, as
neuronal function can be affected.#8:49 Electrochemical measurements in awake and
behaving animals are perhaps the most complicated, as the animal is moving and at times
unpredictable. However, this preparation is unique in that it can be used to study
neurotransmitter release events that underlie learned associations with specific
environmental stimuli.®® Indeed, scientists can use this preparation to correlate specific
neurochemical fluctuations with discrete aspects of an animal’s behavior.>! Since the
inception of FSCV, increasing numbers of investigators have adopted this technology and its
fidelity to answer their own specific research questions. This conceptually simple, but
intensely challenging method of quantification is continually being updated and advanced to
encompass new chemical targets or to enable coupling with new technologies to provide
exciting and specific chemical information.
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Development

FSCV is most commonly used for catecholamine (dopamine) detection, and the typical
waveform ranges from —0.4 to +1.3 V using a scan rate of 400 V/s and an application
frequency of 10 Hz.52 The position of the peaks in the background-subtracted
voltammogram serve as a qualitative identifier, and the amplitude of the signal indicates the
change in analyte concentration at the electrode surface. As voltammograms are
consecutively collected, they are presented in a fashion to easily observe rapid chemical
fluctuations and evaluate electrical noise. This is done by concatenating the voltammograms
and plotting voltage on the ordinate, acquisition time on the abscissa, and current is
represented as false color.53 This manner of plotting voltammetric information is called a
color plot, and these are advantageous because they enable simultaneous evaluation of
thousands of voltammograms.

Voltammetric waveforms can be applied with different potential limits and various scan rates
to control the surface concentration of a particular chemical species in solution, or to alter
the surface of the electrode in ways to attenuate interferents and amplify analytes. The
following sections review and evaluate some key adaptations of the applied waveform to
benefit the quantification of specific analytes. These adaptations to FSCV were developed
out of a demand for more chemically specific and selective measurements, enabling the
expansion of this technique into exciting new research areas.

Triangle Waveform

The standard triangular waveform is used by the majority of FSCV researchers, as it is the
most straightforward to apply and interpret, and it provides substantial chemical
information.>* For neuroscience applications, the triangular waveform is typically utilized
for the quantification of catecholamines, purines, hydrogen peroxide (H,0,), and shifts in
pH.55-57 The general limitations for waveform design require that the potential limits do not
exceed the potential at which oxygen is reduced (negative extent) and that at which water is
oxidized (positive extent), as these reactions will obscure detection of the neurochemical
species of interest (unless studying oxygen itself). It is also important to note that optimal
waveform parameters vary based on experimental requirements.

Catecholamines are synthesized from tyrosine in neurons that contain the enzyme tyrosine
hydroxylase, with dopamine being the first catecholamine in the biosynthesis pathway.>®
Norepinephrine is created from dopamine through dopamine-beta-hydroxylase, and then
converted to epinephrine by phenylethanolamine-N-methyltransferase. Each
neurotransmitter serves distinct signaling functions and undergoes multiple divergent
metabolic pathways. When quantifying any catecholamine, a cyclic waveform from -0.4 V
to +1.3 V is most often employed at 400 V/s, with a brief ~90 msec period between scans
during which the potential is held at —0.4 V (Figure 2A). The negative charge applied to the
electrode between scans serves to pre-concentrate the analyte on the electrode surface,
before electrolysis. Extending the duration of this holding period results in amplified peak
currents, but at the expense of temporal resolution.>® In this manner, FSCV for
catecholamines is somewhat analogous to anodic stripping voltammetry, on a shorter time
scale. A preconcentration step is immediately followed by electrolysis of the adsorbed

Anal Chem. Author manuscript; available in PMC 2019 January 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roberts and Sombers

Page 7

analyte, which subsequently desorbs.1? The quasi-reversible nature of the catecholamine
redox couple requires a waveform large enough to observe both anodic and cathodic peak
currents. The voltammogram appears less reversible as the scan rate is increased, until peak
separation exceeds the limits of the potential window, and peaks are no longer quantifiable.
The waveform potential limits have a significant effect on the redox processes for
catecholamines, as the use of a higher positive potential limit populates the electrode surface
with more oxygen-containing functionalities that enhance catecholamine adsorption and
electron transfer kinetics.13:34 If multiple catecholamine species must be distinguished, it
has been shown that norepinephrine and epinephrine can be differentiated by simply altering
the applied waveform.#2 At higher potentials, epinephrine undergoes an electrochemical
cyclization to form adrenochrome. This secondary reaction generates an additional peak in
the voltammogram, providing an effective means to ensure selective quantification, even in
the presence of norepinephrine and dopamine.

The purines are a class of heterocyclic biomolecules that range in function from DNA bases
to psychostimulants (caffeine). Adenosine, one such purine, has been studied using FSCV,
largely by Venton and colleagues.®0 This neurotransmitter is a product of adenosine
triphosphate (ATP) degradation, and is implicated in numerous biological processes, ranging
from sleep to arrhythmia. The triangular waveform used for its detection extends the positive
potential limit to +1.45 V, similar to the waveform used in experiments to differentiate
epinephrine from norepinephrine. It has been proposed that a higher potential limit may be
necessary to drive the first oxidation step at +1.4 V, which forms a product similar to
isoguanine. This product then subsequently undergoes an additional oxidation at +1.0 V,
which appears in the subsequent voltammogram. These reactions lead to a characteristic
voltammogram for adenosine with two oxidation peaks that can be used to discriminate
against catecholamines and other species. The optimal triangular waveform for adenosine
detection has not changed drastically, but a sawhorse-shaped waveform has been introduced
to improve selectivity over potential interferents, which will be discussed in a later section.

