Showcasing research from Professor Hashemi’s laboratory,
Department of Chemistry & Biochemistry, University of
South Carolina, Columbia, SC, USA. Shane Berger,

Jordan Holmes, and Anderson Winkler are acknowledged
for their contribution to the cover image.

Frontiers in electrochemical sensors for neurotransmitter
detection: towards measuring neurotransmitters as chemical
diagnostics for brain disorders

Unlike disorders in the periphery, it is extremely challenging to
chemically diagnose disorders of the brain. There is thus great
interest in designing and optimizing tools for direct detection

of chemical biomarkers implicated in neurological disorders to
improve diagnosis and treatment. This critical review highlights
significant technical advances and in vivo studies from the last five
years that will facilitate the development of diagnostic tools for brain
disorders. Although none of these devices are currently used for
diagnostic purposes, these cutting-edge technologies are promising
more sensitive, selective, faster, and less invasive measurements.
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Frontiers in electrochemical sensors for
neurotransmitter detection: towards measuring
neurotransmitters as chemical diagnostics for brain
disorders

*

Yangguang Ou, & Anna Marie Buchanan, Colby E. Witt and Parastoo Hashemi

It is extremely challenging to chemically diagnose disorders of the brain. There is hence great interest in
designing and optimizing tools for direct detection of chemical biomarkers implicated in neurological
disorders to improve diagnosis and treatment. Tools that are capable of monitoring brain chemicals,
neurotransmitters in particular, need to be biocompatible, perform with high spatiotemporal resolution,
and ensure high selectivity and sensitivity. Recent advances in electrochemical methods are addressing
these criteria; the resulting devices demonstrate great promise for in vivo neurotransmitter detection.
None of these devices are currently used for diagnostic purposes, however these cutting-edge
technologies are promising more sensitive, selective, faster, and less invasive measurements. Via this
review we highlight significant technical advances and in vivo studies, performed in the last 5 years, that
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Introduction

Unlike illnesses of the body, such as diabetes or cancer, disor-
ders of the brain, such as depression, do not have defined
diagnostic protocols with quantifiable chemical biomarkers.
The inability to definitively diagnose mental disorders means
that it is also difficult to effectively treat them: antidepressants,
for example, are largely ineffective for the majority of patients.
There is, thus, enormous interest by us and others to identify
chemical biomarkers of brain disorders so that illnesses of the
brain can be better diagnosed and treated.

Biomarkers of brain disorders have been difficult to identify
for two primary reasons. First, the blood brain barrier main-
tains strict and different chemical climates between the brain
and the periphery, such that peripheral blood does not reflect
the brain's chemical microenvironment. Secondly, it is
extremely difficult to probe the chemistry, namely neurotrans-
mission, of an intact brain (in vivo). Analysis of neurotrans-
mission necessitates micro or nano level spatial resolution,
which is particularly challenging given the intricate nature of
brain tissue. Additionally, the brain is chemically harsh and
complex and neurotransmission is dynamic (occurring on the
sub-seconds).

In the last decade, microengineering is the cutting-edge
method to produce devices that are small, fast, and chemi-
cally reactive enough to meet some of the challenges of
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we believe will facilitate the development of diagnostic tools for brain disorders.

measuring neurotransmitters in vivo. There are three main
categories of in vivo neurotransmitter detection devices; fluo-
rescence probes, sampling (e.g. microdialysis), and electro-
chemistry. There are distinct pros and cons for each class of
method, however electrochemical methods are particularly
suited to in vivo sampling because they are able to perform
direct chemical measurements in deep brain tissue without the
need for artificial tags or sample treatment/analysis.

Via this review, we highlight the most recent advancements in
the development of electrochemical microdevices over the last
five years in the detection and quantitation of various important
neurotransmitters to brain disorders, including glutamate (Glu),
acetylcholine (ACh), dopamine (DA) and serotonin (5-HT). We
focus mostly on amperometric biosensors and voltammetry in
this review. While most of the literatures cited are primarily
performed in vivo, we choose to highlight some in vitro and ex
vivo work that further the progress of the field as well as display
promising potential for future in vivo experiments.

While few of the reviewed methods have been implemented
in humans and none have been used for diagnostics, we believe
these devices show promise towards rapidly enabling chemical
biomarker identification in the brain. Such a transition will
revolutionize diagnosis and treatment of disorders of the brain.

Monitoring neurotransmission

Neurotransmitters are small molecules that relay chemical
messages between brain cells via a process called neurotrans-
mission (Fig. 1). As such, the intricacies of neurochemical

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Illustration of a synapse. Presynaptic cell is on the left and
postsynaptic cell is on the right. Green spheres represent neuro-
transmitters. Autoreceptors are shown in orange and postsynaptic
receptors in purple.

signaling are of particular interest in the diagnosis and treat-
ment of psychological disorders. Neurotransmission is rapid
(milliseconds) and occurs over several general steps. First, the
transmitter is synthesized via presynaptic processes. Release of
neurotransmitter from the presynaptic cell into the synaptic
space is via Ca®" initiated exocytosis. Following release, the
transmitter binds to receptors on the postsynaptic cell or to
autoreceptors on the presynaptic cell. Finally, the signal is
terminated through reuptake back into the presynaptic cell by
a transporter, followed by intracellular catabolism or via direct
extracellular catabolism.

Classical neurotransmission is mediated by excitatory
neurotransmitters such as Glu and ACh and the inhibitory
neurotransmitter gamma-aminobutyric acid (GABA), which,
because of their potency and cytotoxicity, are confined to the
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synaptic space. Neuromodulators, such as DA, 5-HT, norepi-
nephrine, and histamine (HA), are types of neurotransmitters
that signal through “volume transmission.” Unlike Glu, ACh
and GABA, these molecules diffuse outside of the synapse
exerting influence over many cells over a large spatial area.

This review explores electrochemical neurotransmitter
measurements in the context of neurotransmission. Two cate-
gories of electrochemical techniques are of particular interest:
voltammetry and biosensors.

Voltammetry

A variety of voltammetric techniques are utilized to directly
detect electroactive molecules. These techniques are charac-
terized by the application of a potential waveform to an elec-
trode and the measurement of the resulting current.” Because of
the rapid time frame of neurotransmission, fast-scan cyclic
voltammetry (FSCV) is of particular interest throughout this
review. In FSCV, a waveform with a fast scan rate is applied to
a microelectrode, at high frequency (typically 10 Hz), affording
measurements with millisecond timescale.®* This method is
coupled to carbon fiber microelectrodes (CFMs) of 5-7 um in
diameter. This small probe size promotes high spatial resolu-
tion and negligible tissue damage.* Fig. 2 shows the two elec-
tron oxidation/reduction of DA at a CFM that results in
a stereotypical DA fast scan cyclic voltammogram. There are
some drawbacks to FSCV measurements. Firstly, a limited
number of neurotransmitters have electroactivity that lends
itself to FSCV detection. This issue has made detection of
neurotransmitters such as Glu, GABA, and ACh difficult.
Selectivity is also a concern; the monoamines DA, 5-HT, and
norepinephrine oxidize at similar potentials and are colocalized
in many of the same brain regions. In many cases, waveform
optimization and pharmacological manipulation are imple-
mented to differentiate between the molecules and to reduce
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Fig. 2 Schematic of FSCV at CFMs. The top shows the waveform. The blue box shows the parameters of the waveform. In the middle is an
illustration of a CFM performing a two-electron oxidation/reduction of DA with a representative cyclic voltammogram to the right.
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signals due to other interferents. This review will explore
advancements made in FSCV to address existing limitations
and to provide additional insight into the complexities of
neurotransmission.

Biosensors

When the analyte of interest is not easily electroactive, biosen-
sors can be applied. Biosensors are devices that create an elec-
trical signal in response to the analyte via a biocatalyst such as
an enzyme, antibody or DNA.> Electrochemical biosensors
commonly involve immobilization of an enzyme at an electrode
surface. This enzyme is selective for an analyte of interest. As an
example, the enzyme Glu oxidase oxidizes Glu and reduces O, to
H,0,. While Glu is not readily electroactive, H,O, can be easily
oxidized. Thus amperometry (current measured at constant
potential) can quantify Glu via H,0, oxidation. A generalized
biosensor scheme is shown in Fig. 3. The major advantages of
biosensors are the high selectivity afforded by the biological
molecule and electrochemical detection of chemicals that are
not electroactive within the potential window of traditional
electrode materials. However, the use of enzymes produces
many challenges. Sufficient enzyme loading for high sensitivity,
membranes and immobilizing matrices often necessitates large
probes, which is undesirable for measurement in delicate brain
tissue.® Additionally, immobilization methods can cause
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Fig.3 Schematic of an electrochemical biosensor. A typical biosensor
consists of a biorecognition element selective for the molecule of
interest (blue triangles) within a given matrix (red squares and green
circles), a transducer that converts the input into a measurable signal,
and signal processing and output components.
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conformational changes in the enzyme, lowering catalytic
activity, stability and shelf-life.” Efforts to overcome these
obstacles for in vivo measurements are highlighted throughout
this review.

Glutamate (Glu)

Structure 1. Glu Molecule

Introduction

Glu is one of the most ubiquitous neurotransmitters® that binds
to NMDA (N-methyl-p-aspartate), kainate, AMPA (o-amino-3-
hydroxy-5-methyl-4-isoxazole-propionic acid), and metabo-
tropic receptors.” Because Glu is highly excitatory, this
messenger can exert excitotoxic effects and is thus rapidly
uptaken via excitatory amino acid transporters located on the
plasma membrane of astrocytes and neurons.’®' This high
level of regulation presents difficulties for analytical Glu
measurements since Glu cannot readily escape the synapse like
the neuromodulators described later in this review. Addition-
ally, Glu is not electroactive within the potential window of
conventional electrode materials. These two phenomena
present unique challenges for Glu detection.

The extraction and purification of Glu oxidase'> enabled
development of selective Glu biosensors, the frontline electro-
chemical Glu detection devices. Working electrodes in these
sensors can be made from carbon fiber** or diamond" but are
most commonly composed of platinum.” Substrate materials
for creating sensing platforms, including arrays, are primarily
silicon or ceramic.’ Strategies for immobilizing the enzyme
onto the electrode surface include direct adsorption, covalent
binding, cross-linking,'” and entrapment in polymers (reviewed
in Scouten et al.,'® Freire et al.,*® Putzbach et al.*® and Hughes
et al.”). Immobilization of enzymes in polymeric membranes,
especially electrochemically deposited polymers,”>* gained
increasing attention due to a variety of factors,* particularly the
ability to prevent interfering molecules from reaching the
electrode. Self-referencing is another strategy used to reduce
signals from other electrochemically active species.***® This
approach involves a second electrode that mimics the working
electrode in all respects but does not contain enzyme. This
ensures that signals from any non-selective binding of species
to the electrode surface can be subtracted out.

One major limitation for biosensors is poor electron transfer
between the enzyme and the electrode due to the tunneling

This journal is © The Royal Society of Chemistry 2019
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distance between the enzyme's electron transfer center and the
electrode. To improve signal transduction, various functional
nanomaterials®° and redox mediators were incorporated
into the electrode design.** Using these general strategies, Glu
biosensors were utilized to investigate the dynamics of this
messenger in the brain.

41-43

Glutamate in sleep/wake and reward

Electrochemical measurement of Glu could have implications
for diagnosis of sleeping and addictive disorders. Glu biosen-
sors have been used in the mouse prefrontal cortex (PFC) to
investigate Glu's roles in the sleep/wake cycle. For example,
Naylor et al. found that extracellular Glu levels correspond well
to the sleep/wake cycle. Glu levels were higher during the awake
state and lower during the sleep state with transients during
periods of REM sleep.”® Further work found chronically high
levels of extracellular Glu in the same brain region in animal
models with Rett syndrome, which is marked by severe sleep
deprivation-like symptoms.*®

Glu biosensors have also been utilized to investigate reward
circuitry. An initial dose of nicotine induced rapid, transient
Glu release in the ventral tegmental area and the nucleus
accumbens, regions that make up the mesolimbic system,
a neural system highly implicated in reward.*” Cocaine admin-
istration induced similar phasic Glu release in the nucleus
accumbens shell.*® Repeated doses of nicotine increased tonic
Glu that correlated with drug-induced hyperlocomotion.*”
Repeated doses of cocaine had similar effects in the dorsal
striatum® and an interesting biphasic release profile in the
nucleus accumbens shell.** Wassum et al. measured rapid Glu
transients prior to lever pressing in rodent models of reward-
seeking behavior.*** These studies generally implied a role
for Glu in cue-evoked reward behaviors; however, a 2015 study
showed that Glu release from selective activation of glial cells
inhibited reinstatement of cocaine seeking behavior.”* Thus,
Glu's roles in reward seeking are clearly complicated and
warrant more investigations.

Technological advances over the last five years include using
novel materials to enhance sensitivity, stability, response time,
and cost effectiveness of these sensors. There has also been
a push to address the oxygen-sensitivity of glutamate sensors by
replacing glutamate oxidase with other enzymes. Additionally,
it is clear that other analytes and chemicals work in tandem
with Glu. Thus, there is a need for multi-analyte measurements
and integrated devices. We review novel technical advance-
ments below.

Novel technical advancements for glutamate biosensors

Materials. Novel materials have been used in recent years to
enhance the intrinsic properties of Glu biosensors. The first
generation of Glu biosensors utilize molecular oxygen as the
electron acceptor to form H,0,, which is electrochemically
detected. Accurate measurements of Glu in oxygen-poor envi-
ronments, such as hypoxia, thus pose a problem. To tackle this,
researchers turned to cerium oxide, a co-immobilization mate-
rial that can trap and release oxygen from its crystalline

This journal is © The Royal Society of Chemistry 2019
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structure.® Shi et al. developed second generation biosensors
using chitosan as a directional immobilization matrix for both
Glu oxidase and redox mediators.*® These matrices are partic-
ularly useful for small electrode areas that cannot be drop-
coated or screen-printed. The group found that immobiliza-
tion via chitosan provided faster response times than sensors
cross-linked to the electrode via the traditional glutaraldehyde
linker.>*

Weltin et al. used a flexible polyimide-based substrate as the
wafer for sensor design, instead of the more rigid silicon or
ceramic alternatives. The authors pointed out that soft mate-
rials cause less tissue damage and demonstrated the utility of
this sensor by measuring Glu in vivo.* In a follow-up study, the
same group created multiparametric devices via hybrid thin-
film and laminate technology using polyimide substrates.>®
The device included sensors for Glu, lactate, oxygen, and
glucose detection simultaneously.