The detection of hydrogen peroxide (H,0,) is of particular interest in the field of
neuroscience, because H,0 is a biologically relevant signaling molecule,5! a reactive
oxygen species and precursor/product of free radical generation in biological processes
including cellular respiration,2 and it can also serve as a quantitative gauge of cellular
activity.53 The optimal waveform for H,0, detection ranges from —0.4 V to +1.4 V at 400
V/s, and this has been used to detect endogenous fluctuations of this small molecule in live
brain tissue.4 The electrochemical oxidation of H,0, is contingent on a sufficiently
oxidized carbon surface, and thus requires a higher potential limit than that required for
quantification of catecholamines.%5:66 However, because the triangular waveform also
readily supports detection of catecholamines, dopamine and H,0, can be simultaneously
monitored in brain tissue.8”

The oxidized surface of a carbon electrode is quite sensitive to the concentration of protons
in solution, allowing FSCV to be used as a measure of pH.%8 A local shift in pH alters the
redox properties of the oxygen-containing functional groups on the carbon surface,
generating a shift in the background current. As such, the background-subtracted
voltammogram reflects a change in the double-layer charging current, and also currents due
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to quinone redox activity on the carbon surface.®’ It is important to note that all of the
waveforms discussed in this review are sensitive to local changes in pH, and this is amplified
when larger waveforms are employed.®6 This is a direct consequence of the population of
surface oxides that develops on the electrode surface at extended potential limits.13

The triangular waveform is also well suited for monitoring the oxidation of ascorbic acid in
live tissue. This antioxidant is prevalent throughout the body, and its detection with FSCV is
quite interesting. When the standard triangular waveform that is routinely used for the
detection of catecholamines is used for the detection of ascorbic acid, the resultant
voltammograms are irreversible, not well resolved, and the electrode is not as sensitive to
ascorbic acid as it is to the catecholamines. At a physiological pH, ascorbic acid is
negatively charged, and should have no driving force to pre-concentrate at the negatively
charged electrode surface. Interestingly, when the positive potential limit of the applied
waveform is increased, the voltammogram becomes more reversible, more defined, and
sensitivity is substantially improved.®® This result beautifully demonstrates that a key
component of FSCV is the continual cycling and regeneration of an oxidized carbon surface
with every scan. Indeed, the condition of the overoxidized, electrochemically pre-treated
surface is important in the detection of nearly all neurochemicals studied to date.

From Two Sweeps to Three: the ‘N-Shaped’ Waveform

Not all voltammetric waveforms resemble an isosceles triangle. Adding a third linear sweep
results in an ‘N-shaped’ waveform. This can be beneficial to enhance chemical information
by controlling the composition of specific analytes at the electrode surface. For example, the
typical waveform used for catecholamine detection can be transformed, so that the starting
potential is +0.33 V, instead of a negative potential.® This N-shaped waveform generates a
surface with a positive charge during the accumulation period between scans. The resulting
voltammogram exhibits less redox current for the oxidation of catecholamines, as the surface
coverage of these molecules (positively charged at physiological pH) is diminished.
Presumably, the location of the redox peaks remains comparable to voltammograms
collected using a triangular waveform, but the relative intensity of the peaks reflects the fact
that a larger portion of the current is derived from diffusion-controlled electrochemical
processes, as compared to the typical adsorption-controlled voltammetric detection of
catecholamines. The ability to alter the concentration of adsorbed species and mitigate
undesired redox currents can be advantageous when increased chemical selectivity or
increased coverage of negatively charged analytes is desired.

Oxygen and serotonin are analytes that are often (but not always) targeted for detection with
the use of an N-shaped waveform. Real-time oxygen measurements in the brain can provide
important information on cerebral blood flow and neural activity.”%71 On the other hand,
serotonin is a neurotransmitter derived from tryptophan that is often targeted for the
treatment of psychological disorders including stress, depression, and anxiety.”2
Interestingly, serotonin also plays a key role in the regulation of cerebral blood flow.”3 At
physiological pH, serotonin is positively charged, but molecular oxygen carries no net
charge and would not readily adsorb to a polarized electrode surface. As such, these analytes
require distinct conditions for optimal quantification using voltammetry, which a simple
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triangle does not afford. Application of a negative potential reduces oxygen to H,O,. Thus,
the optimized waveform for oxygen detection starts at 0 V with a positive sweep to +0.8 V,
then down to —1.4 V and back to 0 V at a scan rate of 400 V/s (Figure 2B).”* Using this
approach, oxygen has been quantified in the ventral bed nucleus of the stria terminalis,’®
medial forebrain bundle,”® motor cortex,’” and nucleus accumbens core.”” The
electrochemical detection of serotonin is problematic because the products of oxidation
readily polymerize and adsorb to the electrode, effectively fouling the surface and slowing
electrode response times.”8 For a brief time, there was a waveform colloquially referred as
the “flying W’ used for its detection, with a fourth linear sweep section.”® To date, the most
effective waveform begins at +0.2 V and ramps to +1.0 V before falling to —0.1 V, and then
subsequently returns to +0.2 V, all at a scan rate of 1000 V/s (Figure 2C).89 The addition of
a Nafion coating has been used to counter fouling, and it was later found that 5-
hydoxyindole acetic acid (5-HIAA) adsorption is the biggest contributor to this problem.8!
This N-shaped waveform has proven to be stable and sensitive to serotonin detection while
minimizing the detrimental effects of electrolysis. With this approach, serotonin has been
selectively quantified in the dorsal raphe nucleus® and the substantia nigra reticulata.8?
Serotonin can also be readily distinguished from catecholamines with this waveform to
permit the simultaneous detection of both neurotransmitters.83.84

In summary, the key to the enhanced performance of the N-shaped waveform resides in the
ability to manipulate the holding potential, and also scan across the redox potentials for a
given analyte. Altering the charge of the electrode surface between scans can shift mass
transport in a direction that is desirable for the experiment, while retaining the use of an
extended potential window to maintain an oxidized electrode surface.

Multiple-Scan-Rate Voltammetry

As described, the parameters of the voltammetric waveform can be altered to impart
chemical selectivity by attenuating the response to potential interferents and amplifying
desired oxidation currents. This can be accomplished in a single scan with variations in the
amplitude, scan rate, and number of linear sweep sections incorporated into the applied
waveform. Importantly, the wavelimits of individual sweep segments can be exploited to
impart enhanced chemical selectivity. The inclusion of multiple scan rates in a given
voltammetric sweep is not a topic covered in electrochemical textbooks, but nevertheless the
foundation of this clever approach is rooted in the fundamentals of voltammetry.

Recently, several cyclic waveforms have been designed to include a segment during which
the potential is held constant while the passage of current is recorded — in essence, this is a
period of ‘zero scan rate’.85:88 |n the realm of cyclic voltammetry, these ‘sawhorse
waveforms’ (Figure 2D) are a novel development; however, this approach is somewhat
reminiscent of the detection strategy underlying stripping voltammetry. The goal in stripping
voltammetry is to use a negative holding potential to adsorb positively-charged analyte to the
electrode surface, followed by linear sweep voltammetry to subsequently desorb and detect
the analyte.1? There is also an additional cleaning step that extends the potential beyond the
limit of the linear sweep section to fully desorb any remaining analyte or products on the
electrode surface. Recently, sawhorse waveforms for FSCV have incorporated a brief
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amperometric section between the linear sweeps of a triangular waveform at the point of the
most positive applied potential 8587 The desired effect is to remove a layer of adhered
material from the electrode surface, in order to overcome electrode fouling, maintain
reproducible measurements, and potentially gain more chemical selectivity.

One interesting example of this has been used in the detection of adenosine. It has been
shown that adenosine, adenosine triphosphate, and HoO5 all generate a strong oxidation
peak near +1.3 V when detected with a triangular waveform applied to a carbon-fiber
microelectrode, and this singular peak complicates discrete quantification of these species.
To achieve selectivity, the waveform can be altered to contain a segment of zero scan rate.8”
This waveform begins at —0.4 V and the potential is swept at 400 V/sec to +1.35 V, where it
is held for 1 ms before falling back to —0.4 V (Figure 2D). The hold time at the apex serves
to oxidize the exposed graphitic edge plane3” and eventually strip the carbon surfaceZ® to
generate a new surface for subsequent recordings. This, in turn, improves the
electrochemistry by allowing for better peak separation, and clarifying or enhancing features
in the voltammograms that are used to qualitatively identify each analyte.

A more complex voltammetric waveform that incorporates a segment of zero scan rate has
recently enabled direct detection of met-enkephalin using FSCV. The tragic opioid epidemic
that has gripped the nation has triggered increased research into the function of opioid
receptors and the modulatory effects of the endogenous opioid peptides themselves.
However, these peptides are notoriously difficult to measure directly, and efforts at
quantification have been primarily indirect.88 Met-enkephalin is a five amino acid,
endogenous opioid peptide that contains two electroactive residues (tyrosine and
methionine). When using a triangular waveform with FSCV, these amino acids oxidize at
potentials similar to the peak oxidation potentials for catecholamines and H,O,,
respectively.89 Additionally, the products of tyrosine electrolysis adsorb strongly to the
electrode surface, analogous to the fouling evident in the voltammetric detection of
serotonin. To combat these issues and enable reproducible voltammetric measurements, a
multiple-scan-rate approach was designed to attenuate the contribution of catecholamines,
amplify the intensity of the signal due to oxidation of tyrosine and methionine, and clear the
surface of adsorbed products of electrolysis (Figure 2E).8% A mild 100 V/s scan rate is used
in the first portion of the forward scan (to +0.6 V). This is done to mitigate the faradaic
current generated in the oxidation of catecholamines, and to shift the position of the
quasireversible catecholamine oxidation peak to a lower potential (as compared to standard
detection using a 400 V/s scan rate). The second linear sweep section begins at the point of
acclivity (typically +0.6V). The potential is swept to +1.2 V, a potential sufficient for
oxidation of methionine, at a faster scan rate of at least 400 V/s to intensify the current
generated in the oxidation of tyrosine, and to shift the tyrosine oxidation peak well right of
that generated in catecholamine oxidation. A brief segment of zero scan rate follows, during
which the potential is held at +1.2 V. As described above, this serves to strip a layer of
adsorbed species from the electrode surface, refreshing it for repeated measures. The result
is a reproducible voltammogram with distinct features for the quantitative evaluation of met-
enkephalin dynamics in real time.
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There are far too numerous combinations of applied waveforms to cover in the scope of this
review, but manipulation of the applied waveform is the most direct and cost effective
manner to achieve chemical selectivity and sensitivity. The ability to finesse the applied
potential in order to control the chemical reaction at the electrode surface for analytical
purposes is almost an art, and it clearly demonstrates the power of FSCV.

FSCV: Under Construction...

The goal of this section is to highlight some limitations of FSCV, with the objective to
clarify and add transparency to a diverse and complicated area of research. The intent is to
seek solutions to these pressing issues, and certainly not to tarnish many years of important
research. As part of the FSCV community, we have an obligation to describe the drawbacks
in addition to the strengths, so that new users have the knowledge necessary to make
informed measurement decisions. Hopefully this is seen as a call for action, so that solutions
to these problems will emerge and FSCV will become even more robust, powerful, and
chemically diverse.