The polymers used for biosensors are also important. Clay
et al. recently developed a mathematical model for optimizing
conditions of electroenzymatic sensors for optimal Glu detec-
tion. The model accurately predicted the sensitivity for Glu
sensors made by immobilizing Glu oxidase with various poly-
meric films. Simulations demonstrated that a significant
amount (>95%) of H,0, generated in the thick enzyme layers
tend to diffuse back to the sample solution, suggesting that
biosensors made with thinner films (1-3 pm) were optimal. In
fact, the simulations showed that these films would yield
several-fold improvement in both sensitivity and response time.
The model was for a specifically constructed device; however, it
can be used as a blueprint for optimizing other enzyme-based
biosensors.”

Other notable examples of novel materials include hybrid
carbon materials by Sainio et al.,, who demonstrated that elec-
trodes made with tetrahedral amorphous carbon nanofibers
had a larger potential window than conventional electrode
materials and could measure Glu without enzymes.*® Nasr et al.
developed a borosilicate micropipette-based biosensor covered
with self-organized nanostructures, whose large surface area
increased sensitivity for Glu detection in stem cell-derived brain
organoids.*

Enzyme alternatives. Oxygen is an important consideration
in glutamate sensing. First-generation sensors require oxygen to
function while second-generation sensors use artificial redox
mediators, which oxygen competes with. Thus, a limitation of
first-generation glutamate sensors is oxygen deprivation while
a limitation of second-generation sensors is oxygen interference
(reviewed in Jamal et al.*®). One way to overcome these issues is
to replace the glutamate oxidase enzyme in these sensors with
other enzymes. The most common approach has been to
replace glutamate oxidase with glutamate dehydrogenase.®*
Wu et al. recently discovered that ferredoxin-dependent gluta-
mate synthase also has bioelectrocatalyst properties and can be
tuned to either catalyze glutamate synthesis or glutamate
oxidation by careful selection of redox mediators.** This
discovery is notable for a new generation of glutamate biosensor
design because (1) it overcomes the oxygen sensitivity seen in
previous generations and (2) since the redox-active region is

Anal. Methods, 2019, 11, 2738-2755 | 2741
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close to the surface of the enzyme, it provides a method that
allows for direct electron transfer between the enzyme and the
electrode surface.

Multi-modal and integrated glutamate measurements. An
ongoing challenge for electrochemical sensor design is to
measure both electroactive and non-electroactive neurotrans-
mitters with the same device. Moore et al. used a commercially
available Glu biosensor, incorporating ascorbic acid (AA)
oxidase (to inactivate this interfering species) and measured DA
and Glu at constant potential. Although there is less selectivity
when using fixed potential instead of FSCV, the authors argued
that it is a worthy trade-off to be able to detect multiple
neurotransmitters at the same device. The group used this
technique to measure phasic and tonic changes in Glu and DA
during sexual behavior of hamsters.”> In a similar approach,
Massicotte et al. created a novel complementary metal-oxide-
semiconductor amperometric system for multi-electrode
measurements of DA and Glu.*® Like Moore et al., this group
recognized the reduced selectivity with constant potential
detection of DA and proposed the use of adaptable carbon
nanotube-based coatings for reducing interferences. Ferreira
et al. created microbiosensors for ascorbate and Glu, and then
combined the two in an array for simultaneous measurements
invivo.*” Fig. 4 shows the CFM (left) modified with Nafion™ and
single-walled carbon nanotube (with an LOD of 0.7 uM) for
ascorbate sensing and ceramic microelectrode arrays (right) for
Glu sensing. The middle is a micropipette for delivering local
stimulus solution.

Electrophysiology is one of the most commonly used tech-
niques in neuroscience and monitors neuronal activity as

Stimulus micropipette

Ascorbate Glutamate
Nanocomposite Microbiosensor
Sensor\ Array

200 pm

Fig. 4 Schematic representation of array composed by ascorbate
nanocomposite microsensor (left), Glu microbiosensor (right) and the
micropipette (center) for local application of solutions in the extra-
cellular space of the rat hippocampus. Reproduced from Ferreira et al.
with permission.®”
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a function of a DC shift. Wei et al. developed silicon-based
implantable  microelectrode arrays with a  micro-
electromechanical system technology for simultaneous in vivo
Glu and electrophysiological recordings in the striatum of
anesthetized rats.®® In a similar approach, Fan et al. created
a 16-channel silicon-based array based on micro-
electromechanical system technology. Twelve of the 16 elec-
trodes were modified with platinum black, a “spongy” electrode
material with excellent catalytic properties, for electrophysio-
logical recordings of neural firing. The remaining 4 electrodes
were modified with Glu oxidase for Glu measurements in vivo.
This microelectrode array was implanted into the cortex and
hippocampus of mice and Glu concentrations were found to be
higher in the hippocampus despite slower firing rates of
neurons.®

Acetylcholine (ACh)

Structure 2. ACh Molecule

Introduction

ACh binds to two main classes of receptors: nicotinic and
muscarinic. Ionotropic nicotinic receptors are present in rela-
tively low abundance in the brain, with the majority of cholin-
ergic receptors being metabotropic muscarinic receptors.”
Furthermore, ACh is unique among neurotransmitters because
the ACh's signal is terminated exclusively through extracellular
degradation of the molecule via acetylcholinesterase in the
synapse that rapidly breaks down this molecule into choline
and acetate. Choline is then taken up by the presynaptic cell.
Because ACh is not electroactive within the potential window of
most biocompatible materials, efforts to measure the molecule
have mostly focused on the exploitation of ACh metabolism.
Electrochemical enzyme-based sensors for ACh have been
developed using either choline oxidase or a combination of
acetylcholinesterase and choline oxidase. Enzymes are immo-
bilized on the electrode surface via different approaches and the
catalytically generated H,O, is detected amperometrically.”

Duel-enzyme biosensors measured the sum of choline and
ACh signals via choline oxidase and acetylcholinesterase
enzymes.” To refine this approach, self-referencing sensors,
with separate sites for ACh/choline and choline detection,
allowed interfering signals to be subtracted out and indepen-
dently quantify choline and ACh signals in vivo.”*™*

In terms of unraveling ACh's role in the brain using
biosensors, Parikh et al. were the first to use a simpler single
sensor approach of measuring choline in awake, behaving

This journal is © The Royal Society of Chemistry 2019
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animals. The electrode was modified with choline oxidase,
assuming choline is a direct index of ACh.” The keynote studies
from this group laid the foundation for investigating ACh's
roles in attention and memory, the most recent of the findings
of which are reviewed below.