Cutting the Cables

One of the most crucial issues to address when combining FSCV and behavioral analysis is
how the animal is interfaced with the instrumentation. When performing /n vivo
experiments, sensors, guide cannulas, stimulating electrodes, optical fibers, and more can be
cemented to the skull of the animal, so that electrical cables and fluid lines can be directly
connected to these implanted objects. These wires are intrusive and are likely distracting to
the animal. The behavioral assays that are typically coupled with FSCV generally involve a
single animal housed inside a box or cylinder with an open top, with the cables centrally
suspended from above. With the animal confined to a small space, the cables remain out of
reach and are not typically damaged. However, in some instances, these cables can get coiled
up or even damaged by inquisitive, active, or aggressive test subjects. In addition, the wires
can limit range of motion and preclude experiments that could investigate interaction
between multiple subjects tethered in the same proximity. Wireless experiments would
enable voltammetric investigation of research subjects that interact and roam freely, as well
as more complex behaviors that range from navigation of mazes to mating. Currently, there
are only a few wireless FSCV systems that can potentially be adapted to these sorts of
studies to provide chemical information on a time scale that hasn’t been attainable to date.
These devices rely on miniaturized electronics and radio frequency communication such that
a low-power, wireless potentiostat can be attached to the skull of the behaving animal. The
Wireless Instantaneous Neurotransmitter Concentration System (WINCS)% was developed
by researchers at Illinois State University working in collaboration with the Mayo Clinic, the
University of Memphis, and Case Western Reserve University. This device was designed for
rats (another now exists for human studies),®! and is powered with an external battery pack.
Pinnacle Technology (Lawrence, KS) has also created a commercially available device for
wireless FSCV in rats.%2 The external battery packs fit into a vest that secures the battery to
the dorsal thoracic area of the rodent. The grand challenge with these devices lies in
reducing the weight of the components, which include the circuit board, case, and especially
the battery. The mass and the bulk of these systems are substantial, and could thus affect the
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subject’s performance. To combat this, protocols have been developed that reduce the
quantity of data collected. A study by McCarty et. al. reduced the FSCV sampling rate from
10 to 1 Hz, decreasing the quantity of data collected by an order of magnitude, without
negatively impacting sensor responsivity or selectivity.?3 Another study used a means of
analog background subtraction and a two-step cyclic analog-to-digital convertor to reduce
overall data density, as well as a duty-cycled transmitter to reduce power consumption. 4
These studies are expected to substantially decrease power requirements, enabling the use of
smaller, lighter batteries. Furthermore, a decreased data burden will facilitate scale up to
simultaneous recordings at multiple electrodes. A collaborative research team at Cornell
University has recently developed a system that weighs only 4.3 g, including the power
supply (Figure 3).94 Collectively, these advances are enabling exciting new FSCV
experiments, and advancing the field by introducing the possibility of experiments in which
animals can interact, or navigate complex environments. The leap to wireless devices can
also impact other fields of research that would benefit from improved flexibility, such as
chemical monitoring applications in hard-to-reach places, or in hazardous environments. As
this wireless technology continues to develop, features to enable electrical or optical
stimulation and drug delivery will likely be added, significantly increasing the utility and
flexibility. Indeed, at least two research groups are actively developing systems for closed-
loop neurotransmitter regulation.2:9 These devices use both wireless FSCV and electrical
stimulation to monitor and influence neurochemical levels.

Sensor Fragility

With most instrumental approaches to analysis, the detector is the real site of discovery. This
is true whether the detector is optical, electrochemical, field effect, a semiconductor, a
charged coupled device, or even a thermistor. All of these sensing modalities are susceptible
to noise, saturation, and fouling, but the most detrimental factor is the flawed human user.
Carbon-fiber microelectrodes are fragile, inherently variable, and challenging to
manufacture in bulk as each stage in the fabrication process results in significant loss of
yield. The carbon-fiber microelectrodes that have traditionally been coupled with FSCV
measurements are glass insulated, making them particularly vulnerable to big thumbs. This
electrode design has transformed measurements of dopamine in neuroscience, but the
patience and resolve of countless researchers have been tested over the years (Figure 4A).
The fragility of these sensors is due to the thin layer of insulating borosilicate glass that is
more resistant to bending than is the carbon fiber. Excessive distortion fractures the glass,
resulting in insulation failure. This exposes more carbon surface area than desired, or shorts
the carbon fiber, so that the metal wire used to address the electrode assumes the role of
working electrode. To prevent this, the carbon-fiber sensor can be insulated with a
polyimide-coated, fused-silica capillary and effectively sealed with epoxy.%” When coated
with polyimide, the fused silica is flexible, significantly improving the mechanical stability
of the sensor (Figure 4B). However, it is important to note that torsion applied to the carbon
fiber itself is not translated well to the fused-silica insulation (substantially larger diameter),
causing the carbon fiber to shear at the interface.

Metal electrodes are less susceptible to breakage, as metals are more malleable.
Furthermore, transition metal electrodes are considered to be favorable, even catalytic, for
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electron transfer (relative to carbon electrodes). Thus, many believe that metallic sensors
would provide a promising alternative to carbon for studies in biological samples. Indeed,
there are whole markets devoted to the design of platinum/tungsten/gold-based sensors and
stimulating electrodes that are very effective for electrophysiology studies. For instance, the
Utah% and Michigan®® arrays consist of many electrodes to electrophysiologically record
from large areas of tissue. Unfortunately, these metal electrodes are susceptible to corrosion,
passivation, and a high degree of fouling by protein adsorption that adversely affect
neurochemical measurements.1%0 These issues are largely attributed to the favorable surface
that these substrates present for electron transfer, and they necessitate the use of multiple
chemically exclusive coatings to achieve reproducible neurochemical measurements.
Carbon-based sensors have also been constructed on silicon wafers using microfabrication
methods to create sensor arrays.191 These planer carbon electrodes are often formed from a
patterned photoresist that is pyrolyzed to generate glassy carbon electrodes. The benefit of
this design is that a large number of electrodes can be manufactured in a nearly automated
fashion, decreasing electrode-to-electrode variability (as compared to handmade carbon-
fiber microelectrodes). Unfortunately, the bulky silicon substrate (125-200 um thick
wafer)101.102 can induce substantial tissue damage when implanted for Jin vivo
measurements. A critical need remains for an effective, user-friendly design to enable stable,
reproducible, and robust measurements. Addressing these issues will facilitate broad
application of FSCV in diverse chemical monitoring applications, especially if these sensors
are made commercially available.

When recording continuous data, electrochemical sensors almost always show some degree
of baseline instability known as sensor drift, the nemesis of every electroanalytical chemist.
This inconsistent signal often necessitates correction by re-calibration, cleaning, or even
replacement of the sensor. Drift is a low-frequency change in the sensor response over time
that may result from factors including temperature fluctuations, changes in the chemical
environment, or chemical changes at the sensing surface itself. Broadly speaking, drift
results from a shift in system impedance. The impacts of drift are variable, and they
ultimately reduce quantitative confidence, particularly as acquisition time increases. With
background-subtracted FSCV, sensor drift can even result from changes inherent to the
carbon surface itself, as continual waveform cycling to potentials greater than +1.0 V alters
the surface chemistry on the edge plane of a graphitic carbon sheet (Figure 5).37 Indeed,
scanning to a potential of +1.3 V has been shown to etch the carbon surface at a rate of 0.24
nm/min (~70 femtometer/voltammogram),26 presumably by way of carbon dioxide
generation at the electrode surface.103

It is precisely the dynamic nature of the carbon surface that makes predicting or correcting
for sensor drift challenging, even when the electrochemistry is straightforward and
performed in a solution of known composition. In living tissue, sensor drift is further
confounded by slow changes in the nature of the recording environment, and the nonspecific
adsorption of proteins and other material (including some products of electrolysis) to the
sensor surface. Only a few studies have evaluated a means to contest sensor drift in FSCV
measurements. In a recent work, a high pass filter was designed to address this issue, but the
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only justification for the removal of information was to smooth the signal.104 Another study
cleverly combined analog background subtraction with principle component analysis to
partially remove artifacts in the data resulting from sensor drift.19> This approach enabled
longer FSCV measurements (up to 30 min), but significant variability in the nature of the
drift limits the utility of this approach. In both of these studies, there was no consideration as
to how shifts in impedance alter the applied voltage, and thus the electrochemical response,
at a fundamental level. Furthermore, the straightforward removal of baseline drift does not
account for shifts in sensitivity and formal potential that result from shifts in system
impedance. Figure 5A shows what sensor drift can look like in an /n vitro, benchtop
voltammetric recording over the course of 15 minutes. At the time marked with a red arrow,
a bolus of H,O, was introduced to the electrode surface in a flowing buffer solution. This
chemical event is somewhat masked by the instability of the electrode. Closer examination
of the data in Panel B reveals the characteristic peak for the oxidation of H,O, at +1.3 V,
along with interference from drift. With appropriate correction for the shifting baseline, the
true representation of this concentration fluctuation can be observed (Figure 5C). To begin to
address these issues, a recent study systematically evaluated how shifts in system impedance
alter the position of peak redox current generated when using FSCV.106 This important study
demonstrates that the background voltammograms that are normally subtracted and
discarded in FSCV contain a wealth of information that can be leveraged to enhance
quantification. There is a critical need for a robust and user-friendly method of drift
compensation in order to enhance accuracy in both the identification and quantification of
chemical species using FSCV, particularly in longitudinal studies.

Sensor Calibration

To accurately predict the concentration of unknown analytes, the sensor response must be
calibrated to known standards. Carbon-fiber microelectrodes are handmade and, as such,
there are inherent variations in the surface area and condition of the sensors. Additionally,
the carbon fiber is far from a highly ordered graphite, and the disorder in the carbon
substrate contributes to inconsistencies in sensor response. Sensor drift and variations in the
local environment also contribute to uncertainty in analyte quantification. In FSCV, peak
current from analyte voltammograms can be plotted versus multiple concentrations of the
target molecule, such that the slope of the regression line through the data indicates the
sensitivity of the sensor.107 This is a straightforward and relatively simple calibration
procedure; however, it does not account for the presence of multiple analytes. Multivariate
analysis uses every dimension of the data to describe sensor response, and then reduces the
dimensionality to a few components that express the maximum variability. In FSCV, the
primary method used for calibration and predictive modeling of multiple analytes is
principle component regression (PCR), which is essentially a combination of principal
component analysis and least-squares regression.10 However, the central problem with
existing FSCV calibration procedures is that they do not account for the effects of the
environment on sensor performance, because the recording environment is often the brain of
a living animal. Ideally, calibration of any analytical tool would take place in a setting that
accurately mimics the composition of the recording environment.197 Unfortunately, the brain
is neither homogenous nor static, which complicates the problem. Additionally, in some
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experiments the microelectrodes are cemented to the skull, preventing calibration even with
the traditional benchtop approach.

These issues clearly demonstrate the need for an improved calibration strategy. The
drawbacks associated with any method of calibration for FSCV measurements always stem
from the principle that the /n vivo environment is complex, and the concentrations (and even
some of the components) of the system are unknown. At the time of this review, two
methods are most often used to quantify dopamine fluctuations evident in FSCV data
collected /n vivo.198 The first uses dopamine responses of various intensities collected 7n
vivo as the training set for PCR, and an electrode-specific calibration factor (when the
electrode is successfully removed) is used to predict the concentrations of the analytes in the
training set.%” When the electrode is not available for post-calibration, an average calibration
factor (generated from other electrodes) is used. This method relies on electrically
stimulated dopamine signals to quantify naturally evoked dopamine fluctuations that occur
at other time points during the experiment. A second method is preferred when a separate
stimulating electrode is not implanted. This approach uses the delivery of an unexpected
sucrose pellet to elicit a natural dopamine release event. Then, the position (potential) of
peak current is used to search a calibration data base for a data set with comparable redox
features that is then used to analyze the data.1%% These methods suffer similar problems, as
they rely on a calibration factor for quantification that wasn’t obtained while in the recording
environment. One recent study took steps toward solving this problem by relating the overall
charge inherent in the background voltammogram to electrode sensitivity.68 A variety of
species that are commonly targeted when using FSCV in live brain tissue were investigated.
The background voltammograms contain abundant information about the condition of the
electrode and the surrounding environment at the time of each voltammetric scan. Thus,
careful evaluation of the background current at any time point in an FSCV experiment
allows for prediction of sensitivity to various species. This approach has been shown to be at
least as accurate as estimates of sensitivity established by removing the electrode and
calibrating on the benchtop after experimentation.6® Furthermore, this approach allows the
electrode to be sacrificed at the end of the experiment by the passage of high current. This
serves to lesion the tissue and accurately marks the recording site, which is important for
neurochemical studies. Although no perfect solution to these problems exists, the ideal
method of calibration for quantification of FSCV data should be free of user bias, allow the
sensor to be sacrificed, and account for so-called ‘matrix effects’ that stem from the
unknown recording environment. A more standardized method of calibration and
quantification would facilitate comparison of data across research groups.