Acetylcholine’s role in attention and memory

ACh measurements with electrochemical devices may prove crit-
ical in diagnosis of attention and memory disorders, including
neurodegenerative diseases such Alzheimer's disease. ACh
biosensors have time resolution on the order of seconds or sub-
seconds and have been able to capture transient changes in ACh
concentration.”’”® For example, cholinergic transients associated
with attentional performance in cue detection behavioral tasks
were measured in the PFC of rodents.” In this experiment,
animals responded to a visual light cue by pressing an assigned
lever for a food reward. The evidence presented in the paper
suggested that choline plays a role in switching from monitoring
a response to acting upon it.”” In a follow up study, optogenetic
stimulation of cholinergic transients increased the probability of
correctly acting upon a response.’”® The same group used
combined approaches (choline measurements, electrophysiology
and pharmacology) to show that cholinergic transients were
concomitant with increased neuronal synchronicity across several
neuronal firing frequency bands and the emergence of theta-
gamma coupling (a neurophysiologic process underlying working
memory).”” Thus the group revealed the important role that ACh
may play in linking attention to memory.” Synchronized release
of ACh has also been observed across brain regions; Teles-Grilo
Ruivo et al. used a dual-enzyme biosensor to measure coordi-
nated ACh release in the PFC and hippocampus of freely moving
mice performing a working memory task.*

While there have been exciting advancements in the detec-
tion of choline and ACh, there are existing difficulties in in vivo
measurements. Technological advances in the last five years
attempted to address some of these, including probe size,
stability, temporal resolution, and toxicity. These are addressed
in the following section. Some of the papers described are
designed for environmental studies but the technical innova-
tions, we believe, can be applied to future in vivo sensor design.

Frontiers in acetylcholine biosensing

Acetylcholine measurements on a nano level. A novel
nanopipette-based electrode addressed size limitations associ-
ated with ACh measurements.** Photograph and scanning
electron micrograph of this small probe can be seen in Fig. 5A
and B, respectively. This electrode utilized assisted ion transfer
at nanopipettes combined with cyclic voltammetry (Fig. 5C) and
amperometry. The probe was filled with an organic solvent and
implanted into an aqueous environment, which is immiscible
with the fill solution in the probe. The pipette supported the
interface between two immiscible electrolyte solutions (ITIES)
and measured ion transfer across a liquid-liquid interface
rather than a redox process, allowing for traditionally non-
electroactive molecules to be quantitatively measured. The
electrodes ranged in size from ~14 to 70 nm in diameter,

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (A) Photograph and (B) scanning electron micrograph of
a nanopipette prepared by a laser-pulled capillary. (C) Cyclic voltam-
mogram of 2 mM acetylcholine (ACh), tetraethylammonium (TEA), and
artificial seawater (ASW). TEA was used as an internal standard and ASW
was the solvent (background signal). Adapted with permission from
Colombo et al.®*

significantly smaller than the traditional microelectrode. These
nanolITIES electrodes were used to measure ACh release from
both the soma and a single synapse of Aplysia californica
cells.?® A concentration of 2.7 + 1.0 uM released ACh was
measured from a single soma, with a releasable vesicle density
of 25 & 2 vesicles per um>.

Stability. An ongoing issue with ACh biosensors is poor
stability and longevity due to loss of enzyme activity. Baker et al.
utilized stabilizing agents, including methyl methacrylate,
cellulose acetate, bovine serum albumin, glutaraldehyde, and
polyethyleneimine that permitted stable, chronic in vivo
implantation of choline sensors up to 14 days.** Kanik et al.
used the conjugated polymer poly(4-(2,5-di(thiophen-2-yl-)-1H-
pyrrol-1-yl)benzamine) to create both mechanically and chem-
ically stable biosensors without the need for redox mediators.*
Utilizing carbon nanospheres that create unique 3D structures
for high enzyme entrapment, Cai et al. created an ACh sensor
that maintained 80% of its response after 20 days.*® A different
approach was to entrap acetylcholinesterase within a hybrid
silica mesoporous membrane, which, due to its large inter-
connected pores, enabled high enzyme loading and minimized
denaturing.*” This sensor maintained 90% of its response after
60 days of storage. Even longer sensor lifetimes, up to 4 months,
have been reported.®®

Temporal resolution. Santos et al. created a choline biosensor
with a temporal resolution of 1.4 s.** This sensor was composed of
two 50 pm diameter Pt/Ir disks constructed side-by-side with
choline oxidase immobilized onto the electrode surfaces with
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chitosan as the matrix and p-benzoquinone as the linker. This
sensor provided high spatiotemporal resolution for spontaneous
choline measurements in sub-regions of the hippocampus.®
Mousavi et al. created a potentiometric ionophore-doped ion-
selective electrode which did not require enzyme modification.®®
The potentiometric method measured the partition of the cationic
5-HT molecule between the sample and a hydrophobic ion-
selective membrane doped with calixarene, a hydrophobic mole-
cule whose binding cavity mimics that of acetylcholinesterase.
This sensor had a response time of <1 second and was used
successfully in rat brain homogenates. Keighron et al. modified
carbon fiber microdisk electrodes with spatially discrete nano-
particles, onto which acetylcholinesterase and choline oxidase
were deposited.” The enzyme layer was near monolayer thickness,
allowing for rapid (millisecond) response time, the fastest re-
ported for biosensing tools. This technique was used to measure
exocytotic ACh release from artificial secretory cells.

Green acetylcholine detection. A fast-growing interest for
sensor design is sustainability. For biosensors this means
renewable enzyme interfaces for reusable sensors. Zhang et al.
used the layer-by-layer self-assembly technique to create
a renewable ACh biosensor.”” The enzyme interfaces were
renewed by treatment with NaOH and fresh layers of multi-
walled carbon nanotubes with polyethylenediamine and
acetylcholinesterase. Researchers are also increasingly inter-
ested in the use of safe materials. The immobilization and
interference rejection polymer poly-phenylenediamine has been
suggested to be carcinogenic.”® Phenol-derived films® as well as
nanocomposites, made of gold-coated iron oxide nanoparticles
with chitosan,” show promise for safe materials. Using these
materials, Chauhan et al. created an iron oxide nanoparticle
poly(3,4-ethylenedioxythiophene)-reduced = graphene oxide
nanocomposite modified fluorine doped tin oxide biosensor for
rapid (4 s), sensitive (4 nM) ACh detection in serum.*

Dopamine (DA)

Structure 3. DA Molecule

Introduction

DA is a neuromodulator and is released, by the fusion of pre-
synaptic vesicles to the cell membrane, in the extracellular
space. DA exerts its effects, via volume transmission, to modu-
late the function of other neurotransmitters. DA has five major

2744 | Anal Methods, 2019, 11, 2738-2755
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receptor subtypes (D;-Ds) and is regulated via autoreceptors,
heteroreceptors and transporters.*®

CFMs were discovered to be useful sensors for in vivo DA
measurements due to their biological compatibility®”*® and
renewable surfaces.”>'® Early days of DA measurements were
plagued by interferences, particularly significant contribution
from AA, which is present in much higher quantities in the
brain than DA.'* However, it was demonstrated that holding
the potential at —0.4 V preconcentrates the positively charged
DA ion,' and increasing scan rate allows DA oxidation (whose
electron transfer kinetics are faster than that of AA) to over-
shadow AA oxidation.'® New instrumentation was created to
simplify measurements and data analysis."® Dopamine was
measured with FSCV as evoked with electrical stimulation,**
and Rebec et al. were the first to observe DA transients during
behavior.'*® We know precipitously more about the functions of
DA in the brain than other transmitters because of this break-
through technique, typified by the work of Mark Wightman over
the last four decades. These works have enabled routine study
of DA by many members of the community.