Chemical Selectivity

Chemical selectivity is a primary concern when using any electrochemical approach to
molecular monitoring. The principal advantage of cyclic voltammetry over other
electrochemical methods for bioanalytical quantification is the wealth of information
encoded in the voltammogram. Cyclic voltammograms can serve to identify multiple
analytes, as long as the targeted species exhibit redox activity at distinct potentials. However,
FSCV cannot always distinguish molecules of a given chemical class. For instance,
dopamine, norepinephrine, and epinephrine are all catecholamines that generate similar
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voltammetric features. Thus, caution must be exercised if these molecules coexist in the
same environment, such as in adrenal tissue and some regions of the brain. Furthermore, the
precursors and metabolites for these catecholamines include L-3,4-dihydroxyphenylalanine
(L-DOPA), L-tyrosine, 3-methoxy-4-hydroxyphenylglycol (MHPG), 3,4-
dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA), among others.110
These have similar structures and are suspected to generate similar voltammograms when
detected using a simple triangular waveform. Notably, most of these molecules are not
present in high concentrations in the brain, but they highlight the importance of focusing on
selectivity when interpreting voltammetric data. One redeeming advantage of FSCV is the
differential nature of the background-subtracted technique. This means that only changesin
the concentration of electroactive analytes contribute to the background-subtracted
voltammograms, and species that do not rapidly change in concentration are removed with
the background. The anatomical distribution of the targeted analytes varies across brain
regions, so effective studies can be designed with prior knowledge of the concentration
distribution of structurally similar interferents. Additionally, pharmacology can be used to
manipulate the biological system in a predictable manner, and thus increase confidence in
analyte identification.

Improvements to sensor selectivity can be achieved by altering the electrode surface using
chemically selective coatings, or through incorporation of advanced carbon materials.
Nafion is a perfluorinated polymer that is perhaps the most popular coating used with
sensors for FSCV measurements. The structure of Nafion is quite similar to that of Teflon,
with the addition of negatively charged sulfonate side chains.111 When applied to a surface,
Nafion forms a porous cation-exchange membrane that hinders transport of negatively
charged species to the electrode surface. Thus, Nafion coatings are especially useful for the
detection of positively-charged molecules, such as the monoamines.83 Enhanced sensitivity
has also been demonstrated in the detection of some uncharged species, such as H,O,, in
comparison to detection using a bare electrode.®® The use of Nafion has also been extended
to the reference electrode, and this has been shown to improve stability.112 Unfortunately,
coating a cylindrical microelectrode with Nafion is not trivial, and attempts to do this often
generate a film that is neither uniform nor highly reproducible.#0 Copolymerization with the
conductive polymer, poly(3,4-ethylenedioxythiophene) (PEDQOT), establishes a more
uniform coating, while maintaining the beneficial charge-exclusion properties of the Nafion
coating.3° Additional research has focused on functionalization of the carbon-fiber surface
with carbon nanotubes to enhance sensitivity.112 One study significantly enhanced
electrochemical detection by replacing the traditional carbon fiber with a yarn spun from
individual carbon nanotubes.>® This boosted faradaic currents and substantially improved
peak resolution for multiple analytes, which translates to an increase in chemical selectivity.
Overall, these engineered coatings and advanced materials are particularly promising when
combined with mathematical methods and clever waveforms to enhance selectivity.

Data Analysis

One of the biggest hurdles to overcome when using FSCV for analysis of chemical
dynamics recorded /n vivois related to the nature of the data itself. In most instances, the
targeted chemical events are numerous and short in duration, such that many hundreds or
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even thousands of events can occur over the course of a typical recording session. These can
occur in a manner that is seemingly unpredictable, requiring the analyst to painstakingly
identify the events manually. This can introduce inconsistencies, reduce confidence in
conclusions drawn, and confound the comparison of data sets across laboratories. As such,
there is a critical need for an automated and comprehensive data analysis process to facilitate
accurate quantification of chemical fluctuations without human bias. FSCV uses background
subtraction to quantify chemical fluctuations, but a standardized protocol for selecting the
most appropriate time point for background subtraction has not been established. The
Venton group recently published the first steps toward an automated data analysis algorithm
for FSCV.114 This approach assesses FSCV data for chemical information by first choosing
a time to describe the background. After background subtraction, the algorithm identifies
fluctuations in the concentration of the chosen analyte from the background-subtracted data.
Next, the paradigm chooses another time for the background subtraction, and re-analyzes the
chemical information. This iterative process continues to update until the signal-to-noise
ratio is optimized. This seminal work is a critical step toward an automated data analysis
paradigm that has the potential to address the concerns of user bias, reduce data analysis
time, and facilitate comparison of data across laboratories by standardizing many aspects of
data analysis. Such fundamental advances to FSCV are sorely needed in order to advance
FSCV into new research areas.

Multivariate statistical methods have proven to be very useful for quantitative determination
of individual chemical contributors to complex voltammetric data, and as described above,
PCR is the most commonly adopted approach.108 PCR uses information collected across the
entire potential window in a training set comprised of voltammograms of known analytes
(and ideally, known concentrations) to determine principal components (PCs), or basis
eigenvectors, that describe the variance in the training data.3437 The first ranked component
captures the maximum variance inherent to the training set; and subsequent components
describe the remaining variance, in a manner such that all PCs are orthogonal to
another.37:52 Then, concentration dynamics for the targeted species can be predicted in
unknown data by projecting the data onto the PCs to extrapolate the contribution of each
analyte contained in the training set. This approach can be very effective; however, it
struggles when two analytical signals have similar sources of variance (voltammetric
features).34:3% Furthermore, if the redox features for an analyte shift across voltages over
time, such as in response to changes in system impedance, the model can erroneously
quantify the analyte.115

Other methods of statistical analysis can be used to potentially combat these issues. For
instance, partial least squares (PLS) regression analysis is an alternate approach that removes
some of the restrictions inherent to PCR. The two methods are similar in that they both
utilize predictor components to describe the observed data, but they differ in how these
components are constructed. Principal component analysis is considered to be an
unsupervised dimensionality reduction technique, because it creates PCs to describe
variance in the predictor variables without considering the response.>2°> By contrast, PLS
regression analysis is a supervised dimensionality reduction technique that projects both the
predictor and response variables onto a new vector space to find components that maximize
the covariance of the projected structures.?>°6 This “supervision’ generally allows PLS

Anal Chem. Author manuscript; available in PMC 2019 January 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roberts and Sombers