Dopamine in cognition and reward

Electrochemical devices that measure DA have wide reaching
diagnostic potential, for example in addictive and cognitive
disorders and neurodegenerative diseases such Parkinson's
disease (characterized by loss of DA neurons). DA FSCV tech-
nology described above culminated, among other seminal
findings, in establishing DA's major roles in reward and
cognition.'””"** These findings spearheaded an explosion of
studies to understand these behaviors in the context of the
dopaminergic system. In particular, it was found that the
reward-related behaviors described above are controlled by the
mesolimbic DA circuits, which are in turn modulated by
endogenous factors such as hormones. Naef et al. showed that
insulin administration reduced DA release in the nucleus
accumbens as well as attenuated cocaine-induced DA spikes
and locomotor hyperactivity.''® The hormone estradiol was
found to increase the DA mediated potency of cocaine,'*”
a finding that could explain the sexual dimorphism in addiction
vulnerability. Another interesting finding has been that the
stress hormone corticosterone potentiates DA signaling via
inhibition of the organic cation transporter (OCT) 3, which may
explain stress-induced drug relapse behavior.*®

Other notable investigations involving DA FSCV include
measuring this modulator in humans playing a reward based
investment game during surgery for deep brain stimulation for
Parkinson's disease’® and after administration of chemo-
therapy drugs in a zebra fish model of chemo brain.****** An
additional recent direction is deciphering DA/5-HT modulation
in the context of alcohol consumption and response to
neutral stimuli in animal models."*

Recent technical advances in the last five years, including
improvement of calibration, measurement of ambient DA
levels, monitoring multiple analytes simultaneously, chronic
measurements, and integrating in vivo voltammetry with other
platforms are highlighted below.

This journal is © The Royal Society of Chemistry 2019
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Technical advancements

Calibration. Calibration is an ongoing issue for FSCV. CFMs
are typically fabricated in-house; thus calibration of each elec-
trode is necessary to ensure quality. There is ongoing discussion
in the field as to whether to employ pre- or post-experiment
calibrations. In either case, in vitro calibrations do not reflect
the in vivo performance of the electrode. This is because cali-
brations are performed in buffer solutions that cannot replicate
the in vivo environment. Additionally, in vivo proteins adsorb to
and foul electrodes, resulting in loss of sensitivity. Furthermore,
in most experiments, the tip of the electrode must be exposed to
a high enough potential to lesion the surrounding tissue for
location determination, a process that renders post-calibrations
impossible."”'*® To overcome these issues, various mathemat-
ical tactics have been employed.

Via a total-background-current strategy, Roberts et al.
created a quadratic model relating sensitivity to background
current and switching potential.**® The group showed that the
model was a good predictor of in vivo sensitivity. An alternative
approach is to use principal component regression, which
captured information from the shape of the background current
to better provide estimates of sensitivity."** Meunier et al. built
upon this principal component regression strategy by modeling
impedance changes due to electrode fouling with simple
circuits, thereby improving the accuracy of predicted back-
ground current.'”

Chronic dopamine measurements. The majority of in vivo
FSCV studies span 4-8 h. There is great interest to make
measurements at a CFM in the same position over an extended
period of time to understand neurochemical changes during
behavior and/or chronic pharmacological manipulations.
Chronic measurements have been a topic of interest for some
time, for a discussion of chronic FSCV methods before 2013, we
refer the reader to a review by Wightman and colleagues.**®

One of the chief issues with chronic measurements is the
loss of electrode material over time.'*® Nimbalkar et al. designed
and fabricated a new class of homogeneous glassy carbon
neural probes with no adhesion or conducting metal layers,
thereby enhancing the lifetime of the probe for long periods of
electrical stimulation (for deep brain stimulation, for
example).”” Interestingly, the same probe materials were
capable of stimulating in addition to performing neurochem-
ical measurements.*®

Another hindrance to using traditional FSCV carbon fiber
probes for chronic measurements is the size of the probe shaft,
which induced inflammatory responses. While the probe tip
was on the order of 5-7 um, the probe shaft can be as large as
100 pm. Inflammatory responses can foul the electrode surface,
reducing the lifetime of the electrode. Schwerdt et al. recently
replaced the glass shaft of the conventional CFMs with par-
ylene, which provides robustness in a thinly deposited layer
surrounding the carbon fiber, resulting in <10 um size probe
shafts. These probes were fabricated into arrays and implanted
in rodent,” and non-human primate'** brains for successful
multi-channel simultaneous DA measurements for over 100
days in vivo.

This journal is © The Royal Society of Chemistry 2019
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Ambient dopamine levels. FSCV is background-subtracted
because of a large double layer charging current that results
from application of fast scan rates. Because of this, a change
must be evoked in the system, usually via electrical stimulation.
Background subtraction has thus prevented measurement of
tonic or ambient, steady state levels of neurotransmitters in
vivo. In 2012, the Wightman group utilized pharmacology to
report tonic DA levels at around 20 nM.**> The following text
highlights recent approaches to measuring ambient DA levels.

Atcherley et al. modified FSCV and coined a novel method,
fast-scan controlled-adsorption voltammetry (FSCAV)."** Fig. 6
shows that DA FSCAV takes place over three distinct steps: (1)
the triangle waveform (—0.4 to 1.3 V, scan rate = 1200 Vs~ ') was
applied at a high frequency of 100 Hz to minimize adsorption of
DA to the electrode surface (A, purple region); (2) a fixed
potential (—0.4 V) was applied to the electrode system, allowing
for DA to adsorb to the electrode surface for a controlled
amount of time (A, blue region); and (3) the waveform was then
reapplied at the same frequency to measure the adsorbed DA (A,
green region). Fig. 6B shows a representative color plot, from
which the first current vs. time curve with the representative DA
peak (Fig. 6C) is used to quantify the total charge underneath
the peak. Total charge was then plotted against concentration
(Fig. 6D) to generate a calibration curve.

Atcherley et al. reported a tonic concentration of 90 + 9 nM
of DA in the nucleus accumbens core of an anesthetized mouse
with a limit of detection of 3.4 £ 0.8 nM and a temporal reso-
lution of 30 s."**'** FSCAV was recently coupled to FSCV to
concurrently measure both stimulated release and tonic DA in
brain slices.”® In an alternate strategy, Oh et al. changed the
waveform for FSCV into a “Mexican hat” waveform and intro-
duced a dual-background subtraction protocol to measure tonic
DA."** They termed this new method charge balancing multiple
waveform FSCV. In a follow up study, the group utilized
multiple cyclic square wave voltammetry for measuring tonic
DA, which, like FSCAYV, also utilized a holding potential period
to control DA adsorption onto the carbon fiber. In this method,
they modeled the fast capacitive current decays using a simple
exponential decay equation and subtracted it out from the raw
signal.*”

Other approaches used mathematics to address the issue of
the large background current. Johnson and Wightman opti-
mized an experimental protocol in order to simplify back-
ground current to those that can be mathematically explained
and then used a convolution-based method to predict and
remove the resistive-capacitive component of the CFM back-
ground current.*

Simultaneous measures of other analytes with dopamine.
Waveform and enzyme modifications have enabled simulta-
neous detection of DA with other analytes. The typical DA FSCV
waveform has a positive potential limit of +1.3 V."** By scanning
more positive than this (+1.4 V) Spanos et al. were able to
capture an oxidation peak for H,0O, in addition to DA.*** The
group found that H,O, levels attenuated both phasic and tonic
levels of DA in vivo in the rat dorsal striatum. The same group
reported that holding the potential of the traditional DA at

Anal. Methods, 2019, 11, 2738-2755 | 2745
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Fig.6 FSCAV was carried out in 3 steps (A): (1) the waveform was applied every 10 milliseconds which minimizes DA adsorption to the electrode.
(2) The potential was held at —0.4 V for 10 seconds to allow DA to adsorb to the electrode and reach equilibrium. (3) The waveform was reapplied,
and the adsorbed DA was measured. Surface-accumulated DA (I'DA) is proportional to the tonic concentration [DA] by the strength of
adsorption. (B) Resultant color plot from step 3, with voltage on the ordinate, time on the abscissa, and current displayed using false colors. (C)
Representative current trace (red) taken 10 milliseconds after the beginning of step 3. The vertical dashed lines show the bounds for integration to
quantify adsorbed DA. The grey-dashed triangles illustrate the voltage waveform applied. (D) A calibration plot obtained by FSCAV post
implantation (R? = 0.996, slope = 0.0078 + 0.0002 pC nM~! (n = 7 electrodes)), which when accounting for electrode area and equivalents
transferred, corresponds to b = 0.0037 4+ 0.0002 cm. Reproduced with permission from Atcherley et al.*3*

—0.2 V (instead of —0.4 V), allowed for simultaneous detection
of glucose (via H,O, generated from a layer of glucose oxidase
on the CFM) and DA."' They found that stimulated release of
DA in vivo was followed by an increase in glucose to meet the
increased energy demanded by the stimulation. The Cans group
constructed an amperometric biosensor by immobilizing an
ultra-thin layer of glucose oxidase onto a Au-nanoparticle-
covered CFM that permitted the simultaneous monitoring of
glucose and DA with millisecond temporal resolution for both
analytes."*

Other surface modifications have enabled detection of other
analytes with DA. Cincotto et al. modified glassy carbon elec-
trodes with a hybrid material consisting of mesoporous silica
nanoparticles, graphene, and silver nanoparticles for simulta-
neous electrocatalytic reduction measurements of DA and
epinephrine.**® Stephen and colleagues modified glassy carbon
electrodes with a poly(o-methoxyaniline)-gold nanocomposite,
which reduced overpotentials and separated overlapping peaks
for simultaneous folic acid and DA detection.'** Si et al. used
pyrrole and o-phenylenediamine monomers to form molecu-
larly imprinted polymers for simultaneous detection of DA,
norepinephrine, and epinephrine using differential pulse
voltammetry.'*

2746 | Anal Methods, 2019, 11, 2738-2755

Other notable multimodal technology include work done by
Lee et al., who improved upon a previous generation of their
multi-modal device, called WINCS (wireless instantaneous
neurotransmitter concentration sensing), by making a multi-
channel version called WINCS Harmoni.'*® Fig. 7 shows (A)
a photograph of the WINCS Harmoni device, (B) schematic of
the functional components, (C) the analog-to-digital converter,
and (D) typical calibration curves from each of the four
recording channels. The beauty of this device lies in four
primary aspects: (1) the wireless component reduces instru-
mentation clutter, (2) the multi-channel allows for simulta-
neous FSCV DA recordings in up to four channels, (3) the design
allows for concurrent recordings of both striatal DA and 5-HT in
the substantia nigra (SNr), and (4) a closed loop paradigm that
gives the user the ability to adjust deep brain stimulation
parameters based on real-time monitoring of neurotransmitter
release in vivo. The authors successfully demonstrated the
versatility of this device in swine, rodent, and non-human
primate models."*”

Dopamine measurements integrated with electrophysiology.
An integrated measurement platform known as DANA (DA and
Neural Activity) was developed by Parent et al. to obtain near
simultaneous electrophysiological and DA FSCV measurements."*

This journal is © The Royal Society of Chemistry 2019
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Fig. 7

(A) Photograph of the WINCS Harmoni device; (B) schematic diagram showing the functional components in WINCS Harmoni, including

the neurochemical sensing and stimulation boards, charging components, bluetooth transceiver, primary microcontroller, and control software
in the base station; (C) image and dimensions of the WINCS Harmoni delta sigma (AX) analog-to-digital converter (ADC) that enables four
channels of simultaneous neurochemical recordings; (D) typical calibration curves for each of the four neurochemical recording channels in
WINCS Harmoni showing a linear relationship between DA oxidation current and DA concentration. Reproduced with permission from Lee

et al.**®

Single-unit and DA measurements were collected in awake and
freely moving rats to demonstrate the potential of DANA to
connect behavior to physiology and neurochemistry.**® Work from
the Kassegne group created a DA and neural activity platform
using four-channel glassy carbon flexible electrode array in four
distinct brain regions."

Spreading depolarization (SD) is a pathological process
characterized by propagating waves of cell firing. SD waves
can be diagnostic events for cell death in penumbral tissues
but because of the non-specific firing associated with SD
waves, multi-modal analyses are necessary for investigation
of the phenomenon. Hobbs et al. created an integrated
multimodal device that monitors oxygen levels (an
indicator of cerebral blood flow and energy consumption)
concurrently with DA and single unit recordings.® The
benefit of this microdevice is that it eliminated the need for
multiple sensors, which are cumbersome but also cause
significantly tissue damage. The group observed significant
oxygen and DA fluctuations during spreading depolarization
events.

Other notable publications include a multi-functional
microelectrode array that contained nearly 60 000 electrodes
and over 2000 electrophysiology channels for stimulation,
FSCV, and impedance measurements in rat cortical neurons
and cerebellar slices.'*

This journal is © The Royal Society of Chemistry 2019

Serotonin (5-HT)

Structure 4. 5-HT Molecule

Introduction

5-HT is a neuromodulator with a complex receptor profile. On
the postsynaptic cell, 5-HT receptors include 2 inhibitory and 11
excitatory G protein-coupled receptors (GCPRs), and a ligand-
gated ion channel (5-HTj). 5-HT signals are terminated via
multiple mechanisms:

(a) Reuptake into presynaptic neuron and glia by 5-HT
transporters (SERTs), known as Uptake 1.

Anal. Methods, 2019, 11, 2738-2755 | 2747
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(b) Reuptake into other neuron types by monoamine trans-
porters (DATSs, norepinephrine transporters (NETS) or organic
cation transporters (OCTs)), known as Uptake 2.

(c) Presynaptic autoreceptor binding.

(d) Intracellular metabolism by monoamine oxidases.'*****

5-HT is electroactive like DA, however, it has been greatly
challenging to apply the tools successful for DA analysis to 5-HT
measurements. For many decades, electrochemical 5-HT
measurements were limited to ex vivo preparations such as
cerebral spinal fluid*® or tissue slice preparations.'*® Direct 5-HT
detection in vivo was not achieved as early as DA detection
because 5-HT oxidation products rapidly polymerize and foul the
electrode surface. In 1995, Jackson et al. set the groundwork for
detecting exogenous 5-HT in vivo using FSCV with a novel wave-
form (+0.2 to +1.0 to —0.1 to +0.2 V, 1000 V s~ %), that dramatically
decreased electrode fouling.”” They utilized this waveform in
a ‘mock’ in vivo experiment, modeled after an experiment per-
formed by Stamford et al., where dopaminergic neurons were
induced to release 5-HT via inhibition of DA synthesis and pre-
loading with 5-hydroxytryptophan (5-HTP), the 5-HT precursor.**®
In 2009, Hashemi et al. were the first to describe endogenous 5-
HT measurements in mammalian models.** They described the
primary difficulty of in vivo measurements as 5-HT's highly
concentrated, electroactive metabolite, 5-hydroxyindoleacetic
acid (5-HIAA) (not present in tissue slice preparations). Using
a combination of the Jackson waveform and electrodeposition of
Nafion™, they were able to measure 5-HT in vivo in the rat SNr."**
The following section details recent keynote studies utilizing 5-
HT FSCV in physiological investigations.