Page 18

regression models to describe the training data more efficiently with fewer
components.#0:42:56 p|_S js well suited for data sets with more predictors than observations,
and it is more equipped than PCR to oppose multicollinearity. Still, other methods for
multivariate data analysis have been less explored and could potentially be valuable to
describe the complexities of FSCV. For instance, data analysis could move away from
restrictive orthogonal modeling and explore independent component analysis (ICA),116 or
non-linear dimensionality reduction to redefine the space with diffusion maps.117

Basal vs Transient

Many of the strengths and weaknesses inherent to FSCV stem from the use of background
subtraction. Any chemical information encoded in the background is removed to enable the
observation of small-amplitude chemical fluctuations. Unfortunately, this is at the expense of
information related to basal levels of neurotransmitters.118 A few strategies have been
evaluated to tease out information about the basal concentration of catecholamines using
FSCV. Transient dopamine fluctuations are rapid, low-intensity signals attributed to the burst
firing of dopaminergic neurons.11% One study investigated the role of these transients on
basal dopamine concentrations by simply averaging the data contained within color plots
that were recorded over the span of several minutes.120 It was postulated that the
accumulation of phasic release events establishes the extracellular level of catecholamine.
Continual averaging of phasic chemical information acts to reduce noise and smooth the
data, and doing so revealed an average dopamine concentration of ~20 nM. This value was
found to be an order of magnitude higher than that reported with microdialysis (~2 nM).121
Another method, termed fast-scan controlled-adsorption voltammetry (FSCAV), has been
developed to estimate basal neurotransmitter concentrations using the FSCV platform.122
This promising concept uses the principles of stripping voltammetry to evaluate monoamine
concentration in the bulk solution. It works by extending the negative ‘hold’ period between
voltammetric scans to create a ‘pre-concentration phase’, during which positively-charged
monoamines accumulate sufficiently to saturate the electrode surface. Then, FSCV is
performed to quantify surface coverage. This method has recently been adapted and used to
estimate basal concentrations of serotonin in the hippocampus to be ~65 nM.123 This again
falls about an order of magnitude lower than estimates made using microdialysis (~1.6
nM).124 Unfortunately, calibration for FSCAV suffers from the same confounding issues that
plague accurate quantification when using standard FSCV, because the heterogeneous nature
of living tissue needs to be addressed when calibrating with any method. These statements
by no means discount voltammetric data, because microdialysis is certainly plagued by its
own issues related to accurate quantification.12°

New Frontiers

The utility of FSCV continues to expand as new lines of research adopt this powerful
analytical technique. This approach to real-time molecular monitoring is undoubtedly the
most versatile, chemically descriptive, and robust electrochemical detection method used in
neuroscience. Its many advantages include millisecond temporal resolution, a simple two-
electrode system, a lack of physical sampling requirements, incredibly small size, and low
cost. These advantages (and others) promise to provide information that hasn’t been readily
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available to date in a wide range of fields that can substantially benefit from continuous
chemical measurements.

Measurements at Single Cells in Culture

As described herein, FSCV has been used to quantify synaptic overflow in various biological
preparations, but this technique is less often applied to the study of vesicular release from a
single cell. Amperometry has been the primary method for studying the dynamics of
vesicular release at cells in culture, largely due to the rapid nature of vesicle exocytosis
events.30:126.127 Amperometric measurements are often collected at a frequency of 10 KHz,
enabling quantification of individual exocytosis events. By contrast, FSCV measurements
are typically collected at a rate of 10 Hz. This sampling rate does not provide sufficient
temporal resolution to fully resolve the dynamics of individual exocytosis events, which
encompass fusion pore opening and extrusion of vesicular content. A vesicle can release a
portion of its content in a “kiss and run” mode of action in less than 100 ms,128 and only
amperometry is fully able to evaluate neurochemical events on this timescale. On the other
hand, amperometry offers little chemical selectivity and can’t easily distinguish between
catecholamines and the variety of other electroactive molecules that can be co-
released.129.130 At |east one study has evaluated the use of FSCV in distinguishing release
events from single cells. Norepinephrine and epinephrine were discriminated as they were
co-released from bovine chromaffin cells using FSCV with extended wavelimits.42
Additional voltammetric studies with this system would allow the composition of individual
vesicles to be evaluated.

Soil, Water, and Beyond

The utility and attributes of FSCV have seen this technique begin to move into areas
including soil science and environmental research. Stripping voltammetry has been used for
many years to determine trace amounts of metals in solution, and FSCV has recently been
presented as an alternative for quantification of trace levels of copper with sub-second
temporal resolution.131 FSCV has also been applied to a study in soil science.132
Siderophores are specific organisms in the soil that secrete endogenous chelating agents to
sequester metals in the environment. The binding efficiency of metal sequestration was
investigated with FSCV. This study is important, because increased understanding of this
process will enable these organisms to be exploited in efforts at soil remediation. FSCV has
recently been used to monitor reaction intermediates, where oxygen-centered radicals
produced in the oxidation of HyO5 were trapped and subsequently identified with
spectroscopy.133 FSCV research has extended to larger mammals, including primates134.135
and humans.136 And recently, this method has been adapted to non-mammals to evaluate
neurochemical dynamics in the zebrafish telencephalon,13 the nerve cord in
Drosophila,138.139 and the striatum of songbirds.240 These are only a few examples of the
broadening impact of FSCV. Such studies highlight the power of this technique, and further
demonstrate the need for improved, user-friendly technologies for FSCV data collection and
analysis.
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Electrophysiology

FSCV has been coupled with electrophysiological recordings for decades, 4! as this
powerful combination can be used to shed light on both neurochemical release events and
the response of the local cells receiving the chemical message. For instance, a recent study
used a multimodal sensor to demonstrate that dopamine released during an intracranial self-
stimulation task modulates distinct populations of neurons in the nucleus accumbens.142 The
sensor combined FSCV for detection of dopamine release with electrophysiology performed
at the same sensor (between voltammetric sweeps) to monitor the firing of local striatal cells
potentially responding to the chemical event. These technologies were combined with
iontophoretic ejection of specific drugs to identify dopamine receptor type(s) on the local
neurons. The results of this technically challenging and important study demonstrate well-
defined dopamine release events in response to cues related to lever availability, as well as in
response to the lever press itself (lever press electrically stimulates the ascending dopamine
pathway). Interestingly, dopamine released in response to the presentation of the cue was
correlated with a cellular response that was selectively mediated by D2-like receptors,
whereas dopamine released with the lever press was correlated with cellular activity that was
mediated by both D1-like and D2-like receptors. Another recent investigation
simultaneously quantified oxygen and dopamine using FSCV, while incorporating
electrophysiology at the same probe to evaluate cellular activity during spreading
depolarization.”” Overall, these studies are important because they link neurochemical
release events to the cellular response to these events.