Serotonin's role in affective disorders

Diagnosis of affective (mood) disorders would greatly benefit
from electrochemical 5-HT detection. 5-HT is thought to
modulate mood; it has long been postulated that 5-HT defi-
ciency underlies the behavioral phenotypes of affective disor-
ders such as depression.”™ However, this hypothesis (the
monoamine theory of depression) has been difficult to verify
because of the challenge of measuring 5-HT in vivo on neuro-
transmission timescales. Using FSCV it is now possible to
measure 5-HT with high temporal and spatial resolution in vivo.
This has strengthened our knowledge of 5-HT physiology and
pharmacology, as reviewed below, and will ultimately enable
characterization of 5-HT in affective disease models.

In 2014, Wood et al. found that 5-HT in the mouse SNr had
three uptake profiles: slow (>20 seconds), fast (<10 seconds),
and hybrid (a combination of the slow and fast), with the hybrid
mechanism being the most common of the uptake profile
encountered in vivo.'* The ‘fast’ and ‘slow’ responses were
identified as two distinct clearance mechanisms: Uptake 1
(slow), mediated by the SERTS, and Uptake 2 (fast), mediated by
other monoamine transporters (DATs, NETs, and OCTSs). This
study also found that the electrical stimulation created autor-
eceptor inhibition of 5-HT that lasted tens of seconds.'®® West
et al. observed a “double peak” phenomenon in the mouse
medial prefrontal cortex (mPFC) (Fig. 8),'** in which two 5-HT
events were released upon electrical stimulation of the medial
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Serotonin

Fig. 8 Schematic showing how each peak in the current vs. time trace
corresponds to different uptake mechanisms. Reproduced with
permission from West, A., et al.***

forebrain bundle (MFB). This is in contrast to the one evoked
peak typically seen in other brain regions.'**'®* Consistently,
layers 1-3 of the mPFC produced a single evoked peak, whereas
layers 5 and 6 produced a double peak.'** The authors hypoth-
esized two types of 5-HT input to the terminal, linked to discrete
reuptake domains. An example of the double peak and the
discrete reuptake domains are shown in Fig. 8.

Extracellular 5-HT is thought to be lower during depres-
sion,'*® therefore selective 5-HT reuptake inhibitors (SSRIs),
which inhibit the SERTs (presumably increasing extracellular 5-
HT levels) are a common treatment. Wood and Hashemi
administered acute doses of a common SSRI, escitalopram, to
mice. The group found that the effects of this drug on 5-HT were
dynamic, not reaching a steady state before drug metabolism.***
This study suggested that dose-response curves should be
redesigned. The Wightman group investigated the effects of
SSRIs on autoreceptor-mediated inhibitory feedback and
showed involvement of multiple modulatory mechanisms in
response to the SSRI.' These studies clearly show that SSRI
effects on the 5-HT system are complex and in need of further
study.

While in vivo 5-HT FSCV studies are ongoing recent technical
advancements including spatial improvements, simultaneous
detection of analytes and ambient 5-HT measurements are
enriching the chemical toolbox with which 5-HT can be studied.

Novel technical advancements for serotonin measurements

Serotonin measurements on a nano level. In vivo, CFMs are
thought to measure from hundreds of synapses.'*® CFMs are too
large to probe events ex vivo from single synapses. As discussed
above for ACh, the Shen lab’s nanopipette-based liquid-liquid
interface probes are 7-35 nm in radius and can thus probe single
synapses.®! For 5-HT detection, the nanopipettes were filled with
an organic phase, 1,2-dichloroethane.®* Upon the application of
a potential, 5-HT was transferred across the ITIES tip into the
organic phase. The authors observed that a higher overpotential

This journal is © The Royal Society of Chemistry 2019
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was required for transferring 5-HT across the interface compared
to tryptamine so the detection of lower concentrations of 5-HT
proved to be more difficult. Nonetheless, the authors achieved
a limit of detection of 77 uM with a 21 nm pipette, which is likely
sufficient for synaptic measurements.

Simultaneously measuring serotonin with other analytes. An
important recent finding is 5-HT's co-modulatory relationship
with HA. The axons of these two modulatory systems are highly
colocalized,'*”**® and prior ex vivo chemical measurements
implied co-modulation.'*'"* HA measurements are challenging,
since HA electrooxidation is not straightforward and likely
involves charge transfer.””> Samaranayake et al optimized
a waveform that enabled a robust, faradaic oxidation peak in
response to HA with an LOD of 1 uM and linear dynamic range
spanned up to 20 uM. This was sufficient for measuring HA in
vivo."”* Further experiments used this waveform to understand
the modulation of 5-HT and HA in vivo. The group showed that 5-
HT was inhibited by H; heteroreceptors on post synaptic
neurons.'”” Fig. 9 shows that 5-HT release is inhibited by HA
even under varying factors including the stimulation frequency
(Fig. 9C), the stimulation pulse width (Fig. 9D) and the stimu-
lation amplitude (Fig. 9E).

Other notable studies include the WINCS Harmoni wireless
device created by Lee et al.**® that simultaneously detects 5-HT
in the SNr and DA in the striatum. More details on WINCS
Harmoni can be found in the DA section of this review (vide
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supra). The Dayan lab created a mathematical algorithm
capable of separating DA and 5-HT signals in humans.'”?
Finally, the Cai and Liu labs are working on electrochemical
arrays with the capability of measuring 5-HT with other analyte
and the potential for future in vivo analysis.””**”*

Ambient, steady-state serotonin measurements. As
described above, FSCV is background subtracted, thus basal or
ambient, steady state 5-HT values cannot be garnered with this
method. Abdalla et al. optimized FSCAV for 5-HT measurements
and reported basal levels of 5-HT in the CA2 region of the
hippocampus as 64.9 + 2.3 nM in vivo.'** The technique shows
linearity up to 600 nM with an LOD of 1.5 nM. Instrumentation
for FSCAV has recently been simplified such that it can be con-

structed by non-experts with simple electrical components.'”®

Other neurochemicals

As the community develops better tools for defining the roles of
neurotransmitters in disease, we can better focus diagnostic
tests on neurotransmitters specific to distinct disorders. GABA
is the most abundant inhibitory neurotransmitter.”” Because
GABA is not easily redox active, electrochemical analysis of this
neurotransmitter is challenging.'”® The Shen lab applied their
nanopipette approach to GABA."” Unlike the analytes reviewed
here, GABA is a zwitterion at neutral pH; this phenomenon
makes it very difficult to partition GABA between phases. To
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Fig. 9

(A) Representative color plot of the stimulated release of HA and 5-HT inhibition in the premammillary nucleus. (B) Correlation plot

between [HA] and [5-HT] for all stimulation parameters. (C) Averaged current versus time traces along the two horizontal dashed lines of HA and
5-HT with respect to different stimulation frequencies (n = 5). (D) Averaged current responses to various stimulation pulse widths of HA and 5-HT
(n = 5). (E) Averaged current responses to various stimulation amplitudes of HA and 5-HT (n = 5). HA, HA; 5-HT, 5-HT. Reproduced from

Samaranayake et al. with permission.*”?

This journal is © The Royal Society of Chemistry 2019
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facilitate partitioning between phases, octanoic acid was added
to lower the pH along with dibenzo-18-crown-6, thus detection
of protonated GABA."”® The Arumugam lab took an interesting
electrochemical approach to detecting GABA simultaneously
with Glu using a microarray with GABA and Glu biosensors. On
site 1 of the array is a Glu biosensor and on site 2 is a GABA
biosensor side-by-side with a second Glu biosensor. The group
measured the current generated from H,O, oxidation at both
electrodes. The current at site 1 was due to Glu only. The current
at site 2 was due to Glu and GABA, therefore subtraction of site 1
current from site 2 allowed GABA quantification.'®

Peptides are strings of amino acids that act as signaling
molecules in the brain. The Sombers lab created a sawhorse
FSCV waveform to detect Met-enkephalins. The detection scheme
is shown in Fig. 10. The sawhorse FSCV waveform (Fig. 10B) is
modified from the conventional one used for DA detection
(Fig. 10A). Using the conventional waveform produced significant
electrode fouling (Fig. 10C, asterisk), which was not observed in
the color plot for modified sawhorse waveform. Their method
has high selectivity, being able to distinguish Leu- and Met-
enkephalin, which differ by a single amino acid."* The group
successfully measured norepinephrine and Met-enkephalin
release after mild electrical stimulation in adrenal tissue slice.

The Venton group has been successful at measuring a variety
of neurotransmitters including octopamine and adenosine.®**#*
Octopamine is a biogenic amine in invertebrates that regulates
intracellular cyclic AMP (adenosine monophosphate) and
Ca”".'ss pyakurel et al. first measured octopamine using FSCV in

A Conventional Waveform

1.4 V-
QY 2
O OL
0.6 V- VQ >
0.4 V-
9.0 msec

Fig. 10

0.2 V-
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the ventral nerve cord of Drosophilia melanogaster larvae.'®
Octopamine was released via optogenetic red light-stimulated
release with a total simulation time of 1 s or less.'®** Adenosine
is a nucleoside produced from the breakdown of ATP. In the
central nervous system, this molecule plays an important role in
many biological processes, such as regulating neurotransmis-
sion and reducing excitotoxicity."®® Nguyen and Venton devel-
oped a method for direct adenosine detection using FSCV.'*
Spontaneous adenosine transients were observed in addition to
electrically and mechanically stimulated release.® In vivo
clearance of spontaneous adenosine was shown to occur
through multiple mechanisms in the rat caudate putamen.'®**
These mechanisms include reuptake through the equilibrative
nucleoside transport 1, as well as metabolism of adenosine by
adenosine deaminase and adenosine kinase.'® Ganesana et al.
examined spontaneous adenosine transients during cerebral
ischemia.”® They found a 52% increase in the number of
adenosine transients and a 53% increase in cumulative adeno-
sine concentration during the early stages of cerebral ischemia
as compared to normoxia control rats.'® Another group that
studied adenosine developed synthetic boron-doped diamond-
based electrodes for chronic in vivo measurements of adeno-
sine in humans undergoing deep brain stimulation” surgeries
for tremor treatment. These diamond-based electrodes, showing
little to no degradation even after 5.2 million cycles of FSCV
experiments (144 h at 10 Hz), are two-orders of magnitude more
robust than carbon fiber-based electrodes.'®”

B  Modified Sawhorse Waveform (MSW)
3 msec

1.2 V5

26.5 msec

20s

[sna ¥ /f P

-0.2v  Potential (V) 1.2V

(A) Triangular waveform. (B) Modified sawhorse waveform (MSW). (C and D) Representative in vitro voltammetric data collected using the

waveforms depicted in parts A and B, respectively, where the ordinate is the potential applied to the carbon-fiber electrode, the abscissa is time in
seconds, and the current (nA) is depicted in false color.®® 2 uM M-ENK was introduced to the microelectrode at the time indicated by the red bar.
Displayed voltammograms were extracted at the time indicated by the dashed line. Asterisks indicate electrode fouling. Reproduced with

permission from Schmidt et al.*#*
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Melatonin is a hormone produced by the pineal gland and
lymph nodes'® and is thought to play a role in regulating
circadian rhythm." The Ross lab developed a new waveform to
selectively detect melatonin and to reduce fouling otherwise
observed with conventional waveforms.”® The authors
successfully used this new waveform for melatonin detection in
lymph node tissue slice preparations.*® In a similar approach,
the same group developed a novel waveform for detection of the
neuromodulator guanosine.** Their optimized approach was
selective for guanosine over adenosine because two oxidation
events were observed for guanosine at +0.8 V and +1.3 V. This
method was successfully applied to measuring exogenously
applied guanosine in tissue slice preparations.**

Conclusion and future direction

Neurochemical diagnosis for brain disorders is not available due
to a lack of in vivo sensors capable of monitoring neurotrans-
mitters and neuromodulators. This review highlighted advance-
ments made in the field of electrochemical microdevices over the
past five years for detection and quantification of neurochemical
biomarkers of brain disorders. The potential for these analytes to
act as biomarkers was discussed and novel measurement
methods were highlighted. Specifically, we began each neuro-
transmitter section with a discussion of what we have learned
thus far about the role of each of them in various applicable brain
physiology using existing and emerging electrochemical tech-
niques. We then focused on emerging biosensor technology for
Glu and 5-HT detection and voltammetric methods for DA and 5-
HT measurements. We ended the review with discussion about
other neuromodulators of interest, e.g. peptides, adenosine, ec.,
and what tools were designed to measure them.

Via this review we highlighted the considerable progress
made thus far in the field of electrochemical sensing for in vivo
neurotransmitters. However, there are still challenges that need
to be addressed when moving towards diagnostic devices. First,
probe size remains problematic. Implantation is a physical
perturbation to brain tissue. Ongoing efforts to make probe
sizes comparable to interneuron distances will minimize
damage and reduce inflammation. Furthermore, ongoing
miniaturization to nanometer scales will allow synaptic
measurements. Second, electrochemical sensing is limited to
a few electroactive species. Peptides and proteins still evade
detection via electrochemical sensors and thus cannot be
measured with the same spatiotemporal resolution as smaller,
more classical neuromodulators. Future horizons for this type
of work may include aptamer modifications to electrodes.
Lastly, and perhaps the most significant, there exist no clinical
measurements in humans but we are confident, due to the
rapid progress in the field reviewed here, that such measure-
ments will be facilitated in the near future.
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Ach Acetylcholine

5-HT  Serotonin

HA Histamine

GABA Gamma-aminobutyric acid

DNA  Deoxyribonucleic acid

NDMA N-Methyl-p-aspartate

AMPA  o-Amino-3-hydroxy-5-methyl-4-isoxazole-propionic
acid

PFC Prefrontal cortex

mPFC Medial prefrontal cortex

AA Ascorbic acid

ITIES Interface between two immiscible electrolyte solutions

CFMs Carbon fiber microelectrodes

FSCV  Fast scan cyclic voltammetry

FSCAV Fast scan controlled adsorption voltammetry

WINCS Wireless instantaneous neurotransmitter
concentration sensing

SNr Substantia nigra pars reticulata

DANA Dopamine and neural activity

SD Spreading depolarization

5-HTP 5-Hydroxytryptophan

5-HIAA 5-Hydroxyindoleacetic acid

SERTs Selective serotonin reuptake inhibitors
DATs Dopamine transporters

NETs Norepinephrine transporters

OCTs Organic cation transporters
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