FSCV and electrophysiology have also been combined to investigate whether application of
a fast voltammetric waveform can, in and of itself, alter the activity of local neurons. To
investigate this important question, electrophysiology was used to record neuronal activity at
the carbon-fiber microelectrode in an ~90 ms period between voltammetric scans.143 This
study demonstrated that the recorded activity of the neurons was unaffected by application
of the voltammetric waveform, but the ‘pseudo-simultaneous’ experimental design did not
truly assess cell firing during application of the FSCV waveform. To definitively resolve
this, a recent experiment in brain slices used patch-clamp recordings in the vicinity of the
voltammetric probe to demonstrate that FSCV did not alter the firing of neighboring

cells. 144

FSCV Coupled with Enzyme-Modified Microbiosensors

Since the Clark electrode was first introduced to enable electrochemical detection of
glucose, 145 an abundance of research has focused around first-generation biosensors for
monitoring non-electroactive species. The vast majority of these technologies use
amperometric detection coupled with enzyme-modified electrodes for molecular monitoring.
Enzymes are inherently selective to a substrate, and biosensors are designed to take
advantage of this property. However, amperometric measurements are inherently non-
selective, and biosensors coupled with this electroanalytical technique typically incorporate
chemically selective coatings to exclude as many interferents as possible. Biosensor function
is dependent on membrane performance, and these exclusion layers are not absolute. Thus,
enzyme-modified electrodes are often coupled with an enzyme-free recording site adjacent
to the active electrode, to serve as a point of reference. The electrochemical response
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recorded at the enzyme-less recording site is subtracted from that recorded at the enzyme-
modified site, to provide a selective measure of the analyte targeted by the enzyme. This
subtraction paradigm is applicable /n vitro, but it is less-than-ideal for measurements in the
spatially and chemically heterogeneous environment of living tissue. To avoid these
complications, a glucose biosensor was recently developed that coupled FSCV with glucose
oxidase-modified carbon-fiber microelectrodes for the detection of rapid glucose
fluctuations in brain tissue. The chemically-selective nature of FSCV does not require the
use of multiple coatings for chemical exclusion that limit response times, enabling glucose
measurements on a previously inaccessible timescale.146 Furthermore, a major strength of
this approach lies in the ability to simultaneously detect multiple species at a single
recording site.%” This is in direct contrast to traditional biosensors, which are specifically
designed to exclude all molecules other than the analyte of interest. Extending beyond
glucose, an acetylcholine biosensor has been developed using the carbon-fiber
microelectrode platform coupled with FSCV, to provide another tool for real-time
measurements of neurochemicals that are not inherently redox active.14’

Concluding Remarks

The field of bioanalytical research continues to expand into exciting new dimensions. The
development and progression of FSCV has seen the technology move beyond the originally
targeted catecholamines to investigate many additional neurotransmitters, and it has even
crossed into other sciences to advance new molecular monitoring applications. This is an
exciting time for electrochemistry, as FSCV can be readily combined with powerful new
chemogenetic and optogenetic tools to answer previously inaccessible research questions.
For instance, Designer Receptors Exclusively Activated by Designer Drugs (DREADDS)
offer the ability to express engineered G protein-coupled receptors that are activated by
synthetic non-endogenous molecules.1#8 These designer proteins are used to selectively
activate specific cell types, providing unprecedented information.14® Optogenetics provides
another set of valuable tools that can be combined with FSCV. With this approach, neurons
are modified to express light-sensitive ion channels, allowing for depolarization of selective
neuronal subtypes with light. Current FSCV protocols and methodologies must be made
more robust, automated, and user-friendly, so that neuroscience researchers and
electrochemists alike can effectively combine FSCV with other exciting technologies
inherent to their own fields, without having to clamber a steep learning curve in order to do
so. This progression will lead to broad application of FSCV for rapid molecular monitoring
in multiple markets, and enable transformative new measurements to address global research
challenges.
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Figure 1.
The Origin of /n Vivo FSCV. Rat with chronically implanted graphite paste electrodes to

“see what we can see”. Reproduced from Adams, R. N. Analytical Chemistry 1976, 48,
1126-1138. (ref 11). Copyright 1976 American Chemical Society.
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Hydrogen Peroxide Oxygen
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Figure 2.

10 msec

Methionine-
Enkephalin

Common FSCV Waveforms. A) Triangular waveform. B and C) *’N-shaped” waveforms with
various holding potentials and wavelimits. D) Sawhorse and E) multiple-scan-rate, modified
sawhorse waveforms. Below) List of analytes typically targeted with each optimized

waveform.
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Figure 3.
Ultracompact Wireless FSCV Device. Complete integrated device with potentiostat, ADC,

analog background subtraction, impulse transmitter, and power supply. Reproduced from
Dorta-Quinones, C. I.; Wang, X. Y.; Dokania, R. K.; Gailey, A.; Lindau, M.; Apsel, A. B.
IEEE Transactions on Biomedical Circuits and Systems 2016, 10, 289-299 (ref 94).
Copyright 2016, with permission from IEEE.
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B)

Figure 4.
Carbon-Fiber Microelectrodes for FSCV. A) Microdrive manipulator loaded with a glass-

insulated carbon-fiber microelectrode. B) Fused-silica insulated carbon-fiber microelectrode
for long-term implantation.
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Electrode Drift. A) Color plot of 15 minutes of voltammetric data collected in a flow cell on
the benchtop. 160 uM H,0, was introduced to the electrode surface at 12 minutes (red
arrow). The background selected for subtraction was at time zero. B) A closer look at 8
seconds of the color plot during H,O, exposure. C) Appropriate correction for drift clarifies
the H,0, signal. Note: this electrode was intentionally not fully conditioned to emphasize
drift.
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